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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Toxicity due to lead, chromium, and
copper impaired chain formation in
almost all diatoms.

• Terahertz (THz) frequencies are
responsive to changes in chain length
caused by heavy metals.

• Diatom chain length is useful as a bio-
indicator for heavy metal monitoring.

• THz Spectroscopy offers a rapid, harm-
less and sensitive method for in-vivo
detection of heavy metal toxicity in
diatoms.
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A B S T R A C T

The increasing release of toxic heavy metals into marine environments poses significant risks due to their
persistence and bioaccumulation. Diatoms are ideal bioindicators because of their sensitivity to environmental
changes. Despite traditional methods for detecting these persistent pollutants effectively identify composition
and concentration, they are time-consuming, they often require the use of harmful reagents, and do not allow a
fast assessment of detrimental impacts on marine organisms. To fill this gap, we have successfully investigated
the toxicity of different heavy metals in the marine diatom Skeletonema pseudocostatum thanks to a newly
developed high-power terahertz (THz) spectrometer. By combining THz spectroscopy, microscopy and ecotox-
icological assays, we found that the formation of long diatom chains is significantly inhibited by the presence of
lead, copper, and chromium, which disrupt their metabolism. Although the THz absorption and refractive index
spectra were not affected by diatom concentration in undoped samples, THz frequencies were highly sensitive to
changes in diatom chain length due to heavy metals exposure. These findings suggest that this approach allows to
investigate the biochemical processes involved in chain formation in S. pseudocostatum and related algae. THz
spectroscopy could therefore provide deeper insights into the microscopic metabolic activity of diatoms,
addressing key biochemical questions surrounding these organisms. Furthermore, we propose this novel
approach for environmental pollution monitoring, since it could provide a rapid, harmless and sensitive detec-
tion method to assess heavy metal toxicity in marine diatoms, key organisms at the basis of the trophic chain.
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1. Introduction

The field of aquatic ecotoxicology has seen significant growth in
recent decades due to the exponential increase in chemical production
and use in agriculture, medicine, and various industrial sectors. This has
led to a rising release of toxic contaminants such as heavy metals,
pharmaceuticals, hydrocarbons, pesticides, and plastics into waters
globally [1]. Among pollutants, heavy metals pose significant risks to
the marine ecological environment due to their widespread sources,
difficulty in degradation, bioaccumulation, biomagnification, and long
residual times. These metals can have toxic effects on organisms,
damaging various tissues and functions upon accumulation [2]. Current
aquatic toxicity tests commonly use bioluminescent bacteria [3,4], fleas
[5,6], fish [7,8], and algae [9]. These tests usually measure changes in
algal biomass [10,11], growth inhibition rates [12], and chlorophyll
concentration [13]. However, these techniques are time-consuming
(typically ≥24 h) [14,15]. Furthermore, structural metrics, including
cell counts and biovolume, species composition, and abundance, exhibit
high variability. This variation is due to differences among replicates
and the diverse distribution across various regions, leading to statisti-
cally weak relationships with the studied stressors [14]. Hence, there is
an urgent need for methods that are rapid, simple, sensitive, harmless,
and robust to test organisms for assessing heavy metal toxicity.

New spectroscopic tools may offer faster and more precise screening
capabilities. Techniques like Raman Spectroscopy and Infrared Ab-
sorption Spectroscopy are valuable for studying microscopic algae since
they are label-free and can be used in-situ [16], though they have lim-
itations [17]. On the one hand, Raman Spectroscopy has a very low
efficiency and hence it usually requires a high intensity of light in order
to collect a significant signal. It is, thus, difficult to utilize in living
systems which are easily damaged by intense laser light. Infrared
Spectroscopy on the other hand can access only resonances which are
relatively high in energy, and it will thus miss many very important
effects and phenomena which are extremely important in biological
systems. Emergent vibrational spectroscopies, such as Terahertz Time
Domain Spectroscopy (THz-TDS), may circumvent some of these limi-
tations. Terahertz spectroscopy may be considered an extension of
Infrared Spectroscopy to the extreme range of the THz frequencies.
THz-TDS offers two fundamental advantages over Raman or Infrared
Spectroscopy: it is harmless to in vivo organisms and can directly probe
the global structural reorganizations of the hydrogen-bond network and
the macromolecular vibrational modes of biomolecules [18]. The major
drawback of using THz-TDS directly in aqueous environments is the
strong absorption of THz radiation by water molecules, which can
significantly reduce the THz signal in transmission. Therefore, relatively
intense THz sources with a valuable spectral bandwidth are needed for
spectroscopic measurements [19]. We emphasize that "intense" in this
context still refers to values significantly below the threshold set by
Raman spectroscopy, for example, and therefore, it is unable to damage
living organisms through heating or ionization.

