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A B S T R A C T

Heavy metal pollution in water seriously affects human health. The disadvantages of traditional metal ion detec-
tion methods involve long and cumbersome chemical pretreatment in the early stage, and large volume of sam-
ples. In this study, microalgae were used as the medium, and terahertz spectroscopy technology was employed to
collect the changes of material components in it, so as to deduce the types and concentrations of heavy metal pol-
lution in water. Through the partial least square(PLS), we establish the prediction model of heavy metal concen-
tration, and the results show that the best detection time for Pb2+ is 6 h and Ni2+ is 18 h. The principal compo-
nent analysis(PCA) shows that β-carotene is the most affected substance. Afterward we collect five real surface
waters in East China and verify that the judgment accuracy of Pb2+ and Ni2+ are 100% and 93.2% respectively.
The results indicate that the time is shorter than the traditional pretreatment time from more than 20–6 h, the
sample volume is reduced from 50 mL to 10 mL, the detection accuracy is improved from 10 ng/mL to 1 ng/mL.
In a word, we provide a new fast and real-time method for biological monitoring of heavy metal pollution in wa-
ter.

1. Introduction

Due to the urban development and global industrialization, there is
an increasing contamination in water, the content of heavy metals in
water bodies mainly includes cadmium (Cd), lead (Pb), nickel (Ni), cop-
per (Cu), etc (Mathew and Krishnamurthy, 2015). Which results in seri-
ous harm to animals, plants and public health. For instance, long-term
exposure to nickel will cause human skin to fester and even the hair will
turn white Kobielska et al. (2018). Lead will accumulate in the human
body, affect the development of red blood cells and cause leukemia
(Mangadze et al., 2019). The persistence and non-degradation of heavy
metals as well as the increasing harm from the enrichment of the food
chain call for enhancing attention to the problem of heavy metal pollu-
tion in water (Ogburn and Vogt, 2017).

At present, atomic absorption spectroscopy (AAS), high perfor-
mance liquid chromatography (HPLC) etc. are the mainstream ap-
proaches for heavy metals detection in water. The disadvantages of
these methods include: long and cumbersome chemical pretreatment in
the early stage, and large volume of samples. Table 1 shows some para-
meters of traditional methods for detecting heavy metals. Due to the
disadvantages of traditional detection methods and the inability to di-
rectly evaluate the impact of heavy metal pollution on biological mech-
anism, biological monitoring of water environment pollution has be-
come a new research direction. Biological monitoring refers to reflect-
ing the pollution status of water body by detecting the changes of desig-
nated organisms polluted by water body (Mangadze et al., 2019). Mi-
croalgae is an important photosynthetic organism in the water environ-
ment and the largest primary producer group in the world. Its charac-
teristics of fast growth, low cost, easy operation, no pollution and the
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Table 1
Parameters of traditional detection methods.
Methods Pretreatment

time
Lower
detection
limit

Required
sample
size

Test
metal
type

Atomic absorption spectroscopy (GB/T
7475–1987; GB/T 11912/1989)

> 20 h 10 ng/
mL

> 50 mL One
at a
time

High performance liquid
chromatography-photometry (Rekhi
et al., 2017)

> 20 h 10 ng/
mL

> 30 mL One
at a
time

Microalgae by THz 6–18 h 1 ng/mL 10 mL Two
at a
time

ability to adsorb heavy metals make microalgae an ideal choice for bio-
logical monitoring of water pollution (Adhiya et al., 2002; Patel et al.,
2019; Stehle et al., 2012).

Generally, heavy metals can be absorbed by microalgae in two
forms. One of the forms is developed on the cell surface which we view
this process as passive adsorption, through physical and chemical ac-
tion to adsorb heavy metals, that is to say, metal ions are bound to mi-
croalgae through complexation, chelation, ion exchange, physical ad-
sorption, redox, and microprecipitation, which does not depend on cell
energy metabolism. The other form occurs within the cell which we call
it biosorption, in this case metal ions mainly rely on diffusion for intra-
cellular transport, which is often accompanied by energy consumption
(Adhiya et al., 2002; Filote et al., 2019; Subramaniyam et al., 2016).
Research by Alicja et al. found that in the zinc solution, the biochemical
components of Spirulina adsorbed heavy metals will change. Among
them, phycocyanin, chlorophyll a, carotenoids and zinc have the most
accumulation, and at different concentrations, the changes of those
components are also different (Piotrowska-Niczyporuk et al., 2015).
Filote et al. used Spirulina to adsorb Pb2+ in waste water (Filote et al.,
2019). Adhiya et al. found that heavy metal ions can affect the synthesis
of carotenoids in microalgae(Adhiya et al., 2002). Doshi et al. found
that the adsorption capacity of algae for Cu2+ and Ni2+ is much higher
than that of activated carbon (Doshi et al., 2006). Ponnuswamy et al.
studied the adsorption capacity of Chlorella to Cu2+ (Indhumathi et al.,
2018). Sultana et al. used Chlorella to adsorb a variety of heavy metals
in wastewater, and studied its removal rate of heavy metals (Sultana et
al., 2020). The mechanism of biosorption is used in this experiment. Af-
ter microalgae adsorb heavy metal ions, the composition of substances
in the body will change accordingly. Based on the above research find-
ings, using microalgae as a carrier, the correlation between the change
trend of substances in the body, including pigments, oils and polysac-
charides, and the types and concentrations of heavy metals can be es-
tablished, so as to invert the pollution situation of heavy metals in wa-
ter.

