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1. 项目概述 

1.1 立项依据 

1.1.1 国内外研究现状 

（一） 甲基汞（MeHg）在水域生态系统内的迁移转化备受关注 

汞是一种广泛分布的有毒元素和污染物，因其对世界环境和人类健康均有各

种不利影响，在科学界引起极大关注。汞元素以多种形式存在，可与氯、碳和氧

等其他元素结合形成有毒化合物。在水生系统中，汞尽管是以低浓度的形式自然

存在，但它仍被认为是一种具有危害性和普遍性的重金属污染物，在危害物质清

单中排在砷和铅之后的第三位。其中，汞离子(Hg2+)很容易通过皮肤、呼吸道和

肠道组织等进入机体，对神经系统和内分泌系统造成损害。进入水体后，Hg2+ 还

可被许多水生微生物转化为甲基汞(MeHg)，存在于众多水生生物体内。水生生物

中 MeHg 的浓度因物种和生境的不同而不同，污染地区水生生物体内的甲基汞

含量一般较高。作为最易富集的汞元素形态，MeHg 通过水生食物链上各类水生

生物之间的营养转移和生物放大作用，从而最终影响到人体的发育和各项功能，

人体接触到的汞元素的主要形式就是甲基汞。 

甲基汞（MeHg）在水生生物中的生物积累是非同寻常的，其接触范围比其

他形式的汞元素也更为普遍，这也正是汞污染的最大问题之一。近年来，关于甲

基汞在水生生态系统中的研究仍以定量测定为主。Jiang 等总结了近年来水生生

物中甲基汞摄入含量的研究进展，发现不同水生生物体内甲基汞的含量趋势为：

肉食性鱼类 > 杂食性鱼类 > 滤食性鱼类 > 底栖类生物 > 草食性鱼类 > 浮

游植物 > 浮游动物；在不同器官中甲基汞的含量趋势则为背肌肉 > 肚肌肉 > 

肝脏 > 心脏 > 其他器官组织。Razavi 等采用冷蒸气-原子荧光光谱法测定了甲

基汞在水生固着生物、水生无脊椎动物以及鱼类这一食物链上的浓度特征，他们

认为大型水生无脊椎动物体内甲基汞的含量可作为预测鱼体汞含量的相关依据。

Poste 等研究了陆地有机质对甲基汞在浮游动物体内富集含量的影响，结果表明

有机质含量的上升会导致水体以及浮游动物体内甲基汞富集量的增加，并会间接

导致食物链上层生物汞富集量的增多。 

然而，甲基汞在水生食物链上的吸收、积累和转化等转移机制尚未完全摸清，

特别是在各类小型水生生物之间（比如藻类、枝角类、桡足类等），而它们却是



甲基汞在水生系统中转移积累的关键位点。此外，用传统方法检测 MeHg 的含量

需要专业精密的仪器，比如冷蒸气-原子荧光光谱法、电感耦合等离子质谱仪

（ICP-MS）等，而监测 MeHg 在生物体内的分布则需要更加复杂精密的同步辐

射 X 荧光仪（S-XRF），实验操作都不便利，且无法进行活体观察。故而开发一

种新的技术方法来检测和量化水生生物体内的汞元素含量，便于更直观地了解甲

基汞在水生生物体内的富集和转移过程，显得尤其必要。 

（二） 聚集诱导荧光物（AIEgen）——一种特异性的新型荧光探针 

传统的荧光物质一般在稀溶液中具有较高的发光效率，但在浓溶液或聚集态

时由于分子间相互作用增加了非辐射能的损耗，表现为发光效率降低甚至不发光，

这种现象被称作 “浓度猝灭 ”效应或“聚集导致荧光猝灭 (aggregation-caused 

quenching, ACQ) ”，见图 1。然而在实际应用中，荧光物质多以薄膜或聚集态形

式存在，其 ACQ 效应在一定程度上降低了体系的灵敏度，进而限制了其在光电、

传感和生物等领域的应用。 

 