Diatoms are frequently employed as reference organisms in ecotox-
icological research due to their small size, rapid reproduction rate, and
sensitivity to environmental shifts [20,21]. Diatoms, part of the Bacil-
lariophyceae class, are microalgae that are nearly ubiquitous in both
marine and freshwater ecosystems. In this study we focused on Skel-
etonema pseudocostatum, a centric diatom characterized by radial valve
symmetry and commonly found in shallow waters [22], including the
coastal waters of the Gulf of Naples. A congeneric species of this diatom
serves as useful indicators of marine pollution, being included in inter-
national guidelines to assess the toxicity of environmental water samples
[23].

Furthermore, S. pseudocostatum cells form chains through structures
known as "siliceous linking structures" or "mucilage-based junctions."
Specifically, these cells are linked via "fused or overlapping silica pro-
cesses," establishing intercellular bonds [24]. These connections are
strengthened by "extracellular mucilage," that stabilizes the chain

structure, enabling diatoms to form colonies that offer buoyancy and
various ecological advantages. The chain formation is underpinned by
highly intricate biochemical processes, that can be affected by natural
and human-induced stressors, such as nutrient availability, predation,
and contaminants [25–29]. Specifically, changes in diatom chain length
have been found after exposure to heavy metals [30]. Copper (Cu), lead
(Pb), cadmium (Cd), and mercury (Hg) may interfere with silica depo-
sition process by binding to the organic molecules in the mucilage and
causing short chain in marine diatoms.

Based on this observation, we investigated the toxic effects of metals
on the chain formation of S. pseudocostatum by means of the THz spec-
troscopy. Our main hypothesis is that specific vibrational collective
modes, associated with S. pseudocostatum chains, lie within the THz
spectral range. Consequently, changes in chain length caused by metal
doping may influence the spectral distribution in the THz range, making
THz spectroscopy sensitive to the disruption of metabolic processes in
diatoms. Furthermore, since the chain formation process may be
strongly influenced by diatoms exposure to heavy-metals, we propose
monitoring chain formation in S. pseudocostatum by means of THz
spectroscopy as a new indicator of heavy metal pollution.

THz spectroscopy has been previously applied to investigate the
toxic effects of heavy metals on dry samples of Scenedesmus obliquus, a
species that, like S. pseudocostatum, forms chains [31]. This technique
demonstrated a faster detection of heavy metals in diatoms compared to
conventional methods, but it still required the extraction of large
quantities of diatoms, presenting significant challenges from a practical
application standpoint. Moreover, no correlation between the THz
spectra and algal chain length has ever been investigated so far. In the
present study we fill this gap by applying THz spectroscopy to
metal-doping in vivo algal samples at environmental concentrations.

Achieving in-vivo capability at natural concentrations requires
intense THz sources suitable for investigating dilute aqueous solutions.
In this study, we employed a custom-built THz spectrometer based on
optical rectification, capable of analyzing dilute aqueous solutions up to
500 µm thick. While less intense sources could potentially work for
thinner and more concentrated samples, they would not allow us to
study concentrations similar to those found in natural environments due
to low signal-to-noise ratios. Among heavy metals, we have selected
copper due to its widespread presence in water and its ability to severely
impact primary producers at high concentrations, chromium as indus-
trial contamination source, and lead as a benchmark for highly toxic
heavy-metal contaminants [31,32].

In the following, we will demonstrate that THz spectroscopy can
effectively investigate the disruptive effects of metal doping on the chain
formation of S. pseudocostatum in their natural environment, seawater,
and at concentrations typically observed in nature. This study aims
therefore to provide a basis for developing a rapid and sensitive detec-
tion method by combining THz technology, ecotoxicology, and cell
biology to assess heavy metal pollution in the marine environment, by
analyzing diatoms, at the basis of the marine trophic chain.

2. Materials and methods

2.1. Sample preparation

The marine diatoms S. pseudocostatum were isolated from the Sarno
River mouth (40.72875 N, 14.466432E, Naples, Italy) using the capil-
lary pipette method [33]. They were identified through 18 s and 28 s
rDNA gene analysis [34,35]. Initially, the microalgae (8.5 ×105

cells/mL) were cultured in f/2 medium made with sterile filtered (0.22
µm) natural seawater from the oligotrophic areas of the Gulf of Naples at
20 ± 0.5 ◦C. They were maintained under artificial light with either a
12–12 h light-dark cycle or continuous illumination at a light intensity of
6000–10,000 lx until reaching the exponential growth phase [36].
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2.2. Algal growth inhibition test

Toxicity tests were carried out following a modified version of ISO
10253/2016 [23], using multiwell plates instead of glass flasks [37]. An
algal pre-culture was started four days before the test, when the cells
from the algal stock culture were added to the growth medium to ach-
ieve a cell density higher than 106 cells /mL in the exponential growth
phase. S. pseudocostatum cells were then diluted to reach 104 cells/mL
and exposed to three different toxicants: potassium dichromate K2Cr2O7
at concentrations ρ = 0, 0.625, 1.25, 2.5, 5 mg/L; pentahydrate copper
sulfate CuSO4⋅5 H2O at concentrations ρ = 0.062, 0.125, 0.25, 0.5, 1,
2 mg/L; and lead nitrate Pb(NO3)2 at concentrations ρ = 0.1, 0.5, 2,
4 mg/L. Four replicates were prepared for each dilution, and a control
sample (algae without toxicant) was included for each dilution.