Traditional detections on microalgae content usually use spec-
trophotometer, high performance liquid chromatography, etc., but
there are disadvantages such as complicated extraction steps involved.
In addition to the traditional detection methods mentioned above, spec-
troscopy technology is being used in biomedical research due to its fast
and non-destructive detection characteristics, mainly including hyper-
spectral technology, infrared spectroscopy technology, and Raman
spectroscopy technology. Hyperspectral imaging technology can not
only obtain the spatial position of the object, but also extract the spec-
tral information of the object, among which, the spectral information
can provide information of the internal physical structure and chemical
composition of the object for analysis, and the image data mainly re-
flects the external characteristics such as the shape, size and color of the
object (Ljungqvist et al., 2013; Wallays et al., 2009; Xing et al., 2010).
Infrared spectrum absorption is mainly caused by the transition be-
tween different energy levels after the state of molecular vibration, ex-
pansion and contraction changes. Among them, the absorption inten-

sity and absorption band of different substances in the near-infrared
light are different, so the absorption peak position and intensity are also
different in the infrared spectrum(Lohumi et al., 2015; Magwaza et al.,
2012). Shao et al. (2015) used visible/near infrared technology to de-
tect spirulina β-carotene. Raman spectroscopy can reflect the differ-
ences in the chemical composition and molecular structure of samples
at the molecular level. The detection mechanism is different from that
of infrared spectroscopy, and it mainly has a strong recognition of non-
polar groups (such as C C, C-C, etc.). Ji et al. (2014) used Raman
spectroscopy to achieve rapid and non-destructive quantitative detec-
tion of Chlamydomonas reinhardtii starch). Barlow et al. used hyper-
spectral coherent anti-Stokes Raman scattering microscopy technology
to present the distribution of carotenoid of the Haematococcus pluvialis
cells in non-invasive and quantitative way in real time. These studies
show that the use of spectroscopy technology to detect and analyze mi-
croalgae components is feasible and practical.

With the development of photonics technology and material science
and technology, the application research of terahertz radiation technol-
ogy has rapidly expanded to more and more fields(Shao et al., 2021b).
Terahertz (THz) waves are located between far-infrared and mi-
crowaves, and the frequency range covers 0.1–10 THz. It has both in-
frared wave characteristics and microwave characteristics. In addition,
compared with other spectroscopic techniques, terahertz waves can
penetrate most non-polar materials, and the resonance frequency of the
vibration and rotation frequencies of biological macro molecules is in
the terahertz band, which is suitable for biopsy of biological tissues
(Peng et al., 2020a; Peng et al., 2020b). Many biological samples such
as lipids, proteins and other molecules have molecular vibrations in the
terahertz range, and their terahertz characteristic peaks are obvious
(Nakajima et al., 2019; Yang et al., 2016). In the use of terahertz tech-
nology to detect biological components, Dean et al. used Fourier Trans-
form Infrared Spectroscopy (FTIR) to study the content of oil and starch
in microalgae over time, and the results showed that FTIR is a reliable
method for high-throughput determination of lipid and starch synthesis
in microalgae (Dean et al., 2010). Zhang et al. (2010) found that at
room temperature β- carotene has a terahertz absorption peak at
17.5 THz. Stehle et al. (2012) found that the terahertz characteristic
peak of protein is 3.5–5 THz. Jiang et al. (2011) found that the charac-
teristic peak of lipid was near 9.8 THz (Ling et al., 2012). Nakajima et
al. (2019) found that the terahertz characteristic peak of starch was
9.1 THz (Flores-Morales et al., 2012). The above studies showed that
the main components of microalgae can be detected by using terahertz
spectrum technology, but they just only detected markers. In this study,
we used the theory of microalgae biosorption of heavy metals, microal-
gae were used as the medium, and terahertz technology was adopted to
collect the changes of material components in it, so as to deduce the
types and concentrations of heavy metal pollution in water. This
method has a great application in practical environmental pollution de-
tection.

We divided heavy metals into two categories: highly toxic and gen-
erally toxic (Kim et al., 2019). We selected Pb2+ to represent highly
toxic heavy metal ions and Ni2+ to represent less toxic heavy metal
ions. We used Scenedesmus obliquus as a biological medium, cultured
for 6 h, 12 h and 18 h under different concentrations of lead ions and
nickel ions, and collected terahertz band spectra with FTIR, respec-
tively. By analyzing the spectral changes of protein, lipid, starch and
carotene in microalgae, combined with PCA, PLS and chemical meth-
ods, the time point and corresponding material band in microalgae that
are mostly affected by lead ions and nickel ions are obtained. Then, the
lead-nickel ion mixed solution was used to stress the microalgae, and
the time and band of the above conclusions were used to establish the
PLS model. At the same time, we collected five representative actual
surface water samples from East China, which were from Taihu Lake,
Chaohu Lake, Yangcheng Lake, Hongze Lake and Suzhou Battery Facto-
ry’ treating waste liquid, and used atomic absorption spectrometry as
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standard verification, and obtained good results. This proves that heavy
metal ions can be judged directly on surface water. Our flow chart is
shown in Fig. 1. We really demonstrate this method and compare with
atomic absorption spectroscopy method. We compared it with the tradi-
tional methods for detecting heavy metals, as shown in Table 1. We pro-
vide a new detection approach and technical support for the real-time
monitoring of the types and concentrations of heavy metals in water.

