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Abstract: 17

The release of engineered materials into the environment can have detrimental effects on living 18
organisms in ground, rivers, and oceans. Despite the increasing use of nanomaterials, little research 19
is conducted on their degradation. Understanding the biology and environmental consequences of 20
manufactured materials is crucial for preserving the environment and developing more respectful 21
chemistry protocols. Physicochemical studies are essential to understand material behavior and 22
their uptake and distribution within microorganisms. II-VI semiconducting nanocrystals, like ZnS 23
nanoparticles, have emerged due to their quantum confinement, allowing for customization of 24
electronic and optical properties. To assess the toxicity of ZnS QDs doped with Mn?* and perform 25
ecotoxicological tests, a suitable natural environment and an aquatic model are needed. Microalgae, 26
like Chlorella Vulgaris, offer advantages in ecotoxicology, including environmental relevance, 27
sensitivity, experimental feasibility, ethical considerations, and comparative studies. This paper 28
presents the synthesis of ZnS:Mn NPs with varying concentrations of Mn?". These NPs induce an 29
antioxidant defense system in algal cells, which may be toxic to Chlorella vulgaris via an oxidative 30
stress mechanism. The toxicity of manganese-doped ZnS nanoparticles does exist but is lower than 31
that induced by a Mn?* ion concentration of 100 mg L. 32

Keywords: nanoparticles; toxicological impact; toxicity; quantum dots; behavior; dissolution, risk, 33

fate. 34
35
1. Introduction 36

The release of engineered materials into the environment may have a detrimental effect 37
on living organisms in the ground, the rivers, and the oceans. Despite the increasing use 38
of nanomaterials in various devices, very little research is conducted on the degradation 39
of manufactured materials while many studies have focused on the impact of these ma- 40
terials on plants and their possible entry into the food chain. As many people are afraid of 41
nanotechnologies, the interest in understanding the biology and environmental conse- 42
quences of manufactured materials is increasing [1,2]. A better understanding of toxico- 43
logical mechanisms will not only make it possible to better preserve the environment but 44
also to practice better chemistry, through the development of protocols that are more 45
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respectful of nature. For that, physicochemical studies are essential to understand the
behaviour of the materials, as well as their uptake and distribution inside microorgan-
isms [3-7]. For an environmental risk assessment of nanoparticles, both exposure in the
environment (dissolution/aggregation) and hazards, such as toxicity, need to be consid-
ered.

Among all the manufactured nanomaterials, II-VI semiconducting nanocrystals
emerged due to their quantum confinement, providing to tailor the electronic and optical
properties by tuning the size of the particles [8,9]. ZnS nanoparticles are sought for sev-
eral applications such as displays [10]. Various colours can be obtained by doping the
particles [11-16] since the dopants are acting as emitting centres within the quan-
tum-confined crystalline structure of the QDs [17,18]. To produce an orange wavelength
(580-590 nm), manganese is one of the most common dopants in ZnS: as a divalent cation,
Mn? can substitute zinc in the blende lattice. The emission peak is generally ascribed to
the electronic transition between #T1 and ¢A1 energy levels of tetrahedral [MnS4]¢ molec-
ular species [12]. However, as the potential of ZnS nanoparticles continues to be explored,
so does the need for understanding their environmental impact and potential toxicity.

To assess the toxicity of such ZnS QDs doped with Mn?* and perform ecotoxicolog-
ical tests, it is necessary to find a suitable natural environment and an aquatic model.
Microalgae represent excellent aquatic models since they can breed in lakes and seas,
which are rich enough in nutrients to cultivate microalgae. Seine river water is very rich
in mineral salts [19-22] for cultivating microorganisms. Microalgae are used for the
treatment of wastewater [23,24] and have been proven to efficiently assimilate nutrients
from wastewater. Moreover, they are easy to cultivate, present a quite short growth pe-
riod (< 1 week), and are responsive to pollutants. Such algal species have been found to
exhibit interesting capabilities for the removal of several environmental pollutants.
Chlorella Vulgaris, a widely studied model microalga, has become an indispensable or-
ganism in ecotoxicology due to its sensitivity and pivotal role as a primary producer in
aquatic ecosystems. This microalga plays a significant role in the food chain, influencing
the health of diverse aquatic organisms. Studying the toxicity of ZnS nanoparticles using
Chlorella Vulgaris offers several advantages such as environmental relevance (Chlorella
Vulgaris is a common microalga found in various aquatic environments), sensitivity and
responsiveness (highly sensitive to environmental changes, including exposure to vari-
ous pollutants, ca. 72-96 hours, making it an excellent bioindicator for assessing the toxic
effects of ZnS NPs [25-27]), experimental feasibility (Chlorella Vulgaris is easy to culti-
vate and maintain in laboratory settings. These microalgae can be cultured in large
quantities under controlled conditions, ensuring reproducibility and facilitating toxico-
logical studies with minimal logistical challenges), ethical considerations, and compara-
tive studies (due to the widespread use of Chlorella Vulgaris as a model organism, tox-
icity data obtained using this microalga can be compared across different studies, insti-
tutions, and countries).