After 72 h, the culture growth was stopped using Lugol’s solution
[38], and algal growth inhibition was assessed by counting the cells with
a hemocytometer (Bürker chamber) [39], using an inverted microscope
(Leica DMi1, Germany). The percentage reduction of the algae number
for each metal concentration compared to the control sample was then
calculated. The concentration at which this percentage was 50 % was
identified as the half maximal effective concentration (EC50). The EC50 is
a metric used to determine the concentration of a drug, antibody, or
toxicant that elicits a biological response halfway between the baseline
and the maximum after a specified exposure time, 72 h in the case of
S. pseudocostatum [40]. To calculate the EC50 factor and their confident
limits (95 %) we used a Matlab code [41], based on the
Trimmed-Spearman-Karber method [42]. To achieve this goal, algae
were counted as single cells regardless of chain length. For instance, in
Fig. 1a only three cells are counted, although each one is formed by
more than one cell unit.

While assessing the ecotoxicity as described before, differences in
cell length were observed between control and heavy metal treated
samples. Specifically, diatoms exposed to contaminants showed shorter
chains than those in control samples (see Fig. 1b for an example). In
terms of ecotoxicological effects, this result could lead to an apparent
increase in cell number, which was instead due to the cell chain breaking
apart because of doping. Therefore, one might erroneously conclude
that the diatoms were healthy and growing, while on the contrary they
were stressed and breaking into smaller units. Therefore, we explored
the possibility of using chain length as a more precise indicator of the
diatom wellbeing state. To do this we also counted the number of units
present in each chain.

2.3. TDS-THz experiment

The apparatus for TDS-THz experiments is shown in Fig. 2a. For
simplicity, we have omitted some optical components that are not
essential for understanding the measurement principle. The input laser
source was an amplified titanium sapphire (Ti:Sa) laser that emitted
pulses with a duration of ∼ 90 fs, with a central wavelength of 790 nm
and a total output power of 7 W at 1 kHz repetition rate (Coherent).

Intense, nearly single-cycle THz pulses were generated via tilted-front
optical rectification in a congruent lithium niobate (cLN) prism (Molt-
Tech) [43-46]. The THz power at the sample position, measured by a
Gentec THZ12D-3S-VP-D0 detector, was approximately 0.5 mW,
equating to 0.5 μJ per pulse. The sample was positioned away from the
focus of a parabolic mirror, where the THz beam radius, estimated using
an iris, was about 10 mm. At this position, assuming a square pulse, the
THz peak field magnitude was around 10 kV/cm.

A small portion of the main beam was transmitted by the beam-
splitter and directed to an adjustable delay line for temporal probing
of the generated THz pulse using the electro-optic effect in a 1 mm thick
ZnTe nonlinear crystal [47]. Fig. 2b-c illustrate the generated THz
waveform and corresponding power spectrum. Notably, Fig. 2b shows a
signal-to-noise ratio of around 105 in the 0.2–1 THz range, which will be
the focus of our subsequent analysis.

Diatom solution samples were enclosed in a static liquid cell made of
polymethylpentene (TPX) windows and a 0.5 mm thick Teflon spacer to
determine the liquid volume under investigation. The cell was main-
tained at a stabilized temperature of 20.00 ± 0.05 ◦C. Not shown in
Fig. 2a, the setup was enclosed in a nitrogen-purged box to minimize
water vapor absorption. In the first set of measurements, THz-TDS ex-
periments were conducted on diatoms at varying concentrations of
(0.05, 0.1, 1, 5, 8.5)x105 cells/mL. Subsequently, THz spectra were
recorded for samples doped with lead nitrate at concentrations of ρ = 0,
0.5, 2, 4 mg/L. THz spectra were recorded at the beginning, after 48 h,
and, for comparison with the ISO 10253 protocol, after 72 h.

2.4. Absorption coefficient and refractive index extraction

The THz fields E(t) transmitted through the sample are transformed
into the frequency domain using Fast Fourier Transform (FFT) to obtain
the complex field E(ν), where ν represents the frequency. By taking the
ratio of the FFTs of two THz temporal traces—one with the sample and
one without (used as a reference)—the frequency-dependent complex
refractive index ñ(ν) = n(ν)+ik(ν) of the sample can be determined
through appropriate analysis. Here, n is the refractive index and k is the
extinction coefficient, which is related to the absorption coefficient α by
the relation α = 4πkν/c, with c being the speed of light in vacuum.