2. Material and methods

2.1. Sources of biological and chemical materials

Scenedesmus obliquus (Scenedesmus obliquus, strain 276) used in the
experimental study was purchased from the Wildlife Germplasm Bank
of the Chinese Academy of Sciences-Freshwater Microalgae Species
Bank. The chemical reagents lead nitrate (99%, AR, molecular weight
331.21) and nickel nitrate hexahydrate (98%, AR, molecular weight
290.81) used in the experiment were purchased from Aladdin Reagent
Network.

2.2. Microalgae cultivation and sample preparation

Scenedesmus obliquus is a freshwater microalgae culture specimen
purchased from the Institute of Aquatic Biology of FACHB-collection,
which is expanded in standard BG11 medium autoclaved at 121 °C.
The incubation temperature is 25 °C, the light intensity is 3000 Lux,
the light versus dark cycle is 12 h:12 h.

Scenedesmus obliquus was cultured for about 2 months until it grew
into a stable growth period. In the experiment, 5 equal parts of
Scenedesmus obliquus were centrifuged, the supernatant was dis-
carded, and the same amount of ultrapure water was added to repeat
the centrifugation three times, the supernatant was discarded, and fi-
nally the microalgae mud with impurities removed was harvested.

According to the experimental protocol, we cultivated the microal-
gae in BG11 (without Pb2+ and Ni2+) culture medium, and added the
corresponding concentration of heavy metal ion salt crystals to dissolve
in the solution under stress. BG11 culture medium was selected as the
control medium. The experiment used Scenedesmus obliquus after two
months of stable growth, take 10 mL of microalgae suspension for each
sample preparation, centrifuge it, add ultrapure water, shake well, and

repeat the centrifugation three times for washing. The microalgae mud
is ground and broken and placed in a mold. The specification of the
mold is 2 cm * 2 cm, the height is 0.5 cm, and the material is polyethyl-
ene. After drying at 40 ℃ for 4 h to prepare film samples.

2.3. Hot ethanol method

Use the hot ethanol method to determine β-carotene, the specific
steps are as follows:

(1) Sample preparation: Take 1 mL of the microalgae suspension in a
2 mL centrifuge tube, centrifuge at 6500 r/min for 10 min, and
remove the supernatant.

(2) Put the microalgae mud obtained after centrifugation into a
refrigerator at − 30 °C and freeze for more than 4 h.

(3) Extraction: add 1 mL of 95% ethanol each time to the sample
from which the supernatant is removed, in a water bath for
10 min, and the temperature of the water bath is 80 °C. After
mixing the microalgae and ethanol in a water bath, shake it
well, and place it in an ultrasonic water bath, avoid light and
ultrasonic for 15 min to make the solvent and the microalgae
mix uniformly. The sample was taken out and placed at room
temperature and protected from light for about 4 h for pigment
extraction, then the sample was centrifuged at a speed of
10000r/min for 5 min in a high-speed centrifuge.

(4) Color comparison: Take the sample supernatant after
centrifugation, and use 95% ethanol solution as a reference for
color comparison. Use an enzyme-labeled instrument to measure
the absorbance values at 470 nm and 666 nm respectively.

(5) Calculation of β-carotene content:

Among them, β-carotene represents the content of β-carotene
(mg/L), and represents the absorbance value in the i-band. repre-
sents the volume of organic solvent (mL), represents the volume of
microalgae liquid (mL), and represents the optical path of the measur-
ing cell (cm). In this experiment, is 1 (Shao et al., 2021a).

Fig. 1. The approximate flow chart of the study.
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2.4. THz spectral measurement

Fourier transforms infrared spectrometer (FTIR) (Vertex 80 v,
BRUKER Vertex, Germany) was used to measure the absorption spec-
trum. The light source is a water-cooled mercury lamp and is detected
by a DLaTGS/polyethylene detector. The spectral region covers
0.9–20 THz effectively, and the signal-to-noise ratio (SNR) is better
than 10000: 1. The resolution of the spectrometer is 0.12 THz and each
spectrum is the average of 128 sample scans performed at a scan speed
of 5 kHz on the basis of 128 background scans. To eliminate the effects
of moisture, the instrument was filled with nitrogen throughout the
data collection process. The jitter rate during measurement is less than
3%, which has good scanning accuracy. Before testing, a blank carrier
was placed on the fixture for background scanning and to eliminate the
background noise. Scans were recorded using the spectroscopic soft-
ware OPUS (BRUKER, Germany).

2.5. Principal component analysis (PCA)

Principal component analysis (PCA) is a data processing method
which is usually used in multivariate statistical analysis. This method
reduces the dimensionality of the data (Leborans and Novillo, 1996),
making it more straightforward to identify the main elements among
huge amount of data and reduce the complexity of the analysis process.
The purpose of this method is to simplify the mathematical model and
improve the efficiency of data analysis.

2.6. Partial least squares (PLS)

Partial least squares (PLS) is a multiple linear regression approach
utilizing input values and predicted values. It uses the correlation coef-
ficient of the predicted value to find the best solution between the data
and the model. Multiple regression analysis is utilized to improve the
prediction accuracy level of model(Wang et al., 2010). In the evalua-
tion, the coefficient of determination(R2) and the root mean square er-
ror (RMSE) are usually used to evaluate the performance and reliability
of the model.

