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A B S T R A C T   

Mercury ion (Hg2+) is a toxic heavy metal ion and Hg2+ is convertible to methylmercury (MeHg) by many 
aquatic microorganisms, leading to bioaccumulation and biomagnification in aquatic organisms, which can 
interfere with brain development and function in humans. This study employs a newly developed AIEgen (Ag-
gregation-induced emission fluorogen) to quantify and visualise the process of MeHg bioaccumulation in vivo on 
the species of water flea Daphnia carinata. Two approaches to MeHg absorption were taken, either by direct 
incubation in a MeHg solution or by indirect consumption of algae contaminated with MeHg. We analysed the 
relationship between the ratio of photoluminescence (PL) intensities (I585/I480) and MeHg concentration (CMeHg) 
and generated a master curve for determining MeHg concentration based on the measurement of PL intensities. 
Fluorescent image analysis showed the occurrence of MeHg in D. carinata to be mainly in the compound eyes, 
optic nerve and carapace. This study indicates that MeHg absorption can be quantified and visualised in the body 
of zooplankton, and the MeHg transfer to zooplankton is more likely through direct exposure than via indirect 
food intake. The accumulation of MeHg in the eye and the nervous system could be the cause of the high 
mortality of D. carinata exposed to MeHg in water.   

1. Introduction 

Mercury (Hg) is a toxic heavy metal and can be found in polluted 
water. Its wide distribution has been a worldwide concern for human 
health and environmental protection (Cariccio et al., 2019; Clarkson 
et al., 2003; Ullrich et al., 2001). Although Hg exists in aquatic eco-
systems at a low concentration, it has been listed as a dangerous and 
ubiquitous element in water, with toxicity ranked third behind arsenic 
and lead as hazardous substances (Freire et al., 2020; Kidd et al., 2012). 
A great concern with Hg contamination is its transfer and bio-
magnification along the food chain in aquatic ecosystems. Hg exists in 
different chemical forms that can combine with other elements such as 
chlorine and carbon to form toxic substances (Kidd et al., 2012). The 
mercury ion (Hg2+) can penetrate the skin and digestive tract of the 
human body and damage the visual and nervous systems (Campbell 
et al., 2005; Cariccio et al., 2019). Moreover, Hg2+ is convertible to 
organic mercury. The major form of organic mercury that has high 
toxicity to humans is methylmercury (MeHg, [CH3Hg]+), which is the 

most deadly form of mercury because it can be easily absorbed into the 
blood from the digestive tract (Harris et al., 2003). Moreover, Hg2+ is 
convertible to MeHg by many aquatic microorganisms, leading to bio-
accumulation and magnification in aquatic organisms, which can 
interfere with brain development and function in humans (Watras et al., 
1998). 

MeHg is present in many types of seafood through bioaccumulation 
in aquatic food webs. The concentration of Hg in fish varies between 
species and age. Carnivorous and senescent fish usually contain higher 
Hg than herbivorous and young fish (Korbas et al., 2012). The bio-
accumulation of MeHg in aquatic organisms through food chain transfer 
is surprisingly high. However, traditional methods for measuring MeHg 
absorption, accumulation and transformation provide only a static pic-
ture of organisms at a given time, life period or habitat, and the mech-
anism of Hg transfer between aquatic organisms is largely unknown, 
especially in microscopic organisms in water (Gobas et al., 2009). 
Moreover, existing protocols are constrained to well-established labo-
ratories due to the requirement of expensive instrumentation, such as 
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inductively coupled plasma mass spectrometry (Michael et al., 1992) 
and synchrotron-based X-ray fluorescence (Korbas et al., 2012) and 
labour-costly processes for sample preparation (Kelly et al., 2007). 
Therefore, the development of a methodology for the detection and 
quantification of toxic substances is necessary to enable the under-
standing of the processes of MeHg bioaccumulation and transfer in 
aquatic organisms. Previous studies have reported MeHg transformation 
and respective MeHg concentrations in aquatic communities (algae and 
crustaceans) (Tsui and Wang, 2004b; Watras et al., 1998). However, 
these studies have not provided an adequate understanding of the intake 
and output kinetics of MeHg within organisms, yet these measures are 
essential to interpreting and predicting the movement of MeHg in food 
chains. It is unclear whether the accumulation process of MeHg in 
crustacean zooplankton begins directly by absorption in water or indi-
rectly through food intake. The existing evidence suggests that MeHg in 
fish is obtained through food intake, but it is unclear how zooplankton 
obtain mercury in their body (Korbas et al., 2012; Lee and Fisher, 2017; 
Schartup et al., 2018; Tsui and Wang, 2004b). 