However, extracting ñ(ν) is complicated by Fabry-Pérot reflections
that occur at the sample interfaces. In the time domain, these reflections
appear as replicas of the initial pulse. The first reflection after the main
pulse comes from the interfaces between the output windows of the
liquid cell and the sample itself, as indicated by red arrows in Fig. 2d. For
clarity, the beam in Fig. 2d is shown as incident at an angle, but in the
actual experiment, it impinges the sample at normal incidence. The
other main reflections, marked with black-dotted arrows in Fig. 2d,
arrive later primarily because the thickness of the cell windows (shown
in gray) is much greater than the sample thickness d. The path of the red
arrows experiences an additional round-trip time compared to the main
pulse, calculated as 2nd/c, where n is the refractive index of the sample.
Assuming a sample thickness of 100 µm and, for simplicity, a refractive
index greater than 2.3 for water in the 0.2 – 1 THz range [48], we es-
timate a delay time of about 1.5 ps. This delay is comparable to the 3 ps
wide THz pulse shown in Fig. 2c, making it difficult to distinguish clearly
from the main pulse. However, if the cell thickness is increased by a
factor of 5, the delay extends to around 7.5 ps. In this case, the main
portion of the pulse replica would fall outside the temporal window in
Fig. 2c, allowing it to be easily excluded from the analysis. Based on this
reasoning, one of the authors showed that the equations for determining
changes in the absorption coefficient and refractive index between the
sample and the reference can be greatly simplified when working with
dilute, very thick samples [49]. Note that this approach is feasible only
with very intense THz sources, which provide sufficient signal trans-
mission even in very thick water-based samples.

Under these conditions we have:

Fig. 1. Microscope images of Skeletonema pseudocostatum in a control sample
(a) and in a sample doped with 4 mg/L of (PbNO3)2 toxicant (b). The bar equals
25 μm. Images are collected with an objective with 20×magnification. The blue
numbered ellipses enclose each chain, which is counted as one unit in the
standard method.
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Esol(ν)
Ew(ν)

=
ñsol(ñw + ñwin)2

ñw(ñsol + ñwin)2
ei
2πν
c dΔne−

1
2 dΔα (1)

where Δn = nsol − nw is the frequency-dependent difference between the
refraction index of the solution and the solvent, thus f/2 medium in our
case; Δα = αsol − αw is the difference of the corresponding absorption
coefficients; ñwin is the complex refractive index of the cell windows.

In the case of dilute solutions, as in our study, we can assume that the
prefactor ñsol(ñw + ñwin)2/ñw(ñsol + ñwin)2 is approximately equal to one.
This leads to the following simplified expressions:

Δn(ν) = c
2πνd arg

[
Esol(ν)
Ew(ν)

]

(2)

Δα(ν) = −
2
d
ln
⃒
⃒
⃒
⃒
Esol(ν)
Ew(ν)

⃒
⃒
⃒
⃒ (3)

In summary, performing THz-TDS measurements on a thick aqueous
sample involves the following steps: 1. record the two THz fields
transmitted by the sample (dilute solution) and reference (ultra-pure
milliQ water); 2. perform the FFT on these recorded fields; 3. Take the
ratio between the FFT fields; 4. calculate the frequency-dependent phase
(arg[Esol(ν)/Ew(ν)]) and magnitude (|Esol(ν)/Ew(ν)|) of this ratio; 5. apply
Eqs. 2–3 to calculate the variation of the refractive index and absorption
coefficient, respectively.

3. Results and discussion

In this section, we present our findings and elaborate on the key
relationships observed between diatom chains and THz spectra, high-
lighting their significance in developing a novel protocol for detecting
heavy metals in marine environments. Initially, we discuss the standard
inhibition tests, as outlined in Section 2.2. Traditional standardized tests
used in aquatic ecotoxicology [23] consider diatom chains as single
uniform units, without accounting for variations in their chain length.
This method provides some insights but it does not fully capture the
complexity of diatom behavior under metal exposure. We then present
measurements using our improved protocol, which diverges from con-
ventional approaches by incorporating differences in diatom chain
length. This modification is crucial because chain length may be
significantly influenced by the exposure to metal contamination.
Considering this factor enhances the accuracy of detecting metal pres-
ence and its impact on marine organisms. Finally, we correlate the

observed variations in diatom chain length as a function of metal doping
with the corresponding changes in THz spectral data.