图 1 高浓度引起的荧光淬灭 

聚集诱导发光(Aggregation-induced emission, AIE)是指一种光物理效应，即荧

光团的发光效应是由聚集体形成而激活的，与荧光淬灭（ACQ）的性质刚好相反，

即在聚集状态下发出的荧光反而比溶液状态下更强（图 2），解决了荧光探针在

应用中效率降低的难题，在生物检测中可作为一种更有效的标记方法。这一研究

成果也因此曾荣获 2017 年国家自然科学一等奖。 



 

图 2 聚集诱导荧光物浓度增高亮度越强 

聚集诱导荧光物（Aggregation-induced emission fluorogen，AIEgen），在生物

分子检测、细胞成像、细胞分子追踪等方面具有广泛实用性。而聚集诱导发光的

特性使得在微小生物中通过荧光定量和原位成像监测痕量物质成为了可能。最近，

本项目团队已开发出特异性的 AIEgen 荧光探针，这种特异性 AIEgen：TPE-RNS

在紫外线的激发下可呈现蓝色荧光，然而在与汞离子(Hg2+)发生反应后其化学结

构会发生变化，转变成 TPE-RNO 的形式，并在紫外线的激发下呈现红色荧光（图

3）。 

 

 

图 3 特异性 AIEgen (TPE-RNS)与汞离子（Hg2+）的反应机理 

本项目研究团队已利用这一显色变色原理建立了一种新的检测方法，可用于

定量和示踪溶液中的汞离子(Hg2+)，而这一新的检测方法已被应用于检测 Hg2+在

微藻中的生物蓄积和代谢释放，以及 Hg2+在小型水生无脊椎动物(轮虫和水蚤)中

的代谢水平以及动态位点分布，在定量测定及定性分析两个方面均有显著效果，

尤其是随着代谢进程 Hg2+在生物活体内的示踪定位。 

项目申请人的前期研究还发现，特异性 AIEgen (TPE-RNS)不仅可以与汞离



子（Hg2+）发生显色反应，TPE-RNS 与氯化甲基汞（MeHgCl）亦可发生类似的

显色反应（见图 4）。在可见光下，TPE-RNS 与 MeHgCl 发生反应之后，由无色

转变成红色；在紫外线下，TPE-RNS 在与 MeHgCl 反应后，由淡蓝色变为橘红

色。故而推测，特异性 AIEgen (TPE-RNS)亦可用于定量和示踪溶液中的甲基汞

（MeHg）。然而，特异性 AIEgen (TPE-RNS)与氯化甲基汞（MeHgCl）的化学反

应机理、以及与汞离子（Hg2+）显色反应的异同等还需要继续研究。 

    

A1    A2    B1     B2 

图 4 特异性 AIEgen (TPE-RNS)与氯化甲基汞（MeHgCl）的显色反应 

可见光：A1：TPE-RNS；A2：TPE-RNS + MeHgCl  

紫外线：B1：TPE-RNS；B2：TPE-RNS + MeHgCl 

（三）隆线蚤 （Daphnia carinata）——一种适宜生态毒理研究的实验动物 

浮游动物是初级生产者（藻类等）与捕食者（鱼虾贝类等）之间的重要营养

环节，是连接能量通量的桥梁。水蚤是一种小型的甲壳动物，属于节肢动物门、

甲壳纲、枝角亚目，又称鱼虫，是各种淡水水域中最常见的浮游动物。由于水蚤

的生命周期相对较短，可通过无性繁殖产生大量后代，而且其对多种水生污染物

敏感，可作为一种毒性指示生物，故而经常用于生理学、生态学、毒理学等方面

的科学研究。隆线蚤（溞）（学名：Daphnia carinata），见图 5，隶属于蚤科蚤属，

是最常见的水蚤之一，其分布广，采集方便，易于实验室培养，在生态、毒理等

试验中常常被用作研究对象，是小型淡水无脊椎动物的典型代表之一。 



 