Zooplanktons are an important trophic link bridging energy flux 
between organisms at a low and a high-food chain. As Daphnia have a 
relatively short life cycle, produce progeny through asexual reproduc-
tion and are sensitive to pollutants in water (Khangarot and Das, 2009), 
they are commonly chosen in the study of toxicological responses in 
aquatic animals (Adema, 1978; Cooman et al., 2005; Harmon et al., 
2003). In recent studies, Daphnia species have been identified as suitable 
for developing an invertebrate test system for ecotoxicological assess-
ment to improve water quality for fishery and human consumption 
(Korbas et al., 2012; Pereira et al., 2014; Phyu et al., 2004). For moni-
toring water quality, Harmon et al. (Harmon et al., 2003) suggested the 
need to use indigenous fauna to screen the toxicity of local biotas in 
order to reduce test variance due to habitant differences among species. 

Aggregation-induced emission (AIE) refers to a photophysical effect 
whereby the light emission of a fluorogen is activated by aggregate 
formation, and AIE has the potential as a visual method in biological 
assays (Mei et al., 2015). Fluorogens with AIE effects are known as 
AIEgens and can luminesce more in the aggregate state than in the so-
lution state (Mei et al., 2014). In the AIE testing process, highly 
concentrated solutions of fluorogens and their aggregates in an aqueous 
medium can trigger the fluorescence turn-on function (Ding et al., 
2013). The discovery of AIE has enabled us to follow the distribution of 
trace substances in microscopic organisms via the detection of AIEgen 
florescence (Guo et al., 2015). Recently, AIEgen fluorescent probes have 
been used as a novel method for detecting and quantifying Hg2+ in so-
lution (Chen et al., 2017), bioaccumulation in algae, and Hg2+ release 
from algae after bioaccumulation (Jiang et al., 2016). In addition, this 
AIEgen has been used to detect the dynamics and distribution of Hg2+ in 
aquatic invertebrates, e. g., rotifers. However, it is unclear whether 
organic mercury, MeHg, can be detected with AIEgens by a mechanism 
similar to that reported with inorganic mercury, Hg2+ (Chen et al., 
2017). 

In this study, a specially designed AIEgen was used to quantitatively 
evaluate the bioaccumulation of MeHg inside the waterflea Daphnia 
carinata. This animal is vital in transferring energy from primary pro-
ducers to organisms at high trophic levels, such as fish. The objective of 
this study is to use a novel AIEgen method to visualize the kinetics and 
distribution of MeHg in a small aquatic invertebrate and to improve our 
understanding of the dynamics of MeHg transfer between aquatic 
organisms. 

2. Materials and methods 

2.1. Materials 

Daphnia carinata (0.8–1.0 mm in body length, Fig. 1) were collected 
from an outdoor tank located in the Biological Science Building at 
Flinders University and fed with Euglena gracilis (15–20 µm long and 