By following the standard ecotoxicological approach, we measure
the percentage reduction in diatom population after 72 h of exposure to
various metal concentrations. These results are graphically represented
in Fig. 3, where we plot the percentage reduction as a function of the
doping levels. A dose-dependent toxicity may be observed for each
metal. This dependence allowed us to calculate the EC50 values for
chromium and copper (Table 1). However, in the case of lead, it is not
possible to determine the EC50 value since the percentage decrease in the
algal population reaches 20 % and remains approximately constant at
this level till the highest tested concentration (4 mg/L). This result is in
line with the literature, where no ecotoxicological effects have been
observed up to these concentrations. The measured toxicity values for
chromium and copper (3.7 ± 0.4 mg/L and 1 mg/L, respectively), re-
ported in Table 1, are consistent within the confidence intervals with
those available in the literature and/or in the ISO guidelines: 2.5

Fig. 2. In panel (a) a scheme of our self-assembled THz spectrometer is shown: BS, 10 % beam-splitter; CH, mechanical chopper; DG, diffraction grating; L, lens; LNO,
lithium-niobate crystal; PM, off-axis parabolic mirror; ZnTe, electro-optic crystal; λ/4, quarter-waveplate; WP, Wollaston prism; BPD, balanced photodiodes; M,
mirror; TS, motorized translation stage. In panel (b) the power spectrum of the THz pulse (c) transmitted through a 500 µm thick sample of f/2 medium, mainly
water, is shown. The power spectrum is displayed in logarithm scale. (d) Schematic representation of the beam propagation in sample (black arrows) together with
Fabry-P é rot reflection (red and black-dotted arrows). Actually, the beam impinges at normal incidence but for clarity it is shown at oblique incidence. The thickness
of the cell windows depicted in gray is much larger than the sample thickness d.

Fig. 3. In the main panel the percentage reduction of the algal population after
72 h is reported for the three different heavy metals. The dashed-dotted lines
are only guide for the eyes. The black dashed-dotted line indicates the
50 % level.
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± 1.1 mg/L [23] and 1.046 mg/L [50], respectively. This result con-
firms the reliability of our ecotoxicological assays.

After assessing the ecotoxicity of heavy metals, we manually checked
the diatom chain length under microscope as a function of doping
concentration. We counted the number of individual diatom cells (or
units) within each chain and sorted them in a histogram according to the
number. The results obtained after the exposure to chromium, copper,
and lead are shown in Fig. 4. Note that, to align with the EC50 values
reported in the literature, in Fig. 3, we have been indicating the con-
centrations of the salts dissolved in the solution. Now, in Fig. 4, to
emphasize the detection limits of the metal alone, we will directly
reference the concentration of the metals. Therefore, we will adjust the
previous concentrations based on the metal atomic fraction in the salts.
For example, the atomic weight of lead (Pb) makes up approximately
62.5 % of the total weight of Pb(NO3)2. Therefore, a concentration of
0.0101 mg/L of Pb(NO3)2 corresponds to 0.0063 mg/L of lead alone.
This scale adjustment will be reflected in all the graphs dependent on
metal concentration that follow.

Notably, in the control sample (not exposed to any toxicant), diatoms
could form long chains of up to six units, in agreement with literature
[51]. Conversely, in the doped samples, there was a sudden drop in the
formation of the longest chains even at the lowest metal concentrations,
when chains were mainly formed by one or two cells. Thus, we
demonstrated that chain length may be significantly influenced by the
exposure to heavy metal contamination, since we found short chains
even at the lowest tested concentrations, where no ecotoxicological ef-
fects have been observed (see Fig. 3). In particular, by using the tradi-
tional ecotoxicological approach based on the EC50 value no toxicity is
found in marine diatoms exposed to lead, while the new approach
proved that this metal affected algal metabolism by reducing chain
length in the same way of the other two metals. This result clearly in-
dicates that changes in chain formation in marine diatoms could serve as
an alternative and more sensitive factor for monitoring the status of
diatoms at an early stage, before irreversible conditions (i.e. mortality)
occur.

The results shown in Fig. 4 were obtained by manually counting each
individual chain, a time-consuming and imprecise method. Therefore, it

is appealing to find an alternative, faster method that is sensitive to the
chain length. We will demonstrate in the following that THz-TDS can
provide this capability by correlating the variations in diatom chain
length as a function of metal doping with the corresponding changes in
THz spectral data. Regarding lead, it is important to note that after an
initial decrease (Fig. 3), algal population stays roughly constant as the
dopant dose increases; this stability allows us to use lead as a reference
in the THz-TDS measurements. This way, we can isolate the effect of
algal concentration on the THz signal from other factors, such as the
hypothesized chain length variation that could cause changes.