图 5 隆线蚤  

1.1.2 研究意义 

在水生系统中，汞元素多以甲基汞的形式进行生物富集，并在水生生物之间

转移，最终对人类产生危害，故而研究甲基汞的代谢水平以及分布规律具有相当

的实际意义。目前关于甲基汞在水生生物群落中的研究，主要以测量甲基汞在浮

游植物、浮游动物和鱼类中的相关浓度、转化效率、富集率等定量测定为主，然

而这些研究没有提供关于甲基汞在水生生物体内摄入和输出的动力学信息，即未

能阐明甲基汞在整个生物代谢过程中吸收释放量的变化过程，更未能展示甲基汞

在水生生物体内的靶器官位点以及在靶器官之间的代谢分布变化，而这些是解释

和预测甲基汞在水生食物链中转移机制的重要参数。另外，有实验证据表明饵料

在鱼类接触甲基汞方面占主导地位，但在浮游动物物种方面还未见相关报道，故

而甲基汞在浮游动物中的积累主要是直接来源于水中的吸收，还是间接来自饵料

的摄入基本尚不清楚。 

本研究拟以浮游动物的代表种之一：隆线蚤（Dahphia carinata）为研究对象，

基于一种新型聚集诱导荧光物（AIEgen），建立定量测定甲基汞（MeHg）浓度的

新方法，进而测定 MeHg 在隆线蚤体内吸收及释放的变化规律；以荧光示踪的方

式，检测 MeHg 在隆线蚤体内的代谢位点以及分布变化；并通过浸泡和投喂两种

实验手段，对比分析甲基汞在隆线蚤体内的积累水平，判定 MeHg 积累的主要方

式（水中吸收或是饵料摄入）。在理论上，本项目可为研究甲基汞在浮游动物体

内的代谢水平及分布提供重要的理论参考，为今后研究甲基汞在水生生物群落之



间的富集转移打下良好的实验基础；在实践上，通过新型聚集诱导荧光物

（AIEgen），以期在水域生态系统中建立以 AIEgen 为基础的检测 MeHg 污染程

度的新技术。 

1.2 研究内容与目标 

1.2.1 研究目标  

1）在阐明甲基汞（MeHg）与聚集诱导荧光物 AIEgen（TPE-RNS）的化学反机

理的基础上，建立定量测定 MeHg 浓度的 AIEgen 显色法，并分析鉴定此法与

ICP-MS 测定结果的吻合度。 

2) 在 MeHg 以不同方式（浸泡、投喂）感染隆线蚤后，比较 MeHg 在其体内的

富集释放水平及分布位点的异同，分析隆线蚤在水生环境中所富集 MeHg 的主

要来源，以及 MeHg 在隆线蚤体内的代谢水平及分布规律； 

3) 在前期汞离子（Hg2+）处理隆线蚤的研究结果基础上，对比分析有机汞（MeHg）

与无机汞（Hg2+）在隆线蚤体内的代谢水平及分布规律的异同。 

1.2.2 研究内容 

1）弄清甲基汞（MeHg）与聚集诱导荧光物 AIEgen（TPE-RNS）的化学反应体

系，确定两者的化学反应方程式，分析鉴定 AIEgen（TPE-RNS）反应后的结构

变化，并与汞离子（Hg2+）+ TPE-RNS 的反应式（图 3）做比较分析；以系列浓

度梯度的 MeHg 与 AIEgen 发生反应，利用荧光光谱仪，测定两个显色波峰光强

度的比值（I585/I480，图 6），建立 MeHg 浓度与光强比值（I585/I480）的最佳标准曲

线； 



 