3. Results and discussions

3.1. Terahertz spectra of Scenedesmus obliquus

Studies have shown that protein, lipid, starch and β-carotene have
their own characteristic peak frequency ranges in the terahertz and far
infrared bands. The main components of Scenedesmus obliquus are pro-
tein, pigment (such as chlorophyll, β-carotene, astaxanthin), starch,
lipid, etc. They have different terahertz spectra and are distributed in
different frequency bands. In Zhang's research, it revealed that in the
10–20 THz frequency band, and at room temperature, β-carotene had
some moderate intensity terahertz peaks, such as 17.5 THz (Zhang et
al., 2010). In addition, the characteristic peak of protein was ranging
from 3.5 to 5 THz (Stehle et al., 2012). 2.3 THz and the range from 9.2
to 9.8 THz were the characteristic peak for lipid (Jiang et al., 2011; Ling
et al., 2012), while the characteristic peak of starch was at 10.5 THz
(Flores-Morales et al., 2012; Nakajima et al., 2019). Based on the above
results, it indicates that it is feasible to use microalgae as a medium to
analyze the spectral changes of microalgae’s components, and it can be
helpful to study the types and concentration of heavy metals polluted
water.

3.2. Spectra of microalgae under Pb2+ solution stress

According to the toxicity classification of heavy metals, we selected
the weaker toxic ion as Ni2+ and the stronger toxic ion as Pb2+ accord-
ing to the toxicity of heavy metals ions. In this study, terahertz spectra
acquisition and spectral peak analysis were performed on the samples
of Scenedesmus obliquus adsorbed Pb2+ in different concentrations of
Pb2+ solutions. The concentration of Pb2+ in the solution was 1 ng/mL,
10 ng/mL, 50 ng/mL, 0.1 × 103 ng/mL, 0.5 × 103 ng/mL, 1 × 103 ng/
mL, 5 × 103 ng/mL, and the THz spectra of the control group and the
control group at each adsorption time (6 h, 12 h, 18 h) were obtained.
Fig. 2(a) corresponds to the spectra of Scenedesmus obliquus at differ-
ent time points under seven different Pb2+ concentrations. Fig. 2(b)
shows the spectra of microalgae under the stress of 5 × 103 ng/mL
Pb2+ concentrations at 0 h, 6 h, 12 h and 18 h. All spectra form a large
envelope at about 4.27 THz, corresponding to the two raised peaks at
9.24 THz and 10.57 THz, and there are obvious characteristic peaks at
17.5 THz. According to Section 3.1, the characteristic peak at 4.27 THz
also corresponds to protein. Therefore, these four characteristic peaks
correspond to proteins, lipids, polysaccharides and β-carotene in mi-
croalgae.

Fig. 2. (a) shows the spectra of microalgae under the stress of seven different Pb2+ concentrations at 0 h, 6 h, 12 h and 18 h. (b) shows the spectra of microalgae un-
der the stress of 5 × 103 ng/mL Pb2+ concentrations at 0 h, 6 h, 12 h and 18 h.
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3.3. Changes of main components in microalgae under Pb2+ Stress

3.3.1. Study on changes of substance composition in microalgae based on
terahertz spectroscopy

We choose 0.5 103 ng/mL as the higher Pb2+ concentration, 50 ng/
mL as the medium Pb2+ concentration, and 1 ng/mL as the lower Pb2+

concentration. We extracted four characteristic peaks of 4.27 THz,
9.24 THz, 10.57 THz and 17.5 THz, and studied the variation law of ab-
sorbance of these peaks with time (6 h, 12 h and 18 h), as shown in Fig.
3. According to the above spectral characteristics, in higher concentra-
tion Pb2+ solution, lipid, protein, starch and β-carotene all reach the
lowest peak within 6 h, then they increase at 6–12 h and decrease at
12–18 h. According to the amplitude of absorbance, β-carotene changes
the most, as shown in Fig. 3(a), (b) and (c). In the medium concentra-
tion Pb2+ solution, lipid, protein, starch and β-carotene decrease to 6 h,
then they increase at 6–12 h and decrease at 12–18 h. We can see that
the change amplitude of β-carotene is the largest, as shown in Fig. 3(d),
(e) and (f). In the lower Pb2+ concentration, lipids, proteins, starch and

β-carotene show a slow decreasing trend until 12 h and then increase,
as shown in Fig. 3(g), (h), and (i). We can see from the absorbance am-
plitude that β-carotene change the most.

3.3.2. Study on the composition change of microalgae based on PCA
In order to study the influence of Pb2+ on the main components of

microalgae under different adsorption time. In the experiment, PCA
was used to analyze the absorbance values corresponding to the spec-
tral characteristic peaks of the main components of microalgae under
Pb2+ stress. The absorption peak of starch is at 10.57 THz, the absorp-
tion peak of β-carotene is at 17.5 THz, the absorption peak of lipids is at
9.24 THz, and the absorption peak of protein is at 4.27 THz. We se-
lected high, middle and low concentrations for analysis. In Fig. 4, the
cumulative contribution rates of component 1 and component 2 are
100%, which is able to effectively distinguish microalgae samples at
different adsorption time points. Fig. 4(a) shows the Bi-plot diagram of
higher concentration. The clustering results of samples at 18 h indicate
that it is closer to 9.24 THz, which is mainly affected by lipids at 18 h.