Based on these observations, we focus our analysis on the effect of
lead on the THz spectra. We start by measuring the THz spectra as a
function of the diatom concentration without any dopant. As stated in
Section 2.4, we always measure the variation Δα of a given sample with
respect to an ultra-pure milli-Q water reference. It is important to
emphasize that if Δα(ρ1) in medium 1, with a concentration ρ1 of
diatoms or dopant, is greater than Δα(ρ2) in a second medium 2 with
concentration ρ2, this indicates that the sample 1 absorbs more than the
sample 2. Conversely, if Δn(ρ1) is greater than Δn(ρ2), the pulse speed in
medium 1 will be slower than in medium 2. Therefore, the pulse passing
through medium 1 will experience a temporal delay greater than the
pulse passing through medium 2.

We display Δα for different diatom concentrations and compare
them to the absorption of the neat f/2 culture medium in Fig. 5a-b. The
insets of panels (a) and (b) show the absolute absorption and refractive
index spectra of the culture medium, respectively. From Fig. 5a, it is
evident that the absorption spectra show very little variation with
diatom concentration and, within the error bars, they perfectly overlap
to the spectrum of the f/2 medium. Thus, we may conclude that the
absorption spectra of all these samples are equal despite varying the
concentration over a large range (0.05–8.5•105 cells/mL). Similar
conclusions hold for the refractive index spectra in Fig. 5b.

Although the spectra in Fig. 5b are mostly the same within the error
margins, some points consistently fall slightly below others. To better
explain these data, we have investigated additional parameters able to
summarize the integral changes in absorption and refractive index over
the whole frequency range we are studying (0.2 to 1 THz). These pa-
rameters called "spectral weights" can be measured as follows:

WΔα = Δν
∑

i
Δα(νi) (4)

WΔn = Δν
∑

i
Δn(νi) (5)

where Σ indicates the summation of all Δα and Δnmeasured at each i-th
frequency νi andΔν ≈ 0.07 THz is the frequency difference between two
consecutive points. We also calculate how much these spectral weights
change compared to the culture medium (Fig. 5c), by using the following
equations:

WΔα = Δν
∑

i

[
Δα − Δαf/2

]
(νi) (6)

Table 1
EC50 values as measured in this work (column 2) and found in literature (column
3).

Dopant EC50 (mg/L) and C.L. (95 %)
(this work)

EC50 (mg/L) and C.L. (95 %)
(literature)

K2Cr2O7 3.7 ± 0.4 2.5 ± 1.1 [39]
Pb(NO3)2 NC (> 4 mg/L) NA
CuSO4 ∼1 (NC) 1.046 [52]

Note that for copper sulfate the value is not calculable by means of the Trimmed-
Spearman-Karber method, but we could provide a graphical estimate by looking
at Fig. 3.
NC: not calculable; NA: not available

Fig. 4. The histograms illustrate the distribution of chain lengths (expressed in percentage) as a function of the doping level for chromium (a), copper (b), and lead
(c). Notably, there is a significant drop in diatoms with chains longer than 2 units even at the lowest doping level. These measurements were taken after 72 h.
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WΔn = Δν
∑

i

[
Δn − Δnf/2

]
(νi) (7)

The results show that WΔα and WΔn are approximately zero; the ab-
sorption Δα and the refractive index Δnvariations stay almost constant,
meaning that the THz spectra are not significantly affected by howmany
diatoms are present in the sample.

This result is counterintuitive. To first approximation, the amount of
water in the unit volume decreases whenever something is dissolved in
it. The solute occupies some space and displaces some water molecules.
This is a volume-exclusion effect [52]. As water strongly absorbs THz
radiation, the absorption coefficient of an aqueous solution is typically
smaller than the one of pure water. In this context, one would expect
that increasing the concentration of diatoms would decrease the total
absorption compared to that of the f/2 medium. However, our mea-
surements clearly show that this is not the case. One possible reason
might be that we do not have sufficient sensitivity to detect this con-
centration variation. Another explanation could be that the expected

decrease in absorption due to the increase in diatom concentration is
compensated by the change in the absorption by its hydration water.
Alternatively, there could be changes in the absorption characteristics of
the diatoms due to their structural modifications. At this stage, we have
no evidence for either scenarion, but we will revisit this issue in the
following analysis of the THz spectra in the presence of dopants.

The effect of lead on the THz spectra obtained after 48 h and 72 h is
shown in Fig. 6. The curves correspond to different doping levels
introduced to the samples at the beginning of the experiment (time
zero). The spectra at time zero are not shown, as they exhibited no
changes, indicating that the dopants require some time before inducing
any effects. This is confirmed by Fig. 6a, where we see that Δα does not
vary after 48 h. The same holds true for Δn in Fig. 6c, although there is a
systematic deviation from the other data at a doping level of 4 mg/L.
However, we would like to point out that the values remain consistent
within the error bars. In contrast, after 72 h, we start to see significant
systematic deviations from the control sample, as highlighted in Figs. 6b

Fig. 5. Variation of the THz absorption (a) and refractive index (b) relative to neat water as a function of cell concentration, without any dopant. In black the data of
the pure culture medium f/2 are shown. Dashed lines are a guide to the eye. Panel (c) presents the spectral weight variations compared to the culture medium for
different cell concentrations: absorption (black circles) and refractive index (red squares). Insets in panels (a) and (b) show the absorption and refractive index
spectra of the culture medium, respectively. The error bars are statistical errors at a 66 % confidence level (one sigma).