In this paper, we intend to assess the toxicity of ZnS:Mn nanoparticles (synthesized
by the polyol process) in the presence of Chlorella Vulgaris in either Seine River water or
synthetic seawater. Indeed, Mn?* can be dissolved in the water system, which could be
toxic to Chlorella vulgaris, after the dissolved Mn?* or the ZnS:Mn NPs go inside the al-
gal cells and influence the activity of chloroplast and mitochondria, by inducing the ROS
(reactive oxygen species), and then leading to the cell death.

2. Materials and Methods

2.1. Synthesis of Mn-doped ZnS quantum dots by polyol method

All chemicals are of analytical grade and were used without any further purification.
Manganese acetate tetrahydrate (= 99%, Mn(CHsCOO)2.4H:0), trioctylphosphine oxide
(TOPO, (CHs(CH2)7)sPO), diethylene glycol (DEG) (OH(CH:2):0(CH:)2OH) purchased
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from Sigma-Aldrich, thiourea (99%, SC(NHz)2) purchased from Alfa Aesar, and zinc ac- 98
etate dihydrate (98+%, Zn(CHsCOO)2.2H:0) purchased from Acros Organics. 99
Zinc acetate dihydrate (Zn(CHsCOO)2.2H:0, 87.8 mg) and manganese acetate tet- 100
rahydrate (Mn(CH3COO)2.4H:0, 1.0 mg, 4.1 mg, 8.5 mg and 24.5 mg) were mixed ina 101
three-neck flask with 80 mL of diethylene glycol (DEG) to synthesis ZnS: Mn (0.5%), ZnS: 102
Mn (2.0%), ZnS: Mn (4.0%), ZnS: Mn (10%), respectively, in presence of thiourea (38.8 mg) 103
and TOPO (193.3 mg). All the reagents were dissolved in DEG with 20 min of sonication, 104
then the solutions were heated to 180 °C for 30 min; after that, ZnS: Mn (0.5%), ZnS: Mn 105
(2.0%), ZnS: Mn (4.0%), ZnS: Mn (10%) NPs were recovered after 3 cycles of centrifuga- 106

tion (at 22 000 rpm) and washing with ethanol, then dried at 60 °C overnight. 107
108
2.2 Characterization of ZnS:Mn QDs 109

X-Ray Diffraction (XRD) patterns of the nanoparticles (NPs) have been recorded on 110
an X'Pert Pro Pananalytical diffractometer, using the Co Ka. radiation, in the range 10-80° 111
(20) with a scan step of 0.016°. The peak indexing was performed using the Highscore 112
Plus software and the Database ICSD-Panalytical. The cell parameter and the size of the 113
coherent diffraction domain were determined with MAUD software [28], based on the 114
Rietveld method. 115

The surface chemical composition of the NPs has been checked by X-ray Photoelec- 116
tron Spectroscopy (XPS) using a Thermo VG ESCALAB 250 instrument equipped witha 117
micro-focused monochromatic Al Ka X-ray source (1486.6 eV) and a magnetic lens. The 118
X-ray spot size was 500 um (15 kV, 150 W). The spectra were acquired in the constant 119
analyzer energy mode with a pass energy of 100 and 40 eV for the survey spectra and the 120
narrow high-resolution regions, respectively. The “Avantage” software (version 4.67) 121
was used for data acquisition and processing. The Cls peak at 285 eV, due to the adven- 122
titious contamination, was used as a reference to calibrate the binding energies for charge 123
correction. 124

Cations / S ratios were carried out by X-ray fluorescence spectrometry (XRF). Na- 125
nopowders were dispersed in demineralized water, and then 20 pl were taken, deposited 126
on a clean polycarbonate membrane, and dried. Finally, the membranes were analyzed 127
on an Epsilon 3XL (Panalytical) XRF spectrometer equipped with a silver X-ray tube op- 128
erating at different conditions: 20kV and 15pA current emissions for Mn, 50 kV and 6pA 129
for Zn, 10 kV and 30 pA for S. A certified solution of Mn, Zn, and S (Inorganic Ventures 130
1 g L) was used for calibration in perfectly identical conditions, in the range 0 to 30 ug. 131

The morphology of the NPs has been determined by Transmission Electron Mi- 132
croscopy (TEM), using a JEOL-100 CX II microscope operating at 100 kV. The mean di- 133
ameter and standard deviation were inferred from image analysis of ca. 250 particles 134
using Image] software. 135

Dynamic Light Scattering (DLS) and zetametry were performed using Zetasizer 136
from Malvern to determine the size distribution and the surface charge of the NPs; their L 137
potential was measured at room temperature starting from their aqueous solution 138
(1 g L), after vigorous sonication for 10 min. 139