图 6 不同浓度下 AIEgen 与 MeHg 的反应图谱。AIEgen 的显色波峰为 480 nm，与 MeHg

反应后的显色波峰为 585 nm。 

2）以 MeHg 溶液直接浸泡隆线蚤，按照一定的时间间隔连续取样，通过标准曲

线定量检测隆线蚤对 MeHg 的吸收及释放量的变化规律，并与电感耦合等离子

质谱仪（ICP-MS）测定的 MeHg 含量结果做比较，分析 AIEgen 测定法的准确

度；并以荧光示踪（活体染色&组织染色）的方式检测 MeHg 在隆线蚤体内的富

集靶器官，以及富集位点的转移变化规律； 

3）先以 MeHg 毒化微藻，并测定微藻体内 MeHg 的含量及蓄积位点；再以毒化

的微藻投喂隆线蚤，定量测定一段时间内隆线蚤体内 MeHg 含量的变化规律（与

ICP-MS 测定结果做比较分析），并监测 MeHg 在其体内代谢分布位点的变化（活

体染色&组织染色）； 

4）对比分析浸泡与投喂两组处理方式之下，MeHg 在隆线蚤体内代谢水平及分

布规律的异同，并结合隆线蚤两组处理下的不同死亡率以及外部形态变化，分析

MeHg 致死隆线蚤的主要机制，并与项目组前期有关 Hg2+的研究结果做比较分

析。 

1.2.3 技术方案 



1）显色原理的鉴定：以系列浓度梯度(0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 

μM)的氯化甲基汞（MeHgCl）分别与不同浓度的 AIEgen（0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7, 0.8, 0.9, 1.0μM）反应（MeHgCl 与 AIEgen 均以乙腈作为溶剂），通过荧