Fig. 6. The variation in THz absorption (a-b) and refractive index (c-d) relative to the culture medium as a function of lead concentration and time. A null con-
centration represents a control sample with an initial value of 104 cells/mL. Errors are shown at a 66 % confidence level. The lines are intended solely as visual aids.
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and 6d. Specifically, Δα at the highest concentrations is lower than that
of the control medium, indicating that the samples with the highest lead
concentration are less absorbing compared to the control medium.
However, despite being negative, Δn is consistently higher than in the
control sample, which implies that the THz pulse at the output of the
doped samples experiences a greater delay than at the output of the
control medium.

To clarify these findings, we report the absorption spectral weight in
Fig. 7a using Eq. 4. To eliminate potential confusion caused by negative
values in the refractive index, we consider the magnitude of the spectral
weight, denoted as |WΔn| and reported in Fig. 7b. The absorption spec-
tral weight for the control sample is almost the same after 48 and 72 h.
Although there is some difference in the refractive index spectral weight
for the control sample, the values are still quite close when considering
measurement errors (Fig. 7b). Both WΔα and |WΔn| stay nearly constant
after 48 h, regardless of doping concentration. However, after a long
exposure (72 h), there is a significant change in these values, even at low
doping concentrations. We can rule out the possibility that these
changes inWΔα are due to a decrease in the number of diatoms caused by
lead poisoning for three reasons: i) the number of diatoms does not
change much with lead doping (Fig. 3); ii) Fig. 5 demonstrates that THz
spectra are not greatly affected by the number of diatoms; iii) according
to the excluded-volume effect, if the diatom concentration were
reduced, we would expect an increase in Δα, not a decrease. Therefore,
we need to consider a different physical mechanism that affects diatom
absorptivity, as discussed by Kumar et al. [48].

Based on previous results (Fig. 4c), we hypothesize that the changes
in the spectral weights WΔα and |WΔn| might be related to variations in
diatom chain length. The length of the diatom chains could affect the
vibrational modes or the scattering of THz light, which could impact
how much they absorb. To explore this idea, we grouped the diatoms
into two categories: those with chain lengths of 2 or single units, and
those with 3 or more units. As seen in Fig. 4c, these two groups behave
differently when exposed to heavy metals: the first group increases in
percentage, becoming almost 100 % of the sample, while the second
group almost disappears. We use the data from the histogram in Fig. 4c
to estimate the percentage amounts of each group as a function of
doping concentration, denoted as P≤2(ρ) for the first group and P≥3(ρ)
for the second one. Since these two groups add up together to 100 %, we
know that P≥3(ρ) = 1− P≤2(ρ). As the concentration of heavy metals
increases, bothWΔα and |WΔn| decrease, which suggests that the spectral
weight in the THz range is somehow proportional to P≥3(ρ). At this
point, we cannot tell exactly which group of diatoms contributes to the
THz signal, as we need more information about the vibrations or scat-
tering for each chain length. This can be a possible development of the
present work. For now, we focus on the longer chains (3 or more units)
and propose the following simple relationships to explain the data:

WΔα(ρ) = kΔα P≥3(ρ) (9)

|WΔn(ρ) | = kΔn P≥3(ρ) (10)

where kΔα and kΔn are two constants, independent on metal concen-
tration.

In Fig. 8 we report the function P≥3(ρ) and compare it withWΔα and
WΔn. We note that in Fig. 8 P≥3(ρ) and WΔα have been normalized to
their respective maxima and that |WΔn| has been further stretched with a
factor two. It is remarkable that, except for a scaling factor, both
WΔα(ρ) and |WΔn(ρ)| behave similarly to the curve P≥3(ρ)as a function of
doping concentration and as predicted by Eqs. 9 and 10. Notwith-
standing its roughness, this comparison seems to catch the main factor
influencing the observed spectral weight variation, supporting the pic-
ture that the length of the diatom chain could influence the THz
response in this spectral region.