The concentration of Mn and Zn were determined using ICP-AES (ICAP 6200 140
Thermo Fisher, Thermo Fisher Scientific, Waltham, MA, USA). Detection and quantifica- 141
tion limits were 0.20 ppb and 0.67 ppb respectively, for Zn and of 0.02 ppb and 0.07 ppb 142
respectively, for Mn. The standard deviation associated with the measurements was 143

smaller than 5%. 144
145
2.3. Chlorella vulgaris culture 146

Chlorella vulgaris were provided by the Museum National d’Histoire Naturelle 147
(MNHN) Culture Collection. Chlorella vulgaris is a planktonic eukaryotic single-cell 148
green algae, which was cultivated in the 75 cm? cell culture flask bought from Ther- 149
mofisher in (i) sterile BG11 medium (pH 7.30), (ii) Seine River water (SRW, pH 8.11) and 150
(iii) synthetic seawater (SSW, pH 7.81) (Supplement information 1). Took 15 ml chlorella 151
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vulgaris collection culture and mixed with 45 ml of different media, then all the cultures 152
were kept at a controlled temperature of 25 °C and a daily cycle of 16 h of luminosity 153

(50-80 pmol m? s! photosynthetic photon flux, PPF) under ambient CO:2 environment. 154
155

2.4. Toxicity assessments 156
Viability test has been done using the Cellometer Auto T4 manufactured by Nex- 157
celom. 158

SOD (Superoxide dismutase) enzymatic activity measurements were performed 159
using 19,160 SOD determination kit from Sigma-Aldrich (France). SOD enzymatic activ- 160
ity was determined using colorimetric measurements by a kinetic method and then read 161
at 450 nm using an Envision Multilabel Plate Reader (Perkin-Elmer, USA). 162

Adenosine-5'-triphosphate (ATP) level of the samples were detected using the lu- 163
ciferase-luciferin enzymatic assay kit BacTiter-Glo™ ordered from Progema (France). The 164
ATP can be released from algae cell easily with the cell lysis in this kit, and we do not 165
need to wash cells or remove the medium, the reagent can be added to the microplate 166
well directly. The plate reader will be used to quantitative determinate the ATP, and the 167
relative luminescent units were detected with an Envision Multilabel Plate Reader 168
equipped with a luminescent optical filter. All experiments were done in triplicate. 169

Biomass transmission electron microscopy (TEM) studies was performed with a 170
Hitachi H-700 (Tokyo, Japan) operating at 80 kV equipped with a Hamatsu camera. The 171
microalgae were first fixed with a mixture containing 2% glutaraldehyde and picric acid 172
in a phosphate Sorengén buffer (0.1 M, pH 7.4). Cells were contrasted with 0.5% of os- 173
mium tetraoxyde. Dehydration was then achieved in a series of ethanol baths, and the 174
samples were processed for flat embedding in a Supper resin, then ultrathin sections of 175
samples in the resin were made using a Reicherd E Young Ultracut ultramicrotome (Leica, 176

Wetzlar, Germany). 177

178
3. Results and Discussion 179
3.1. Structural characterization of ZnS:Mn NPs 180

The X-ray diffraction patterns of these NPs are presented in Figure 1. The diffraction 181
peaks of these samples, at 33°, 56°, 67°, are matching well with the (111), (220), (311) 182
crystalline planes of cubic ZnS phase (COD no. 5000088). No other impurity phase was 183
found, evidencing the high purity of the ZnS:Mn NPs, even small in size. The broadness 184
of the peaks is evidencing the nanocrystalline size of the samples [29]. The crystal size of 185
each sample has been calculated through computational Rietveld refinements using 186
MAUD software (Materials Analysis Using Diffraction), which was ranging from 1.1 to 187
1.5 nm. The average crystalline size of these ZnS NPs was also estimated using the dif- 188
fraction peaks full width at half maximum (FWHM) by Debye-Scherrer’s formula [29,30]: 189
kA

b= BcosO
where D is the average size of the particles, k is the particles shape factor (0.89), A is the 191
X-ray wavelength (0.17889 nm), 3 is the FWHM of the diffraction peak, 0 is the diffrac- 192
tion Bragg angle. The calculation average crystalline sizes of ZnS:Mn (0.5%, 2.0%, 4.0% 193
and 10%) NPs ranged from 2.3 nm to 2.5 nm, which agrees with the average diameter 194
deduced from TEM analysis (2.3 + 0.5 nm) (Figure 4). The Debye-Scherrer’s formula cal- 195
culated size and the TEM statistical size are a little bigger than the actual crystal size due 196
to the 26, measurement boundary and other factors. 197

198

190
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ZnS:Mn (10%)

ZnS:Mn (4.0%)

——— ZnS:Mn (2.0%)

(111) —— ZnS:Mn (0.5%)
—2ZnS

Intensity (a.u.)

10 20 30 410 50 60 70 80
2Theta (deg.)