8–10 µm wide) and yeast. Before the experiment, the Daphnia were fed 
only yeast to reduce the effect of algal pigmentation on the reading of 
AIEgen fluorescence in animals. The yeast was supplied in suspension by 
adding 3 g yeast in 60-mL water and vertexing for 2 min Euglena gracilis 
were collected from the algal collection at Flinders University. The 
culture medium included a mixture of 30 g wheat grain, 25 g rice grain 
and 5 g skim milk powder in 1 L of water. After autoclaving at 120 ◦C for 
5 min, the algal culture medium was preserved at 4 ◦C in a refrigerator. 
The algae were added into the culture medium at 10% (v/v) and culti-
vated in 250 mL vessels in a room at the constant temperature of 24 ◦C 
and illumination at 70 mmol photons m− 2 sec− 1. The flask was mixed 
twice a day to prevent algae sinking to the bottom. The chemical re-
agents were purchased from Sigma-Aldrich, Australia. TPE-RNS, a kind 
of AIEgen synthesized by the tetraphenylethene and its acceptor, pro-
vided by AIEgen Biotechnology (Hong Kong, China) and CH3HgCl 
(MeHg) were prepared at the concentration of 1.0 mM as the stock so-
lution. The testing solutions used to determine MeHg concentration 
included 5 μM TPE-RNS and different concentrations of MeHg. 

2.2. Development of the master curve for MeHg determination 

The MeHg detection mechanism for a specific AIEgen (Figs. S1, S2, 
S3, S4) is similar to the reaction between Hg2+ and AIEgen (Chen et al., 
2017). Transfers of MeHg to D. carinata were designed using two ap-
proaches: direct MeHg incubation from the culture medium, and the 
food intake of MeHg-contaminated algae (Fig. 2). 

The AIE characteristics of TPE-RNS were examined in water and 
acetonitrile (ACN) mixtures with different water fractions (fw, vol%) 
from 0% to 90%, and the maximum photoluminescence (PL) intensity 
occurred at the 60% fraction (Fig. S5). Therefore, the fraction factor (fw) 
was set at the mixture of 60/40 (water/ACN by volume) in the subse-
quent trials. To construct a master curve for MeHg quantification, 
different MeHg concentrations (0, 1, 2.5, 5, 7.5 and 10 μM) were used at 
the AIEgen concentration of 5 μM. As the intense emission peak of PL of 
the TPE-RNS and TPE-RNO, which was synthesized by the reaction of 
TPE-RNS and CH3Hg+, was displayed at 480 nm and 585 nm, respec-
tively (Fig. S6), the PL intensity ratio was calculated at these two 
wavelengths (I585/I480). A fluorescence spectrometer (Varian, Australia) 
was used to determine PL intensity at the excitation wavelength of 
350 nm. The data were analyzed by Excel 2016 and SPSS18.0 to develop 
the PL master curve, which shows the relationship between the ratio of 
PL intensity and the concentration of MeHg in solution. 

Fig. 1. The photo of Daphnia carinata.  
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2.3. Quantification of MeHg bioaccumulation in Daphnia 

Survival was calculated based on the number of live and dead ani-
mals in each vial to determine the toxicity of MeHg to Daphnia at each 
concentration. The D. carinata were obtained from the tank with a 
100 µm screen net and rinsed with Milli-Q water before being intro-
duced into a solution containing different MeHg concentrations of 2.5 
and 5.0 μM/L. The animal density was 25 individuals per mL. Group 1 
was designed to determine the directional movement of MeHg dispersal 
in Daphnia from the environment. The supernatant (600 μL) was 
collected from the Daphnia-MeHg solution at the times of 0, 5, 10, 20, 
30, 40, 50, 60, 90, 120, 150, 180, 210 and 240 min, respectively. Sub-
sequently, each of these supernatants was mixed with 400 μL AIEgen in 
the ACN solution at the water-to-ACN ratio of 3–2. The PL intensity of 
each stained solution was determined by fluorescence spectrometer. 
Group 2 was set up to quantify the release of MeHg from Daphnia that 
were submerged at two concentrations of MeHg, i.e., 2.5 and 5.0 μM/L, 
for 10 min. The Daphnia were rinsed twice with Milli-Q water at the 
beginning of the release trial. After incubation for the same time regimes 
as in group one, 600 μL supernatant was collected from each Daphnia 
solution for MeHg quantification. The MeHg concentration was deter-
mined by the PL intensity read on the fluorescence spectrometer. Each 
treatment was set up with three replicates, and all data were analyzed by 
Excel 2016 and SPSS18.0 using univariate ANOVA. 