Additionally, we find that the effects of Pb dopant on the growth of
diatom chains are detectable at concentrations as low as 0.3 μg/mL
using THz-TDS and 6.3 ng/mL using optical microscopy. Although these
detection limits are higher than those reported in literature [31], our
results are significant because they are achieved in vivo. Furthermore,
the abrupt changes previously observed and described (Fig. 4c, Fig. 7b)

Fig. 7. Absorption spectral weight (a) and refractive index absolute spectral weight (b) as a function of lead dopant concentration after 48 h (red data points) and
72 h (black data point). Error bars indicate a 66 % confidence level. Dashed lines are intended only as visual aids. The horizontal dot-dashed lines indicate the mean
of the values at zero concentration of dopant (control sample) after 48 and 72 h.

Fig. 8. Normalized absorption spectral weight (black circle), normalized P≥3(ρ)
distribution (cyan-gray diamonds) and normalized absolute refractive index
spectral weight as a function of lead-dopant concentration. Note that the |WΔn|

curve has been stretched by a factor 2.
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suggest that these detection limits might be reduced further. To this aim,
we plan to conduct more systematic investigations at concentrations
lower than those tested in this study. We also observed that the impact
on chain formation quickly reaches saturation above the lowest dopant
concentrations used, meaning that most diatom chains are affected even
at minimal dopant levels. This is a limitation of our technique, as it re-
sults in a very reduced dynamic range. Another limitation of the tech-
nique is that the effect of metal doping on chain formation requires an
extended exposure period (at least 72 h) to become apparent, as
demonstrated in Fig. 6 by comparing the spectra at 48 and 72 h. This
limitation restricts the technique’s suitability for real-time monitoring.

4. Conclusions

We developed and assessed an innovative approach to investigate
heavy metal contamination in marine diatoms, which improves both the
accuracy and sensitivity in detecting metals and their toxic effects on
primary producers at the basis of the marine trophic chain. Specifically,
we focused on S. pseudocostatum and its ability to self-assemble into
chains, demonstrating that chain length might serve as a more precise
indicator of algal health than traditional responses, for instance growth.
Standard ecotoxicological approaches typically treat each chain as a
single unit, neglecting the actual number of cells within each chain. As a
result, algae could be classified as healthy even if metal exposure had
impaired their ability to form longer chains. In contrast, the ability to
form long chains serves as a more reliable indicator of algal wellbeing,
particularly in the early stages of contamination.

Moreover, we succeeded in developing a faster method by using a
novel THz spectrometer, which allows direct analysis of diatoms in their
natural seawater environment, with sensitivity high enough to detect
concentrations typical of natural settings. This is a challenging task due
to the strong absorption of THz radiation in aqueous solutions. By
combining optical microscopy with THz Time-Domain Spectroscopy we
discovered that the absorption and refractive index spectra in the THz
frequency range are not particularly sensitive to diatom concentrations
in undoped samples. However, we found that THz frequencies are highly
responsive to variations in diatom chain length caused by heavy metals.
This is likely because THz spectroscopy probes specific collective
vibrational modes, which are naturally influenced by the chain length,
or by changes in the THz scattering cross section, given the comparable
dimensions of the diatom chains to THz wavelengths.

To further investigate this hypothesis, we are conducting coarse-
grained simulations to link the spectral features observed in the THz
range with the specific biochemical processes involved in chain forma-
tion. This research could provide THz spectroscopy with the potential to
delve deeper into the microscopic metabolic activity of diatoms,
answering key questions about the biochemistry of these complex and
fascinating systems. Further studies aimed at assessing the impact of
other stressors—such as pesticides, pharmaceuticals, other heavy
metals, microplastics, etc.—on chain formation will be conducted to
verify the application of THz spectroscopy towards a wide range of
contaminants.

In conclusion, we verified that specific collective modes associated
with the chains of S. pseudocostatum lie within the THz spectral range.
We highlight that this is the first time that THz spectroscopy has been
proven to be sensitive to the chain length of algae in vivo samples. By
combining optical microscopy with THz spectroscopy, we demonstrated
that chain growth inhibition in S. pseudocostatum can serve as a novel
indicator for monitoring heavy metal pollution in the marine environ-
ment. Notwithstanding the highlighted limitations, the novel approach
proposed in this study, based on THz spectroscopy, offers a rapid,
harmless and sensitive method to detect heavy metal toxicity in diatoms
that should be further considered for monitoring of marine pollution.

Environmental implication

Our study addresses the significant risks of heavy-metal pollution in
marine environments due to sources that are widespread, and to the fact
that heavy metals degrade slowly, bioaccumulate, biomagnify, and have
long residual times. Diatoms, particularly Skeletonema pseudocostatum,
are ideal bioindicators for these pollutants due to their environmental
sensitivity and rapid reproduction. Traditional methods are slow and
variable, hindering standardization. We propose a novel method using
an intrinsic bioindicator from S. pseudocostatum, offering advantages
such as in-vivo application and low sample volume requirements,
improving the detection of heavy metal pollutants in marine ecosystems.
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