Figure 1. XRD patterns of all the produced ZnS: Mn NPs.

Table 1 gathers the elemental compositions of ZnS:Mn nanoparticles deduced from XRF
analysis: the Mn content in the NPs increased while increasing the Mn molar concentra-
tion, although it does not match well with the expected Mn molar concentration. One can
notice that sulphur is a volatile element that is often very difficult to calibrate and meas-

ure; this can explain the observed deviations from what is expected.
Table 1. Elemental composition XRF of all the produced ZnS: Mn NPs, deduced by XRF.
2 NPs Zn s Mn  Mn/(Mn+Zn)ep Mn/(Mn+Zn)xr
210
mass (ug) 32315  11.034 0.048
211ZnS: Mn (0.5%)
1o %mol 589 410 0.10 0.005 0.002
213 mass (ug)  46.842  14.838 0.668
ZnS: Mn (2.0%)
21 %mol 601 388 11 0.020 0018
215
mass (ug)  22.464 8.427 0.427
216ZnS: Mn (4.0%)
217 %mol 55.9 4238 1.3 0.040 0.023
218 mass (ug)  8.336 35 1.420
219ZnS: Mn (10%)
%mol 48.6 41.6 9.8 0.100 0.168

220
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The surface chemical composition of these NPs was investigated by XPS analysis [31]. 231
The survey spectra of ZnS: Mn (0.5%, 2.0%, 4.0% and 10%) NPs are presented in Figure 2; 232
the binding energy of Zn 2p12 and Zn 2psp are centered at 1045.8 eV and 1022.9 eV, re- 233
spectively, which confirm that Zn atom exists only in the form of Zn?, whereas the S2p 234
peak at 161.4 eV is characteristic of 5% species [32,33]. The XPS semi-quantitative data 235
gave atomic Zn/S ratio of 1:0.9; 1:1; 1:1 and 1:0.9, for the samples 0.5%, 2.0%, 4.0% and 10% 236
respectively, that lies reasonably close to the ideal 1:1 ratio for every sample. Peaks cor- 237
responding to C and O adventitious contaminations were also observed in all spectra. 238
The slight error on the Zn/S ratio (equal to 0.9) may raise suspicion of oxidation of the 239
nanoparticles. However, the O 1s peak observed at 532.0 eV cannot be attributed to O 240
atoms belonging to a ZnO crystalline system, since the signal originated from ZnO would 241
appear at 530 eV. Hence, the O 1s peak at 532 eV may be assigned to chemisorbed oxygen 242
species [32]. 243
Zn 2p3/2
Zn2pl/2

A N 1s S2p3/2
P 2p3/2
N Cls p3/
S2s Zn 3p3/2

Zn3d

~ 10.0%
—
N
\ 4.0%
N 2.0%
T T T T T T T T T T T T T T T T T T T T T T T T T T | 05%
1000 800 600 400 200 0
Binding energy (eV)
244
Figure 2. XPS survey spectra of ZnS: Mn (0.5%, 2.0%, 4.0% and 10%) NPs, the spectra 245
were calibrated by setting the main C 1s at 285 eV. 246
247
154 159 164 169 634 639 644
Binding energy (eV) Binding energy (eV)
248
Figure 3. High resolution spectra of S 2p, and Mn 2p signals recorded on ZnS: Mn NPs 249
with 10% Mn. 250
251
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The high-resolution spectra of S 2p and Mn 2p elements are shown in Figure 3. The in- 252
tensity ratio of the spin—orbit splitting peaks for S 2ps2 and S 2p12 was approximately 2:1, 253
in good agreement with the presence of Zn?  linked only to S atoms [34]. The S 2p 254
asymmetric spectra may be fitted with two components for ZnS:Mn (10%) NPs, each fit- 255
ted with two peaks, corresponding to S 2ps2 and S 2p12. The binding energy of 158-159 eV 256
originated from S* in the ZnS structure while the subpeak at approximately 160-161 eV 257
may be due to surface defects of the S-S species in the ZnS shell layer as it was previously 258
reported for ZnS nanorods [35]. One can notice, on these two spectra, a lower intensity S = 259
2p peak at 167.9 eV, attributed to the oxidized SO+* form [36,37], due to a very slight and 260
negligible oxidization of the surface of ZnS:Mn NPs. The spectra were less and less noisy 261
as the Mn content increases [38—40] while the Mn 2ps»2 peak was centered at around 642 262
eV, corresponding to Mn? [41]. The XPS semi-quantitative data gave atomic Mn/S ratio of ~ 263
0.02:1; 0.03:1; 0.04:1; 0.08:1, for the samples 0.5%, 2.0%, 4.0% and 10% respectively, that 264
lies reasonably close to the ideal ratio for every sample. 265