Fig. 3. (a), (b) and (c) show the spectra of microalgae lipids, protein, starch and β-carotene under high concentration (0.5 ×103 ng/mL) Pb2+ stress; (d),(e) and (f)
show the spectra of microalgae lipid, protein, starch and β-carotene under medium concentration (50 ng/mL) Pb2+ stress; (g), (h) and (i) show the spectra of mi-
croalgae lipid, protein, starch and β-carotene under low concentration (1 ng/mL) Pb2+ stress.

Fig. 4. (a) shows the PCA analysis result of high concentration (0.5 ×103 ng/mL) Pb2+ microalgae spectra; (b) shows the PCA analysis result of medium concentra-
tion (50 ng/mL) Pb2+ microalgae spectra; (c) shows the PCA analysis result of low concentration (1 ng/mL) Pb2+ microalgae spectra.
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Compared with proteins at 4.27 THz and starch at 10.57 THz, β-
carotene at 17.5 THz is more inclined to affect samples at 12 h. Fig. 4(b)
shows the Bi-plot diagram for the medium concentration, in which the
protein, lipid and starch represented at 4.27 THz, 9.24 THz and
10.57 THz tend to dominate the changes of 18 h samples, and the β-
carotene represented at 17.5 THz affects the changes of 12 h samples,
and the influence degree of protein, lipid and starch is the same as that
of β-carotene in distance. Fig. 4(c) shows the Bi-plot diagram for the
lower concentration, in which the protein, lipid and starch represented
at 4.27 THz, 9.24 THz and 10.57 THz respectively tend to dominate the
samples for 18 h, and the β-carotene represented at 17.5 THz tend to
dominate the samples for 12 h. In terms of distance, the effects of pro-
tein, lipid, starch and β-carotene are the same. Based on the amplitude
of spectral changes and the results of PCA cluster analysis, we still give
priority to the leading role of β-carotene.

3.3.3. Trend analysis of β-carotene content in microalgae
Through the above principal component analysis, it is concluded

that the changes caused by β-carotene content in the body are relatively
significant in the process of Pb2+ stress. The variation trend of β-
carotene content and terahertz spectrum is also compared and ana-
lyzed. We used the thermal ethanol method to extract β-carotene from
experimental microalgae, and measured the content of β-carotene by
spectrophotometer, as the true content value of β-carotene. Results As
shown in Fig. 5(a), (b) and (c), in high concentration Pb2+ solution, the
content of extracted β-carotene decreased from 2.45 mg/L to 2.15 mg/L
within 6 h, then increased to 2.6 mg/L within 12 h, and then decreased.
This is the same as the spectral trend in Section 3.3.1. In Pb2+ solution
with medium concentration, the content of β-carotene decreased from
2.45 mg/L to 2.3 mg/L within 6 h, then increased to 2.45 mg/L within
12 h, and then decreased to 2.2 mg/L within 18 h. In Section 3.3.1, un-
der the stress of medium lead ion concentration, β-carotene decreased
in 6 h, increased in 6–12 h and decreased in 12–18 h. This concentra-
tion change trend is the same as that of β-carotene in this section. In the
low concentration of Pb2+ solution, the β-carotene content decreased
from 2.45 mg/L to 1.5 mg/L, with a gradual gentle trend. Compared
with the spectral trend of low concentration lead ion stress in Section
3.3.1, both showed a downward trend within 12 h, the spectral data
from 12 h to 18 h showed an increasing trend, and the traditional detec-
tion data showed a flat trend.

3.4. Establish a prediction model of Pb2+ concentration based on PLS at
different time points

According to the above study, the β-carotene content in the microal-
gae under Pb2+ stress changes most obviously. Further, the absorbance
values of microalgae samples at different time points in the range of
75–680 cm−1 were used to establish a prediction model of Pb2+ concen-
tration based on PLS. When establishing the PLS prediction model, the
PLS model matrix was also constructed according to the ratio of 2:1 be-

tween the correction set and the prediction set, and the corresponding
assignments ("1", "2", "3", "4", "5", "6", "7") were set for the seven concen-
trations (1 ng/mL, 10 ng/mL, 50 ng/mL, 0.1 ×103 ng/mL, 0.5 ×103

ng/mL, 1 ×103 ng/mL, 5 ×103 ng/mL). The accuracy of the prediction
model was determined by comparing the coefficient of determination
and the root mean square error of the correction set and the prediction
set.

The results of the model established by PLS are shown in Table 2.
We can conclude that the modeling effect of PLS at 6 h is the best, and
the results of 12 h and 18 h are also good, but the accuracy is less than
that of 6 h.

3.5. Spectra of microalgae under Ni2+ solution stress

After determining the characteristic absorption peaks of the main
substances in the microalgae, we performed terahertz spectra collection
and peaks analysis on the samples of Scenedesmus obliquus after ad-
sorbing Ni2+ in different concentrations of Ni2+ solutions in this study.
The concentrations of Ni2+ in the solution are 1 ng/mL, 10 ng/mL,
50 ng/mL, 0.1 × 103 ng/mL, 0.5 × 103 ng/mL, 1 × 103 ng/mL and
3 × 103 ng/mL. the THz spectra of each time (6 h, 12 h and 18 h) and
the control group (0 h) are detected by FTIR. Fig. 6 corresponds to the
spectra of Scenedesmus obliquus at different time points under seven
different Ni2+ concentrations. All spectra have a large envelope around
3.67 THz, and there are obvious characteristic peaks at 9.24 THz,
10.57 THz and 17.5 THz in the Fig. 6(a). Fig. 6(b) shows the spectra of
microalgae under the stress of 3 × 103 ng/mL Ni2+ concentrations at
0 h, 6 h, 12 h and 18 h. According to Section 3.1, these four characteris-
tic peaks correspond to proteins, lipids, polysaccharides and β-carotene
in microalgae.