光光谱仪测定光强度，判定 MeHg 与 AIEgen 的反应比例，并通过核磁共振仪和

质谱仪鉴定反应生成物的结构式，分析出化学反应式； 

2）标准曲线的建立：设置 MeHgCl 的浓度梯度(0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 

0.8, 0.9, 1.0 μM)，分别与 AIEgen（1.0 μM）反应，在荧光光谱仪下分别读取 AIEgen

原始波峰 (480nm) 与反应后波峰（585nm）的光强度，并计算光强度比值 I585/I480，

而后通过统计软件 SPSS19.0 拟合 MeHg 浓度与光强比值（I585/I480）的标准曲线，

并选取 R 值最大的作为最佳标准曲线； 

3）隆线蚤及藻液的培养：选取纤细裸藻（Euglena gracilis）作为实验藻液，将 30g

面粉、25 g 米粉和 5g 奶粉混入 1L 的双蒸水中，高压灭菌 5 min 后，在 4℃下保

存备用，用以裸藻的培养。隆线蚤的培养以投喂裸藻藻液和酵母溶液为主，以 3g

干酵母溶于 60ml 蒸馏水中制备成酵母溶液，并在 4℃下保存备用。 

4）浸泡组的检测： 

① MeHg 的吸收 

参照蚤类对汞的毒性耐受能力[32]，设置了低（0.1μM）、中（0.5μM）、高（1.0μM）

三组浓度的 MeHgCl 溶液浸泡处理隆线蚤，每隔 10min 连续取水样与隆线蚤样

品至 60min，此后每隔 30min 取水样与隆线蚤至 240min 备用。在解剖镜下观察

各个时期隆线蚤的形态变化，并计算其死亡率。 

在所取水样与 AIEgen 发生显色反应后，通过荧光光谱仪测定两个波峰的光

强度，并计算光强比值，运用上述标准曲线计算隆线蚤对 MeHg 吸收量的变化；

另以电感耦合等离子质谱仪（ICP-MS）测定水样中的 MeHg 含量，并与 AIEgen

显色法的测定结果作比较分析。 

在所取隆线蚤样品中加入 AIEgen，反应一段时间之后，在活体状态下以激

光共聚焦荧光显微镜直接观测 MeHg 在隆线蚤体内的分布位点及变化；另取部

分隆线蚤样品，先以冷冻切片机进行组织切片，置于载玻片之上后，再以 AIEgen

溶液进行染色，随后在激光共聚焦荧光显微镜下进行组织学观察。 

② MeHg 的释放 



以低（0.1μM）、中（0.5μM）、高（1.0μM） 三种浓度的 MeHgCl 溶液浸泡

处理隆线蚤 30min，取水样检测并计算出隆线蚤对 MeHg 的吸收量，随后将隆线

蚤移入清水中。每隔 10min 连续取水样以及隆线蚤至 60min，此后每隔 30min 取

水样与隆线蚤至 240min 备用。在解剖镜下观察各个时期隆线蚤的形态变化，并

计算相应时期的死亡率。 

按照上述①所示方法，通过荧光光谱仪与激光共聚焦荧光显微镜，检测

MeHg 释放量的变化（与 ICP-MS 测定结果做比较）以及在隆线蚤体内的分布变

化（活体染色&组织染色）。 

5）投喂组的检测： 

① 藻液的毒化与投喂 

以低（0.1μM）、中（0.5μM）、高（1.0μM）三组浓度的 MeHgCl 溶液浸泡处

理纤细裸藻（Euglena gracilis）30min，藻液以 4500 r/min 的转速离心 1min 后备

用。通过荧光光谱仪和共聚焦荧光显微镜，测定裸藻体内 MeHg 的含量（与 ICP-

MS 测定结果相比较）以及分布位置。而后以毒化后的藻液投喂隆线蚤。 

② MeHg 的检测 

每隔 10min 连续取水样与隆线蚤至 60min，此后每隔 30min 取水样与隆线蚤

至 240min 备用。在解剖镜下观察各个时期隆线蚤的形态变化，并计算相应时期

的死亡率。按照上述 4）①所示方法，通过荧光光谱仪与激光共聚焦荧光显微镜，

检测投喂毒化的藻液后 MeHg 在隆线蚤体内的含量（与 ICP-MS 测定结果相比

较）及分布位点变化（活体染色&组织染色）。 

6）对比分析 

对比浸泡组与投喂组实验结果的异同（隆线蚤的外部形态变化、死亡率、

MeHg 富集量、MeHg 分布位点），分析隆线蚤在水域环境中富集 MeHg 的主要

来源、MeHg 对隆线蚤的致死机理等；并对比前期以 Hg2+处理隆线蚤的实验结果，

分析有机汞与无机汞在浮游动物体内代谢机制的异同。 
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2. 项目研究进展与主要工作 