266

Transmission electron microscopy (TEM) images of different molar concentration of Mn 267
doped ZnS NPs are shown in Figure 4 and Figure S1. The TEM pictures gave lattice in- 268
formation and confirmed the blende structure of the crystallized ZnS:Mn (0.5%, 2.0%, 269
4.0%, and 10%). The statistical analysis of the size distribution of these NPs indicated an 270
average size of ca. 2.3 + 0.5 nm. In addition, EDX analysis showed that all these NPs 271
mainly contain Mn, Zn and S elements, Cu being a constitutive element of the grid and Cr 272
coming from the TEM machine; hence, we can assume that no impurity was found in 273
these ZnS:Mn NPs. 274

275

504 22:04n0m

.................................................... % Zes(""‘)
=
225-
£
N N N A e e e e
Figure 4. TEM image, size distribution and EDS of a) 0.5% ZnS: Mn and b) 10% ZnS: Mn. 277
(2.0% and 4.0% Mn doped ZnS are shown in Figure S1). 278

279

The size and colloidal stability of the NPs were determined by dynamic light scattering 280
(DLS), in 3 different types of water, at various pH (Figure 5 and Figure 52). Whatever the 281
medium and the pH, the nanoparticles were aggregated, but to a different degree. Ina 282
BG11 water (or fresh water), at pH = 2, all the NPs formed what will be called small ag- 283
gregates since the size of the colloids was around 340 nm for ZnS:Mn (0.5%) and ZnS:Mn 284
(4.0%) NPs, and 460 nm and 400 nm for ZnS:Mn (2.0 %) and ZnS:Mn (10 %) respectively. 285
However, in a more basic medium (pH = 8), the size of almost all the colloids was greater 286
than 1000 nm, only that of ZnS:Mn (4.0%) remained less than 340 nm. In the Seine River 287
water, all the colloids were more stable, with sizes between 340 nm and 530 nm at dif- 288
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ferent pH, except the ZnS: Mn (4.0%) NPs which formed aggregates of 220 nm at pH 4 289
and larger than 2000 nm at pH 10. Moreover, the size of these colloids was smaller in 290
seawater, in an acid medium (less than 400 nm at pH 6), and it could exceed 1000 nm at 291
pH 10. Above all, we could conclude that the size of these NP aggregates was more stable 292
in BG11 and in seawater in an acidic environment. Colloids were stable (300 to 500 nm) in 293
Seine River water, whether the medium is acidic or alkaline, except for ZnS:Mn (4.0%) 294
NPs, which were unfortunately easier to aggregate when the pH varied from 6 to 8. In- 295
deed, one should know that the pH of culture of Chlorella vulgaris in the different water 296

systems varies from 7.4 to 8.7. 297
298
a)"" —pH2 396 nm b)m —pH2 v C)90 —pH2
——pH4 pH4 B pH4
704—pHE 60— pH 6 o 801 oHe |
——pH8 pHE 1451 nm 704 pHE
60 pH 10 & pH 10 pH 10
550 b ) =% 8
5 30 J sl 201 nm ,“
£°1 l z Il 2 (I
53] i 5% §° I
= H‘“ Ezu \‘ £ ‘ M“
20 ) } I | 50 ‘ ‘\ “
0l ‘ \ w“ 10 3 ‘\) ‘\ “
s £\ 0 o LA [
1 1b 100 1000 10000 1 10 100 1000 10000 ; 10 100 1000 10000
Size (nm) Size (nm) Size (nm) 299
Figure 5. Size of ZnS: Mn (10%) NPs in (a) BG11, (b) Seine River water, (c) Synthetic 300
seawater. (0.5%, 2.0% and 4.0% Mn doped ZnS NPs are shown in Figure S2). 301

302

Figure 6 and Figure S3 present the zeta potential measurements performed on all the NPs 303
produced, in the three different water systems at different pH. We observed that the NPs 304
were relatively stable in an alkaline medium either in BG11 and Seine River water, 305
whereas they were likely unstable in synthetic seawater, whatever the pH, not only al- 306
kaline but also acid. We also observed that these NPs were negatively charged when the 307
pH varied from 6 to 8, which means that the NPs may be not easy to internalize by the 308
algae cell (the zeta potential of the algae cell is about -8.82 eV) due to repulsive electro- 309
static interactions with the cell membrane [42,43]. 310

311

—a—BG11

—e— Seine River water
5 —A— Seawater

Zeta potential (mV)

b 312

Figure 6. Zeta potential of ZnS: Mn (10%) NPs in different water systems. (0.5%, 2.0% and 313
4.0% Mn doped ZnS NPs are shown in Figure S3). 314
315