3.6. Changes of main components in microalgae under Ni2+ stress

3.6.1. Study on changes of substance composition in microalgae based on
terahertz spectroscopy

In order to facilitate the analysis of the main substances in the mi-
croalgae, we choose 1 × 103 ng/mL as the higher Ni2+ concentration,
0.1 × 103 ng/mL as the medium Ni2+ concentration, and 10 ng/mL as
the lower Ni2+ concentration. We extracted the characteristic peak in-
formation of 3.67 THz, 9.24 THz, 10.57 THz and 17.5 THz, and studied
the change law of absorbance of these peaks with time (6 h, 12 h and
18 h), as shown in Fig. 7. According to the spectral characteristic, in rel-
atively high concentrations (1 ×103 ng/mL) of Ni2+ in the solution, the
lipid, protein, starch and β-carotene first increased to 6 h and then be-
gan to decrease. It can be seen that the spectral change of carotene is
the largest among the four substances, as shown in Fig. 7(a), (b) and (c).
In the solution with medium concentration of Ni2+, the lipid, protein
and starch decreased in 6 h and increased in 6–18 h. β-carotene began
to increased in 6 h, decreased at 6–12 h, and increased again at
12–18 h, we can see from the absorbance amplitude that the β-carotene

Fig. 5. (a) It is the change trend of chemical detection of β-carotene under medium concentration (0.5 ×103 ng/mL) Pb2+ stress; (b) It is the change trend of β-
carotene in terahertz spectrum under medium concentration (50 ng/mL) Pb2+ stress; (c) It is the change trend of chemical detection of β-carotene under low concen-
tration (1 ng/mL) Pb2+ stress.
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Table 2
Prediction of Pb2+concentration levels at different time based on PLS models.
Discrimination model Calibration Prediction

RMSEC RMSEP

6 h 0.993 0.148 0.986 0.222
12 h 0.964 0.378 0.902 0.625
18 h 0.978 0.296 0.956 0.416

changes the most, as shown in Fig. 7(d), (e) and (f). In the solution with
lower concentration of Ni2+, the lipid, protein, starch and β-carotene
show a decreasing trend, and then increase to 12 h and then decreased.
This concentration of β-carotene decreases to 6 h and then slowly in-
creases, as shown in Fig. 7(g), (h) and (i). We can see from the ab-
sorbance amplitude that the β-carotene changes the most. Compared
with the influence of Pb2+, Pb2+ has a greater impact on the spectra of
β-carotene, while the spectra of proteins, lipids and starches are less af-
fected.

Fig. 6. (a) shows the spectra of microalgae under the stress of seven different Ni2+ concentrations at 0 h, 6 h, 12 h and 18 h; (b) shows the spectra of microalgae un-
der the stress of 3 × 103 ng/mL Ni2+ concentrations at 0 h, 6 h, 12 h and 18 h.

Fig. 7. (a),(b) and (c) show the spectra of lipid, protein, starch and β-carotene of Scenedesmus obliquus under high concentration (1 ×103 ng/mL) Ni2+ stress; (d),
(e) and (f) show the spectra of lipid, protein, starch and β-carotene of Scenedesmus obliquus under medium concentration (0.1 ×103 ng/mL) Ni2+ stress; (g), (h) and
(I) show the spectra of lipid, protein, starch and β-carotene of Scenedesmus obliquus under low concentration (10 ng/mL) Ni2+ stress.
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3.6.2. Study on the composition change of microalgae based on PCA
In order to study the influence of Ni2+ on the main components in

microalgae at different times, the absorbance values corresponding to
the spectral characteristic peaks of the main constituents were analyzed
via principal component analysis. The absorption peak of starch is at
10.57 THz, the absorption peak of β-carotene is at 17.5 THz, the absorp-
tion peak of lipids is at 9.24 THz, and the absorption peak of protein is
at 3.67 THz. We selected high, medium and low concentrations for
analysis. In Fig. 8, the cumulative contribution rates of component 1
and component 2 are 100%, which can effectively distinguish microal-
gae samples at different time points. Fig. 8(a) shows the Bi-plot diagram
of higher concentration, in which the PCA results of 12 h samples are
mainly affected by the absorbance value at 17.5 THz. Therefore, it is
considered that microalgae have a great impact on the change of β-
carotene content in vivo under high concentration Ni2+ stress. Fig. 8(b)
shows the Bi-plot diagram for medium concentration, in which the PCA
results of 6 h samples are mainly affected by the absorbance values at
3.67 THz, 9.24 THz and 17.5 THz. Therefore, it is considered that mi-
croalgae have a great impact on the changes of protein, lipids and β-
carotene contents in vivo under medium concentration Ni2+ stress. Fig.
8(c) shows the Bi-plot diagram of low concentration, in which the PCA
results of 18 h samples are mainly affected by the absorbance value at
17.5 THz. Therefore, it is considered that microalgae have a great im-
pact on the change of β-carotene content in vivo under low concentra-
tion Ni2+ stress.