2.4. Visualization of MeHg dynamics in Daphnia 

Daphnia were incubated in 5.0 μM/L MeHg as described in Section 
2.3 at the density of 25 individuals per mL in 80-mL vials. A total of 
10–15 Daphnia were collected at the time intervals of 5, 10, 20, 30, 60, 
90 and 120 min after submerging, then stained in the 1.0 μМ/L AIEgen 
with the ACN to water ratio of 2–3 by volume. After rinsing with water 
to remove MeHg residues on the body, Daphnia were observed using a 
scanning confocal fluorescence microscope to conduct image analysis. 
Before the fluorescence images were taken, two light channels were set 
up: a blue channel with a 460–500 nm wavelength range and a red 
channel with a wavelength range of 570–610 nm. The blue channel was 
used for the image analysis of Daphnia submerged in AIEgen only, and 
the red channel fluorescence was used for the image analysis of Daphnia 

in MeHg plus AIEgen solution. The excitation wavelength of 405 nm was 
used. 

2.5. Toxic response of Daphnia after feeding on algae containing MeHg 

Euglena were counted on a haemocytometer to determine the cell 
density. After incubation in 5.0 μМ/L MeHg for 30 min, Euglena were 
recovered using a centrifuge at 4500 rpm for 1 min as feed for Daphnia 
(25 individuals per mL). The MeHg residue in the supernatant was 
determined according to the PL ratio using the equation derived from 
the master curve. Soon after Daphnia were fed with Euglena containing 
MeHg, changes in appendage movement and shape of Daphnia were 
observed on an optical microscope. Images were taken every 30 min. 
Survival of Daphnia was determined by counting live and dead in-
dividuals at the end. The supernatant (600 μL) was removed from each 
Daphnia solution at 5, 10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 210 and 
240 min. The MeHg concentration of each sample was determined by 
the equation derived from the master curve. Each treatment was set up 
with three replicates, and all data were analyzed by Excel 2016 and 
SPSS18.0 using univariate ANOVA. At the end of 60 min, Daphnia were 
collected and stained with AIEgen in the working solution for 90 min to 
obtain fluorescence images. 

3. Results 

3.1. Development of the AIE method for MeHg determination 

After adding 5.0 μМ/L AIEgen to MeHg with different concentra-
tions, we separately calculated the PL intensity ratio and developed the 
regression equation between the PL ratio (I585/I480) and MeHg con-
centration (CMeHg), as shown in Fig. 3. The linear equation between 
CMeHg and I585/I480 was yielded as: CMeHg = 1.14 *ln (I585/I480) – 0.333. 

3.2. Quantitative evaluation of MeHg bioaccumulation by D. carinata 

Two groups of different concentrations, 2.5 and 5.0 μМ/L, showed 
similar trend lines, as shown in Fig. 4. The amount of MeHg absorption 
increased continuously to 0.123 μМ in the 2.5 μМ/L group and 0.218 μМ 
in the 5.0 μМ/L group, respectively, before 60 min, with no D. carinata 

Fig. 2. Illustration of two approaches of MeHg transfer to Daphnia, namely, direct incubation and indirect consumption of algae containing MeHg, and the 
radiometric detection mechanism of MeHg using the AIEgen TPE-RNS (Chen et al., 2017). 
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mortality during that period (Fig. S7). However, mortality occurred after 
60 min, and the amount of MeHg retention began to level off and pla-
teaued until the end of the study at 240 min 

Fig. 5 shows the MeHg release from D. carinata to water at different 
times. In the 5.0 μМ/L group, after being transferred into Milli-Q water 
for 5 min, the D. carinata released 0.061 μM into the clean water, and the 
MeHg concentration in water was kept relatively stable until 60 min. 
Although D. carinata began to die after 60 min (Fig. S7), the amount of 
MeHg release did not change much and levelled off until the end of this 
experiment at 240 min. In the 2.5 μМ/L group, the D. carinata released 

0.076 μM after 5 min and kept stable until 60 min, and then the dis-
solved MeHg decreased continuously to 0.061 μM until 240 min 