Although nanoparticles tend to aggregate in water, whatever the pH, they can be dis- 316
solved. Therefore, we followed the dissolution of ZnS:Mn (10%) by ICP-AES. Figure 7 317
presents the concentration of Mn? and Zn?" in the 3 different water systems after dis- 318
solving the ZnS:Mn (10%) NPs. The dissolution of Mn?* was generally higher in synthetic 319
seawater and in Seine River water than in Milli-Q water. Moreover, in Milli-Q water, the 320
dissolution of Mn?* was maximum on the 274 day, whereas it reached a maximum on the 321
4t or 5t day in seawater and in Seine River water. Surprisingly, the dissolution of Zn?* 322
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was totally different: in seawater, the concentration of dissolved Zn?  remained stable for 323
a week, which is probably due to a saturation of seawater with Zn? ions; however, in the 324
Seine River water and Milli-Q water, the dissolution of Zn2?* continued and increased over 325

time. 326
327
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Figure 7. Dissolution of ZnS: Mn (10%) NPs in different water systems: monitoring of a) 329
Mn? and b) Zn?* concentrations in different water systems. 330
3.2. Assessment of the toxicity of ZnS:Mn nanoparticles 331

The specific toxicity of nanoparticles for Chlorella Vulgaris may vary depending on sev- 332
eral factors, including composition, nanoparticle size, concentration, surface coating, 333
exposure duration, etc. Zns:Mn NPs, as other nanomaterials, have the potential to inter- 334
act with living organisms differently from their bulk counterparts due to their unique 335
properties at the nanoscale. When Chlorella vulgaris is exposed to nanoparticles, various 336
biological processes, such as cellular uptake, oxidative stress, or changes in biochemical 337
pathways, can be affected. The resulting effects may include inhibited growth, reduced 338
photosynthesis, lower cell viability, and altered metabolic activities. To the best of our 339
knowledge, there have been limited studies specifically examining the toxicity of ZnS 340
nanoparticles doped with manganese on Chlorella vulgaris. 341

The hazard statements of the starting reagents to conduct the synthesis of ZnS:Mn NPs 342
by the polyol process are presented in Table 2. The toxicity of thiourea comes essentially 343
from its ability to react through the -SH group or to release cyanide (CN-) ions upon 344
metabolism while that of Zn acetate comes from the Zn?* ions released in solution, since 345
Zn is a heavy metal. 346

347

In order to investigate whether the toxicity came from Mn? ions or from the NPs them- 348
selves, Mn(CH3COO)2.4H20 salt, pure ZnS NPs and ZnS:Mn NPs were added succes- 349
sively into the three different culture media of Chlorella vulgaris: BG11, Seine River wa- 350
ter (SRW), and synthetic seawater (SSW). One week later, the different concentrations of 351
NPs (20 mg L+, 50 mg L7, and 100 mg L') were added into the three types of aqueous 352
medium; each medium repeated in 4 culture flasks (three research groups and a control 353
group). Relative toxicity measurements such as cell viability, superoxide dismutase (SOD) 354
activity and mitochondria activity were performed over the next 5 continuous days after 355
exploring in the NPs environment. Then, we could evaluate the toxic effect of NPs by 356
comparing with the control group. 357

358

359
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Table 2. Hazard statements of the reagents used for the synthesis of ZnS: Mn NPs (ref 360
From VWR website, Accessed on the purchasers’ websites on 28 July 2023.). 361
Common name Hazard statements

Trioctylphosphine oxide (TOPO, (CH3(CHz2)7)sPO),

Sigma-Aldrich

Manganese acetate tetrahydrate ®

(= 99%, Mn(CHsCOO)2.4H20), Sigma-Aldrich

Sigma-Aldrich

Thiourea (99%, SC(NHa)2), Alfa-Aesar @
Zinc acetate dihydrate @
(98+%, Zn(CHsCOO)2.2H:0), Acros Organics
362

3.2.1. Toxicity of ZnS NPs 363

Figure 8 presents the viability of Chlorella vulgaris in different aqueous media, in contact 364
with ZnS NPs. In BG11 and SSW media, viability decreased immediately, from the first 365
day of testing until the last day compared to the control group. Viability recovers 48 h 366
later in the presence of lower concentrations of NPs (20 mg L' and 50 mg L-!). In Seine 367
River water, the viability decreased throughout the first days of the test in the presence of 368
high concentrations of NPs (50 mg L-'and 100 mg L) except on the 4% day of the test. 369
Algae showed much lower viability (less than 40%) in SRW and SSW media; it could be 370
assumed either that the culture media influenced the expression of cell membrane pro- 371
teins [44,45] or that the ZnS NPs were very strongly aggregated on the surface of the al- 372
gae, and thus disturbed the transport function of the cellular membrane. This led to a 373
decrease in the availability of nutrients necessary for algae growth [44]. Therefore, we can 374
conclude that ZnS NPs presents a relatively weak toxic effect on Chlorella vulgaris, in 375
agreement with previous work [46,47]. Not surprisingly, high concentrations of NPs 376

Diethylene glycol (DEG) (OH(CH2)2O(CHz):OH), ®

were more toxic than lower concentrations. 377
378
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Figure 8. Viability tests of Chlorella vulgaris in a) BG11, b) SRW, c) SSW culture media 380
contacted with pure ZnS NPs. 381
382