本研究通过聚集诱导荧光探针 AIEgen 法，研究了浮游动物的代表种之

一：隆线蚤对 MeHg 的富集特征，主要工作进展如下： 

1）聚集诱导荧光探针 AIEgen 法检测 MeHg 

建立了一种聚集诱导荧光探针 AIEgen 方法，可以特异性识别溶液或生

物体内的 MeHg，在通过拟合标准曲线定量检测溶液中 MeHg 的浓度的同

时，也可以通过荧光示踪的方式定性检测 MeHg 在浮游动物隆线蚤体内的积

累位点和富集规律。 

2）MeHg 在隆线蚤体内的富集水平 

隆线蚤表现出对水体环境中 MeHg 的快速吸收现象，并且能够将 MeHg

富集在体内。以两组不同浓度的 MeHg 分别浸泡隆线蚤，在浸泡后 0-60 min

之内，2.5 μΜ/L 组隆线蚤体内 MeHg 的吸收量持续增加至 0.123 μΜ，而 5.0 

μΜ/L 组隆线蚤体内 MeHg 的吸收量为 0.218 μΜ；隆线蚤对 MeHg 的释放结

果表明：在 5.0 μΜ/L 组中，将攻毒后的隆线蚤转入纯水中 5min 后，隆线蚤

向外释放了 0.061 μM 的 MeHg，而后 MeHg 的释放量变化不大。在 2.5 μΜ/L

组中，隆线蚤在 5 min 后释放 0.076 μM 的 MeHg，该释放量逐渐在 60 min

内稳定，随后释放的 MeHg 持续减少到 0.061 μM，直到 240 min。通过浸泡

组与投喂组的比较，我们发现直接浸泡时，MeHg 的吸收量随着时间的延长

而逐渐增加，直到 150 min 后 MeHg 生物积累量趋于稳定；在投喂组中，

MeHg 的积累从开始计时的 10 到 30 min 持续增加，然后在 60 min 时下降，

最后趋于平稳。 

3）MeHg 在隆线蚤体内的富集位点 

直接将隆线蚤浸泡孵育在 MeHg 溶液中，我们发现 MeHg 主要富集在

隆线蚤的复眼中，随着孵育时间的不断增加，复眼处特异性结合产物的红色

荧光显现的更加明显。然而，尽管这些红色荧光靠近复眼和视神经，但在眼

上细胞和大脑上并没有检测到 MeHg 的富集。通过间接摄入被 MeHg 毒化

的纤细裸藻，我们发现在进食毒化藻类后，隆线蚤对 MeHg 的吸收量开始趋

于平稳并随着时间的推移趋于稳定，通过共聚焦倒置荧光显微镜观察发现食

入后 MeHg 富集在前肠囊和肠道处，而在复眼和视神经处未出现荧光信号。



隆线蚤体内的 MeHg 大多数与机体组织相结合，难以被排泄系统通过代谢作

用排出体外。通过特异性聚集诱导荧光探针 AIEgen 对 MeHg 进行可视化研

究，为观察 MeHg 在浮游动物中的分布和了解 MeHg 在水生食物网中的生

物积累过程提供了一种新的工具。 

 

3. 任务书指标完成情况及成效 

1) 已建立基于 AIEgen 的 MeHg 定量检测标准曲线: CMeHg = 1.14*ln 

(I585/I480) - 0.333 

2) 已完成浸泡组中 MeHg 在隆线蚤体内的吸收释放水平以及在体内代谢

分布位点的变化检测；裸藻的毒化后建立投喂组，并完成了投喂组中隆

线蚤对 MeHg 的吸收水平及代谢分布位点分析。 

3) 参加国内学术会议一次（2023 年中国水产学会青年学术年会）；发表 SCI

论文 2 篇（均为中科院一区期刊）；完成结题报告 

 