3.3. In vivo visualization of MeHg dynamics in Daphnia by AIEgen 

As shown in Fig. 6(a), i.e., without MeHg and AIEgen, the Daphnia in 
the control group showed no fluorescent signals, a finding similar to that 
from the Daphnia exposed to MeHg without the addition of AIEgen, as 
shown in Fig. 6(b). The Daphnia submerged in AIEgen displayed blue 
fluorescence in the blue channel (Fig. 6c) and red fluorescence in the red 
channel after the MeHg was stained by AIEgen (Fig. 6d). 

After submersion for 5 min, low emission in the red channel occurred 
on the compound eyes (Fig. 7(a1) and 7(a2)), demonstrating that the 
compound eyes were a target location for the absorption of MeHg in 
Daphnia. The red fluorescence became clearer on the surface of com-
pound eyes (Fig. 7) and continued to move into internal tissues with the 
elapsed incubation time (Fig. 8). At 40 min, the red fluorescence showed 
weak emission at the optic nerve (Fig. 8(c)), which became more 
noticeable with the increased incubation time. However, there was no 
fluorescent signal on the ocellus and brain, despite their closeness to the 
compound eyes and optic nerve (Fig. 8(c1) and 8(c2)). 

3.4. Toxic response of Daphnia after eating algae containing MeHg 

The Daphnia fed Euglena gracilis containing MeHg demonstrated re-
sponses unlike those suffering direct submersion in the MeHg solution, 
as shown in Fig. 9. In the direct absorption group, the amount of MeHg 
absorption became increasingly higher with the lapse of incubation time 
until 150 min. In the other group where Daphnia were indirectly sup-
plied with MeHg via food intake, the MeHg accumulation continued to 
increase from 10 to 30 min and then decreased at 60 min. After the 
Daphnia had fed on contaminated algae for 60 min, the amount of ab-
sorption began to level off and plateaued over time. 

After feeding on algae, Daphnia showed red fluorescence at the 
foregut sac and intestine after ingestion. However, no signals appeared 
at the compound eyes and optic nerve, as shown in Fig. 10(b1) and 10 
(b2), a result which is remarkably different from Daphnia directly 
incubated in MeHg solution, as shown in Fig. 10(a1) and 10(a2). 

4. Discussion 

4.1. Quantitative evaluation of MeHg bioaccumulation by D. carinata 

On increasing the concentration of MeHg, the emission intensity of 
AIEgen at 480 nm dropped, and a new peak at 585 nm enhanced 
gradually (Fig. S6), while 480 nm and 595 nm in Hg2+ respectively 
(Chen et al., 2017). Cheng et al. suggested using PL intensity ratio 
(I595/I480) and Hg2+ concentrations as the ratio can better reflect the 
change of Hg2+ concentrations than the absolute value from a single 
wavelength. Jiang et al. (2016) established the function between PL 
intensity ratio (I595/I480) and Hg2+ concentration, which was used to 
quantitative evaluate the bioaccumulation of Hg2+ by the rotifer. 

In the present study, we further developed a linear regression be-
tween MeHg concentration and AIEgen fluorescence ratio (I585/I480) to 
quantify MeHg in a solution. The dynamic of MeHg change was possibly 
associated with the reduction of the Daphnia population and MeHg 
efflux through faecal production, shell replacement and reproduction 
(Tsui and Wang, 2004a, 2004b). In a previous study, MeHg concentra-
tions were strongly correlated to zooplankton (Copepoda, Cladocera and 
Rotifera) community and biomass composition, and the biomasses of 
Daphnia hyalina were negatively correlated with MeHg accumulation, 
while Bosmina longirostris, Thermocyclops brevifurcatus, and Asplanchna 
priodonta had a positive association (Long et al., 2018). In addition, 
nutrients could mediate the effects of temperature on methylmercury 
concentrations in freshwater zooplankton. High temperature treatments 
increased Daphnia methylmercury relative to controls, but with 

Fig. 3. The MeHg concentration is a linear function of the PL intensity ratio of 
I585/I480. 