3.2.2. Toxicity of Mn2 383

The toxicity of Mn?* was also addressed, by introducing solutions of Mn?* at the concen- 384
trations of 20 mg L1, 50 mg L-!, and 100 mg L. Figure 9 shows Chlorella vulgaris in the 385
presence of Mn? ions 96 hours after their introduction. We observed that the color of the 386
cultures carried out in Seine River Water and synthetic seawater and containing Mn2?* 387
ions was deeper than that of the control groups. The Seine River water was even darker... 388
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389

— s - 390
Figure 9. Chlorella vulgaris in the different culture medium. 391

e 3

392

Figure 10 shows the viability of Chlorella vulgaris: in BG11 water, the viability remained = 393
almost stable in the presence of Mn?* concentrations below 100 mg L-; when the concen- 394
tration of Mn?* was 100 mg L, the viability decreased drastically during the first four 395
days of the test. In Seine and sea waters, viability decreased in a variable way: it is 39
probably caused by a paucity of nutrients, such as nitrates, phosphates or carbon sources 397
(for example glucose), absent in Seine and sea waters [44,48]. Consequently, the physio- 398
logical state of the algae became very bad due to the lack of nutrients [44]. Then, they 399
showed less resistance to the bad water environment or even toxic Mn?* ions. In BG11, the 400
algae had all the adequate nutrients, which led to a completely different behavior. Con- 401
sequently, a high concentration of Mn? ions (for example, 100 mg L) was highly toxic = 402

for Chlorella vulgaris in all culture media, but even more particularly in SSW medium. 403
404
100 100 100 -
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F o0 F a0 E e0
z z z
g £ 8w
20 20 20
a 04 04
3 24 48 72 96 3 24 48 72 9 3 24 48 72 2
Time (h) Time (h) Time (h) 405
Figure 10. Viability tests of Chlorella vulgaris in a) BG11, b) SRW, c) SSW culture media 406
contacted with Mn?* salt. 407
408
3.2.3. Toxicity of ZnS:Mn (10%) NPs 409

When nanoparticles are doped with metal transition cations such as manganese, their 410
toxicity and interactions with living organisms can be different from the undoped na- 411
noparticles. So finally, we evaluated the toxicity of ZnS:Mn (10%) NPs. (All the results 412
describing the toxicity of ZnS:Mn (0.5%), ZnS:Mn (2.0%) and ZnS:Mn (4.0%) are shown in 413
Figures 54-59). 414

415

In Figure 11, we observe that the viability of the algae decreased immediately after the 416
introduction of a content of 100 mg L of ZnS:Mn (10%) NPs, and this, in the three 417
aqueous media: it was close to 50% in BG11 and SRW, and close to 20% in SSW. For a 418
concentration of 50 mg L' of NPs, the viability in BG11 and SSW decreased slightly 419
during the first three days of testing, then gradually increased to the normal value [49]. 420
For a concentration of 20 mg L, the viability also decreased, even in SSW from 24h to 72h. 421
We can therefore conclude that a concentration of 100 mg L' of ZnS:Mn (10%) NPs ex- 422
hibited strong toxicity towards Chlorella vulgaris and threaten its survival; a lower con- 423
centration of these NPs was also toxic to Chlorella vulgaris in SSW. However, if viability =~ 424
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decreased, photosynthetic activity did not decrease (Figure 12), probably through a pro- 425
tective mechanism of carotenoids, a type of non-enzymatic antioxidants, which may act 426

as singlet oxygen quenchers, thus protecting the machinery photosynthetic [50]. 427
428
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Figure 11. Viability tests of Chlorella vulgaris in a) BG11, b) SRW, c) SSW culture media 430
contacted with ZnS: Mn (10%) NPs. 431
432

The influence of NPs on the mitochondrial activity of algae cells was measured through 433
the intracellular ATP content (Figure 12). In BG11, the ATP content decreased after 24 h 434
of exposure, compared to the control group. It is even more affected by a concentration of 435
50 mg L7, 72 h later. While mitochondrial activity decreased significantly after 3 h of 436
exposure in SRW and especially in SSW, the toxic effect on mitochondria continued fora 437
long time. The decrease in the ATP content means the decrease in mitochondrial activity, 438
which means that the ZnS:Mn NPs (10%) caused the disruption of the algae's energy 439
metabolism. The SOD activity (Figure 12) increased slightly in BG11, 48 h later, especially 440
in the presence of a concentration of 100 mg L-of NPs. Moreover, SOD activity increased 441
significantly in SRW, 24 h later, while in SSW, SOD activity increased significantly from 442
the very beginning of the test until the last day. Therefore, we can assume that NPs in- 443
duced the production of ROS, especially in SRW and SSW, which affected the activity of 444
mitochondria, leading to a certain reduction in ATP production, which in turn affected 445
photosynthetic activity and cell viability. 446

447
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Figure 12. ATP (a-c) and SOD (d-f) tests of Chlorella vulgaris in different culture media
contacted with ZnS: Mn (10%) NPs.