3.6.3. Trend analysis of β-carotene content in microalgae
Based on the above principal component analysis results, we con-

cluded that the β-carotene content in Scenedesmus obliquus is signifi-
cantly changed under Ni2+ stress. Therefore, the change trend of
carotene content and terahertz spectrum was compared and analyzed.
We extracted β-carotene from experimental microalgae by hot ethanol
method, and measured their content by spectrophotometer as the real
content of β-carotene. As shown in Fig. 9(a), (b) and (c), in high concen-
tration Ni2+ solution, the content of extracted β-carotene increased

from 1.35 mg/L to 1.6 mg/L, and then gradually decreased to 1.2 mg/L,
which was consistent with the spectral change trend in Section 3.6.1. In
the medium concentration Ni2+ solution, the content of β-carotene in-
creased from 1.35 mg/L to 1.85 mg/L within 6 h, then decreased to
1.55 mg/L and then increased to 1.64 mg/L within 12 h. This is consis-
tent with the spectral changes in Section 3.6.1. In low concentration
Ni2+ solution, the content of β-carotene decreased to 1.08 mg/L within
6 h, and then gradually increased to 1.7 mg/L. This trend is also the
same as the spectral change in Section 3.6.1.

3.7. Establish a prediction model of Ni2+ concentration based on PLS at
different time points

According to with the above study, the β-carotene content of mi-
croalgae under Ni2+ stress changes most remarkably. Further, we estab-
lished a prediction model of Ni2+ concentration based on PLS based on
the absorbance values of the samples of Scenedesmus obliquus in the
range of 75–680 cm−1 at different adsorption time points within 18 h.
We built PLS model according to the ratio of 2:1 between correction set
and prediction set, and set corresponding assignments ("1", "2", "3", "4",
"5", "6", "7") for seven concentrations (1 ng/mL, 10 ng/mL, 50 ng/mL,
0.1 ×103 ng/mL, 0.5 ×103 ng/mL, 1 ×103 ng/mL and 3 ×103 ng/
mL). The accuracy of the prediction model is judged by comparing the
coefficient of determination and the root mean square error of the cor-
rection set and the prediction set.

Based on the results of the model established by PLS as shown in
Table 3, we can conclude that the accuracy of PLS modeling is getting
better and better with the passage of time, and the best modeling value
is reached by 18 h in the time we designed the experiment. Compared
with Pb2+ model, Pb2+ model has significant effect in 6 h and better
resolution effect in a short time, while Ni2+ model has better effect in
18 h, which is also consistent with the situation that Pb2+ toxicity is
greater than Ni2+.

Fig. 8. (a) shows the PCA analysis result of high concentration (1 ×103 ng/mL) Ni2+ microalgae spectra; (b) shows the PCA analysis result of medium concentra-
tion (0.1 ×103 ng/mL) Ni2+ microalgae spectra; (c) shows the PCA analysis result of low concentration (10 ng/mL) Ni2+ microalgae spectra.

Fig. 9. (a) It is the change trend of chemical detection of β-carotene under medium concentration (1 ×103 ng/mL) Ni2+ stress; (b) It is the change trend of β-
carotene in terahertz spectrum under medium concentration (0.1 ×103 ng/mL) Ni2+ stress; (c) It is the change trend of chemical detection of β-carotene under low
concentration (10 ng/mL) Ni2+ stress.
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Table 3
Prediction of Ni2+concentration levels at different time based on PLS models.
Discrimination model Calibration Prediction

RMSEC RMSEP

6 h 0.990 0.196 0.850 0.748
12 h 0.993 0.155 0.943 0.457
18 h 0.997 0.103 0.962 0.375

3.8. Establish a PLS-based prediction model for Pb2+ and Ni2+ mixed
solutions with different concentrations

Based on the above spectral changes and cluster analysis, it was
found that the spectrum of β-carotene was the most affected and domi-
nant factor when Scenedesmus obliquus was stressed by Pb2+ and Ni2+.
According to the results of PLS modeling, the modeling effect of Pb2+

stress experiment at 6 h is the best, and that of Ni2+ stress experiment at
18 h is the best. Therefore, we designed a mixed solution of Pb2+ and
Ni2+ with different concentrations to stress Scenedesmus obliquus, and
selected two optimal time points of 6 h and 18 h. According to the con-
centration of Pb2+ and Ni2+ designed above, we selected the concentra-
tion of mixed heavy metal solution in the concentration range of the
above single ion modeling, as shown in Table 4 (the selection of concen-
tration in the table referred to the concentration of heavy metal ions in
surface water in Section 3.9).

It has been known from the above experiments that β-carotene are
the most affected and dominant factor in the spectrum. Therefore, in
the mixed solution stress experiment, a band model containing only β-
carotene was adopted (15–18 THz was selected). During modeling, the
samples were marked as "1", "2", "3" and "4", and the accuracy of the
prediction model was determined by comparing the coefficient of deter-
mination and root mean square error of the correction set and the pre-
diction set.