4. 项目创新点和取得的突破 

1）通过新型聚集诱导荧光物 AIEgen（TPE-RNS）与 MeHg 发生特异性荧

光显色反应，建立了一种新型便捷的，可定量测定甲基汞含量的方法； 

2）通过 AIEgen 的特异荧光显色，可在活体条件下连续观测 MeHg 在浮游

动物（隆线蚤）体内的代谢分布规律； 

3）为在水域生态系统中建立以 AIEgen 为基础的、检测 MeHg 污染程度的

新技术提供了理论基础。 

5. 需要重点说明的内容或其他需要说明的内容 

 无。 
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一、研究目标 

在水生系统中，汞元素多以甲基汞的形式进行生物富集，并在水生生物

之间转移，最终对人类产生危害，故而研究甲基汞的代谢水平以及分布规律

具有相当的实际意义。目前关于甲基汞在水生生物群落中的研究，主要以测

量甲基汞在浮游植物、浮游动物和鱼类中的相关浓度、转化效率、富集率等

定量测定为主，然而这些研究没有提供关于甲基汞在水生生物体内摄入和

输出的动力学信息，即未能阐明甲基汞在整个生物代谢过程中吸收释放量

的变化过程，更未能展示甲基汞在水生生物体内的靶器官位点以及在靶器

官之间的代谢分布变化，而这些是解释和预测甲基汞在水生食物链中转移

机制的重要参数。另外，有实验证据表明饵料在鱼类接触甲基汞方面占主导

地位，但在浮游动物物种方面还未见相关报道，故而甲基汞在浮游动物中的

积累主要是直接来源于水中的吸收，还是间接来自饵料的摄入基本尚不清

楚。 

本研究以浮游动物的代表种之一：隆线蚤（Dahphia carinata）为研究对

象，基于一种新型聚集诱导荧光物（AIEgen），建立定量测定甲基汞（MeHg）

浓度的新方法，进而测定 MeHg 在隆线蚤体内吸收及释放的变化规律；以

荧光示踪的方式，检测 MeHg 在隆线蚤体内的代谢位点以及分布变化；并

通过浸泡和投喂两种实验手段，对比分析甲基汞在隆线蚤体内的积累水平，

判定 MeHg 积累的主要方式（水中吸收或是饵料摄入）。在理论上，本项目

可为研究甲基汞在浮游动物体内的代谢水平及分布提供重要的理论参考，
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为今后研究甲基汞在水生生物群落之间的富集转移打下良好的实验基础；

在实践上，通过新型聚集诱导荧光物（AIEgen），以期在水域生态系统中建

立以 AIEgen 为基础的检测 MeHg 污染程度的新技术。 

二、研究方法 

2.1 显色原理的鉴定 

以系列浓度梯度(0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 μM)的氯化

甲基汞（MeHgCl）分别与不同浓度的 AIEgen（0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.7, 0.8, 0.9, 1.0μM）反应（MeHgCl 与 AIEgen 均以乙腈作为溶剂），通过荧

光光谱仪测定光强度，判定 MeHg 与 AIEgen 的反应比例，并通过核磁共振

仪和质谱仪鉴定反应生成物的结构式，分析出化学反应式。 

2.2 标准曲线的建立 

设置 MeHgCl 的浓度梯度(0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 

μM)，分别与 AIEgen（1.0 μM）反应，在荧光光谱仪下分别读取 AIEgen 原

始波峰 (480nm) 与反应后波峰（585nm）的光强度，并计算光强度比值

I585/I480，而后通过统计软件 SPSS19.0 拟合 MeHg 浓度与光强比值（I585/I480）

的标准曲线，并选取 R 值最大的作为最佳标准曲线。 

2.3 隆线蚤及藻液的培养 

选取纤细裸藻（Euglena gracilis）作为实验藻液，将 30g 面粉、25 g 米

粉和 5g 奶粉混入 1L 的双蒸水中，高压灭菌 5 min 后，在 4℃下保存备用，

用以裸藻的培养。隆线蚤的培养以投喂裸藻藻液和酵母溶液为主，以 3g 干
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酵母溶于 60ml 蒸馏水中制备成酵母溶液，并在 4℃下保存备用。 