Thin-section TEM images of Chlorella vulgaris in the presence or absence of ZnS:Mn
(10%) NPs are shown in Figure 13. In the absence of NPs, one can see the integral cell wall
and the clear cytoplasm of the algae, whatever the aqueous medium. On the other hand,
in the presence of ZnS:Mn (10%) NPs, the cell wall and/or the cytoplasm were damaged.
In BG11, we clearly see the dark, circled, spherical aggregate NPs on the cell wall; fur-
thermore, the cytoplasm and the cell wall are clearly separated. In SRW, part of the
small-sized NPs also appeared in the cytoplasm, and the cell wall was broken down.
Moreover, we can clearly see the number of aggregated NPs inside the algae cell; the
cytoplasm has disappeared, and many NPs (circled in the image) were outside the algae
cell.

Therefore, we can conclude that the algae cell can internalize ZnS:Mn (10%) NPs by en-
docytosis, which will destroy the cytoplasm and cell wall of the algae cell and induce
lethal danger.
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Figure 13. TEM images of Chlorella vulgaris thin sections in different media, (a, d) in 466
BG11, (b, ) in SRW, (c, f) in SSW. (d, e, f) showed the Chlorella vulgaris thin sections after 467
exposure to 100 mg L of ZnS:Mn (10%) NPs. 468
469

4. Discussion 470

In this paper, we described the synthesis of ZnS and ZnS:Mn NPs containing dif- 471
ferent concentrations of Mn?* (from 0.5% to 10%). All the particles synthesized present the 472
same diameter. However, at pH values between 6 and 8, they tend to aggregate to a 473
greater or lesser extent depending on the aqueous medium in which they were dispersed: 474
DLS analyses show that they are much more dispersed in Seine River water and seawater 475
than in fresh water. On the other hand, zeta potential measurements show greater sta- 476
bility in fresh water and Seine River water than in seawater. But in all cases, they are 477
negatively charged and a priori difficult to internalize. 478

Focusing on particles containing 10% Mn?, ICP-AES shows that almost all Mn? ions 479
dissolve in Seine River water and seawater, while Zn* ions dissolve more strongly in 480
fresh and Seine River water. 481

482

Toxicity tests showed that ZnS nanoparticles are not toxic to Chlorella Vulgaris in 483
any type of water. Based on the color of the solutions, Mn?" ions appear toxic at concen- 484
trations of 100 mg L, but viability tests show slighter toxicity in Seine River water. In 485
seawater, however, the toxicity is much higher. Similarly, ZnS:Mn NPs show high tox- 486
icity at concentrations of the order of 100 mg L. Some of the dissolved ions (probably 487
Zn? ions) could even serve as nutrients in Seine water. 488

There's a sudden drop in ATP content in seawater, far greater than in fresh water 489
and Seine River water. This corresponds to a decrease in mitochondrial activity, which 490
means that the ZnS:Mn (10%) NPs cause the disruption of the algae's energy metabolism. 491
However, it increases a little later, still in seawater, which means that algae are adapting 492
to the medium and can produce ATP again. 493

SOD content is constant in fresh water. It increases slightly in seawater and remains 494
constant, while it increases more rapidly in Seine River before decreasing. NPs induced 495
the production of ROS, which affected the activity of mitochondria, leading to a certain 496
reduction in ATP production, which in turn affected photosynthetic activity and cell vi- 497
ability! 498

499

Therefore, ZnS:Mn NPs induce an antioxidant defense system in the algal cell, which 500
is not always able to cope with these attacks. Degradation of subcellular organelles ob- 501
served on TEM images and oxidative stress are the main consequences of NP toxicity. 502
Various factors can be attributed to this toxicity: the size of the aggregates, their compo- 503
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sition, and their stability in terms of ion dissolution. The study carried out on manganese 504
salt shows that very high concentrations must be reached before Mn?* ions are no longera 505
nutrient but a poison. And ZnS NPs were found to be non-toxic. 506

As a result, the nano scale can be assumed to be toxic to Chlorella vulgaris, via an 507
oxidative stress mechanism. Moreover, the high surface/volume ratio of NPs allows them 508
(despite the general aggregation that was observed) to spread around the algal cell, thus 509
decreasing the nutrient exchange interface of algal cells, in addition to the internalization 510

of the NPs. 511
512
5. Conclusions 513

The causes of the potential toxicity of manufactured naoparticles are diverse. Added 514
to this is the complexity and diversity of biological environments: two algae cultures may 515
behave differently. Fortunately, Chlorella vulgaris is consistent in its behavior, enabling 516
us to conclude that the toxicity of manganese-doped ZnS nanoparticles does exist, butis 517
lower than that induced by a Mn?* ion concentration of 100 mg L1, which means that we 518
can confidently envisage the introduction of these particles into miniaturized devices. 519
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