According to Table 5, the coefficient of determination of calibration
( ) at 6 h is 0.989 and the root mean square error of calibration (RM-
SEC) is 0.116, the coefficient of determination of prediction ( ) is
0.991 and the root mean square error of prediction (RMSEP) is 0.102.
The coefficient of determination of calibration ( ) at 18 h is 0.883 and
the root mean square error of calibration (RMSEC) is 0.381, the coeffi-
cient of determination of prediction ( ) is 0.979 and the root mean
square error of prediction (RMSEP) is 0.161. According to the coeffi-
cient of determination of calibration and the coefficient of determina-
tion of prediction in the model results of PLS of Pb2+ experiment in
Table 2, the best time is 6 h, and according to the coefficient of determi-
nation of calibration and the coefficient of determination of prediction
in the model results of PLS of Ni2+ experiment in Table 3, the best time

Table 4
Mixing ratio of Pb2+ and Ni2+.
Samples Ni2+ Pb2+

1 50 ng/mL 10 ng/mL
2 0.5 103 ng/mL 10 ng/mL
3 50 ng/mL 0.1 103 ng/mL
4 0.5 103 ng/mL 0.1 103 ng/mL

Table 5
Prediction of mixed concentration at different time based on PLS models.
Discrimination model Calibration Prediction

RMSEC RMSEP

6 h 0.989 0.116 0.991 0.102
18 h 0.883 0.381 0.979 0.161

is 18 h. Therefore, we believe that 6 h is the judgment time of Pb2+ and
18 h is the judgment time of Ni2+.

3.9. Study on concentration of Ni2+ and Pb2+ in real surface water based
on PLS

In order to verify the prediction accuracy and reliability of the
mixed solution model in Section 3.8, we selected several representative
surface water samples, which were taken from Yangcheng Lake water
sample, Suzhou battery plant wastewater sample (after wastewater
treatment), Taihu Lake water sample, Chaohu Lake water sample and
Hongze Lake water sample. We adopted the atomic absorption spec-
trometry to detect the Ni2+ and Pb2+ content of these five water sam-
ples, The result shows that the Pb2+ content of the five kinds of real sur-
face water is 10 ng/mL and the Ni2+ content is 50 ng/mL. Then we
placed Scenedesmus obliquus into these five surface waters for adsorp-
tion culture, 6 samples per surface water, a total of 30 samples, sam-
pling at 6 h and 18 h and collecting terahertz spectra at 15–18 THz
bands. The collected 30 spectral data were predicted by PLS model, and
the prediction threshold was set to 0.5. The samples predicted as "1"
were the samples stressed by the mixed solution of 50 ng/mL Ni2+ and
10 ng/mL Pb2+.

It can be seen from Table 6 that when the PLS prediction threshold is
0.5, the Pb2+(6 h) judgment accuracy of samples from Taihu Lake,
Hongze Lake, Suzhou battery plant treated sewage, Yangcheng Lake
and Chaohu Lake reaches 100%, and the Ni2+(18 h) judgment accuracy
of samples from Suzhou battery plant treated sewage, Yangcheng Lake
and Chaohu Lake reaches 100%. The accuracy of Ni2+(18 h) in Taihu
Lake and Hongze Lake samples was 83%. Therefore, it is concluded that
in this experiment, the prediction accuracy of Pb2+ is 100%, and that of
Ni2+ is 93.2%. This result also confirmed that the Pb2+ with greater
toxicity had a higher impact on microalgae, which was easier to be de-
tected in a short time than Ni2+. We compared some parameters of
other traditional methods and this experiment, as shown in Table 1.

4. Conclusion

In this study, the terahertz spectra were collected under the stress of
two different toxic heavy metals (Pb2+ and Ni2+) at different time (0 h,
6 h, 12 h, 18 h), and the changes of protein, lipid, starch and β-carotene
content in microalgae were analyzed by using the spectral information.
At the same time, combined with PCA, chemical methods and PLS
analysis, it is concluded that the time for judging lead ions is 6 h, the
time for judging nickel ions is 18 h, and the characteristic substance is
β-carotene (15–18 THz). Then, the PLS model was established through
the mixed heavy metal ions stress microalgae experiment with the
above time and band, combined with surface water to verify the model,
the accuracy of the judgment for Pb2+ was 100%, and the judgment ac-
curacy for Ni2+ was 93.2%. This also verifies that the toxicity of Pb2+ is
greater than that of Ni2+. After establishing the PLS model in this
method, the detection of water bodies does not require the use of chem-
ical means to carry out complicated pretreatment of the samples, and
only about 10 mL of water samples are needed to detect the stress mi-
croalgae by terahertz spectroscopy. We provide a new detection ap-

Table 6
Surface water determination accuracy based on PLS model (threshold "0.5").
Accuracy Pb2+ (6 h) Ni2+ (18 h)

Taihu Lake 100% 83%
Hongze Lake 100% 83%
Suzhou 100% 100%
Yangcheng Lake 100% 100%
Chaohu Lake 100% 100%
Summary 100% 93.2%
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proach and technical support for the real-time monitoring of the types
and concentrations of heavy metals in water.
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Environmental implication

Heavy metals lead and nickel have been internationally recognized
as harmful metals to human body, especially in urban wastewater and
industrial wastewater. Therefore, a more convenient and fast detection
method is needed. We choose to use microalgae in the environment to
adsorb heavy metals, and infer the concentration and species of heavy
metals in water by terahertz spectroscopy. It provides a new idea for the
detection of heavy metals in water.
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