Fig. 4. MeHg absorption of D. carinata from the solution at different times.  

Fig. 5. MeHg release from D. carinata to water at different times.  
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warming, nutrients reduced zooplankton methylmercury compared to 
no nutrients (Jordan et al., 2019). Other factors, such as terrestrial 
organic matter, could also increase methylmercury accumulation in 
zooplankton (Poste et al., 2019). Poste et al. found that increases in 
terrestrial organic matter transport from catchments to brown water can 
affect methylmercury accumulation in aquatic biota both directly by 
increasing concentrations of aqueous MeHg, and indirectly through ef-
fects on MeHg bioavailability. 

In reality, researchers have done lots of work on the MeHg accu-
mulation in recent years (Huffman et al., 2020; Wu et al., 2020; Yao 

et al., 2020). However, the MeHg release from the zooplankton has not 
been studied closely. In this study, we tested the MeHg release from 
D. carinata to water at different times. The result showed that the 
amount of MeHg released from D. carinata was extremely small, and it 
seemed that MeHg was locked inside the body of D. carinata, similar to 
the result of Hg2+ release from the D. carinata (He et al., 2019). Inter-
estingly, Hg2+ could not be deposited in the rotifer, possibly dissipating 
from the rotifer body via the processes of defecation and excretion 
(Jiang et al., 2017). 

Fig. 6. Images of Daphnia on a confocal microscope using 5.0 μM MeHg. (a) the control, i.e., presence of AIEgens but absence of MeHg; (b) exposure to MeHg but in 
the absence of AIEgens; (c) exposure to 1.0 μM AIEgens in the absence of MeHg, emitting blue fluorescence; (d) exposure to 5.0 μM MeHg stained in the 1.0 μM 
AIEgens solution, emitting red fluorescence (arrow). BF: bright field. 
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4.2. Visualization of MeHg dynamics in Daphnia 

Conventional fluorescent probes suffer from the notorious effect of 
aggregation-caused quenching that limits their labelling efficiency or 
concentration to achieve the desired sensitivity. The recently emerged 
fluorogens with aggregation-induced emission (AIE) feature offer a 
timely remedy to tackle the challenge (Liang et al., 2015). TPE-RNS 
based AIEgens have been used for Hg2+ detection in zooplankton, 
rotifer and Daphnia (He et al., 2019; Jiang et al., 2017). The potential 
MeHg detection for TPE-RNS in the solution provided a hint for us to 
investigate the application in the MeHg image in Daphnia. In our pre-
vious study, Hg2+ was observed in the compound eyes of D. carinata, but 
Hg2+ could not move through the eyes and reach the optic nerve. 
Similarly, the heavier and broader red signals on the body carapace 
corresponded to the elapsed incubation time. A previous study reported 
that the carapace of Daphnia was comprised of chitin (Anderson, 1933). 

Since the binding of mercury to chitin is strong and irreversible (Bar-
riada et al., 2008), Daphnia’s carapace is a target location for MeHg 
deposition, as indicated through the fluorescence signals of the AIEgen. 
Although the reaction between MeHg and chitin occurred on the cara-
pace, the carapace shape remained intact (Fig. S8) as observed by optic 
microscopy. In contrast, the carapace of D. carinata became deformed 
and even fragmented after direct incubation with Hg2+, indicating that 
the reaction between Hg2+and chitin was stronger than that of MeHg 
with chitin. 

Ingested Hg in fish can be found in muscle, kidney, gonad, liver, and 
gut (Kasper et al., 2009). Korbas et al. (2012) found that the maximum 
MeHg deposition was in zebrafish’s eye lens and skin. Wang (2021) 
tested the toxicity of Hg at the subcellular level using embryonic 
zebrafish fibroblast cell line by AIEgen as a model, and lysosomal pH 
could be used as a potential biomarker to assess the cellular toxicity of 
Hg in vitro (Yuan et al., 2021). 

Fig. 7. Confocal fluorescent images of Daphnia in MeHg solution after incubation for (a) 5 min; (b) 20 min; (c) 60 min. Ai: anterior intestine; B: brain; Ca: carapace; 
Ce: compound eye; E: embryo; H: heart; Pi: posterior intestine; Sg: shell gland. (a1, b1, c1: white background) and (a2, b2, c2: black background). 
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In addition, The Hg accumulation in golden grey mullet Chelon 
aurata was observed at the brain and eyes (Pereira et al., 2014), and in 
river prawn Macrobrachium nipponense was at the gonads and fertilized 
egg (Sun et al., 2021). Nevertheless, the location for MeHg deposition in 
planktonic crustaceans is unclear due to their small size. The AIEgen 
fluorescence was used for the first time to visualize MeHg distribution in 
Daphnia after MeHg was absorbed from the water. Interestingly, the 
visual (compound eyes and optic nerve) and protective (carapace) or-
gans were the major targets for MeHg distribution in D. carinata, but the 
nerve (brain), digestive (intestine), excretory (shell gland), and 

circulatory systems were less engaged in MeHg absorption. 
Methylmercury is greatly bioconcentrated and biomagnified in 

aquatic ecosystems by plankton, and these communities form the basis 
of food webs (Ullrich et al., 2001). Some particular zooplankton, such as 
Daphnia could be important in transferring Hg to higher trophic levels in 
aquatic food webs (Pickhardt et al., 2005). Long et al. (2018) demon-
strated that MeHg concentration was strongly correlated to zooplankton 
community and biomass composition, and MeHg concentration 
increased significantly as body size increased. Other researchers also 
suggested that MeHg biomagnification is more prominent in large 
zooplankton, and the trophic magnification ratio to food assimilation 
efficiency increases with increasing body size while the excretion rates 
decrease (Wu et al., 2020). The biomagnification of methylmercury was 
mainly considered by the quantitative evaluation (Kidd et al., 2012; Yao 
et al., 2020). However, the visualization MeHg test, especially in vivo, 
has not been reported in the food web. In this paper, the toxic response 
of Daphnia after eating algae containing MeHg was visualized by AIEgen. 
Daphnia may take longer to release MeHg from algae due to the slow 
digestive process of algal cells in the digestive tract. After digestion, 
MeHg could be released from algae and then show the signal of red 
fluorescence after AIEgen staining. Moreover, Daphnia showed higher 
mortality in submersion with MeHg than those fed on the algae con-
taining methylmercury (Fig. S9). Most Daphnia died in 150 min after 
direct incubation in MeHg, but 50% of those fed algae were still alive at 
180 min (Fig. S7). The reason for this low mortality was possibly the 
differential diffusion of MeHg through direct incubation and indirect 
food intake through contaminated algae. It is inferred that the deposi-
tion of MeHg into the visual organs is the likely reason for the high 
mortality of D. carinata. 

Fig. 8. Fluorescent images of the head of Daphnia after (a) 5 min; (b) 20 min; (c) 40 min. B: brain; Ce: compound eye; O: ocellus; On: Optic nerve; Sac: S. (c1: white 
background) & (c2: black background). 

Fig. 9. Comparative MeHg concentration in Daphnia between direct absorption 
and indirect food intake through contaminated algae. 
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5. Conclusion 

The specially designed AIEgen is a simple and easy procedure for 
evaluating the bioaccumulation of MeHg in Daphnia. The AIEgen 
method could visualize the MeHg dynamic and distribution in Daphna 
for the first time with fluorescent image analysis. The visual (compound 
eyes and optic nerve) and protective (carapace) organs were the major 
targets for MeHg distribution in D. carinata. Daphnia carinata suffered 
higher mortality by directly incubating MeHg in a solution than by 
indirectly ingesting algae contaminated by MeHg. The reception of 
MeHg by visual organs may trigger the death of D. carinata. The visu-
alization of MeHg through AIEgen provides a novel tool for observing 
the distribution of MeHg in microscopic organisms and understanding 
the bioaccumulation process of MeHg in aquatic food webs. 
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