2.4 浸泡组的检测 

2.4.1 MeHg 的吸收 

参照蚤类对汞的毒性耐受能力[32]，设置了低（0.1μM）、中（0.5μM）、

高（1.0μM）三组浓度的 MeHgCl 溶液浸泡处理隆线蚤，每隔 10min 连续取

水样与隆线蚤样品至 60min，此后每隔 30min 取水样与隆线蚤至 240min 备

用。在解剖镜下观察各个时期隆线蚤的形态变化，并计算其死亡率。 

在所取水样与 AIEgen 发生显色反应后，通过荧光光谱仪测定两个波峰

的光强度，并计算光强比值，运用上述标准曲线计算隆线蚤对 MeHg 吸收

量的变化；另以电感耦合等离子质谱仪（ICP-MS）测定水样中的 MeHg 含

量，并与 AIEgen 显色法的测定结果作比较分析。 

在所取隆线蚤样品中加入 AIEgen，反应一段时间之后，在活体状态下

以激光共聚焦荧光显微镜直接观测MeHg在隆线蚤体内的分布位点及变化；

另取部分隆线蚤样品，先以冷冻切片机进行组织切片，置于载玻片之上后，

再以 AIEgen 溶液进行染色，随后在激光共聚焦荧光显微镜下进行组织学观

察。 

2.4.2 MeHg 的释放 

以低（0.1μM）、中（0.5μM）、高（1.0μM） 三种浓度的 MeHgCl 溶液

浸泡处理隆线蚤 30min，取水样检测并计算出隆线蚤对 MeHg 的吸收量，随

后将隆线蚤移入清水中。每隔 10min 连续取水样以及隆线蚤至 60min，此后

每隔 30min 取水样与隆线蚤至 240min 备用。在解剖镜下观察各个时期隆线
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蚤的形态变化，并计算相应时期的死亡率。 

按照上述所示方法，通过荧光光谱仪与激光共聚焦荧光显微镜，检测

MeHg 释放量的变化（与 ICP-MS 测定结果做比较）以及在隆线蚤体内的分

布变化（活体染色&组织染色）。 

2.5 投喂组的检测 

2.5.1 藻液的毒化与投喂 

以低（0.1μM）、中（0.5μM）、高（1.0μM）三组浓度的 MeHgCl 溶液浸

泡处理纤细裸藻（Euglena gracilis）30min，藻液以 4500 r/min 的转速离心

1min 后备用。通过荧光光谱仪和共聚焦荧光显微镜，测定裸藻体内 MeHg

的含量（与 ICP-MS 测定结果相比较）以及分布位置。而后以毒化后的藻液

投喂隆线蚤。 

2.5.2 MeHg 的检测 

每隔 10min 连续取水样与隆线蚤至 60min，此后每隔 30min 取水样与

隆线蚤至 240min 备用。在解剖镜下观察各个时期隆线蚤的形态变化，并计

算相应时期的死亡率。按照上述所示方法，通过荧光光谱仪与激光共聚焦荧

光显微镜，检测投喂毒化的藻液后 MeHg 在隆线蚤体内的含量（与 ICP-MS

测定结果相比较）及分布位点变化（活体染色&组织染色）。 

2.6 对比分析 

对比浸泡组与投喂组实验结果的异同（隆线蚤的外部形态变化、死亡率、

MeHg 富集量、MeHg 分布位点），分析隆线蚤在水域环境中富集 MeHg 的

主要来源、MeHg 对隆线蚤的致死机理等；并对比前期以 Hg2+处理隆线蚤的
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实验结果，分析有机汞与无机汞在浮游动物体内代谢机制的异同。 

三、研究结果 

3.1 基于 AIEgen 的 MeHg 检测方法的建立 

3.1.1 AIEgen 与 MeHg 反应体系内的纯水/乙腈比例 

聚集诱导荧光探针 AIEgen 和甲基汞 MeHg 在不同的纯水含量下（体积

分数 fw，由 0 至 90%）结合产物具有不同的荧光发光能力如图 3-1。由图

可得，当整个 AIEgen 和 MeHg 反应体系中水份含量在 60%的时候，MeHg

和 AIEgen 特异性反应后的产物 m-TPE-RNO 在可见光与紫外线激发下产生

的荧光程度均最强，特异性荧光发光效果最好。因此在之后的荧光特异性显

色试验中，我们将调控 AIEgen 和 MeHg 的混合反应体系中水份的含量为

60%，即水的体积与乙腈的体积比为 3：2，以便使得特异性反应达到最佳荧

光显色效果。 
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图 3-1 MeHg 和 AIEgen 混合反应体系中不同水份含量下的荧光呈现。（A）可见光下；（B）紫外线照

射下。 

3.1.2 AIEgen 与 MeHg 的特异性反应 

在可见光和紫外光下 1 μmol L-1 的聚集诱导荧光探针 m-TPE-RNS 和 1 

μmol L-1的甲基汞以及其他 1 μmol L-1的有机化金属化合物相互反应，发现

无论是在可见光还是在紫外光下只有 MeHg 和 AIEgen 表现出特异性荧光

如图 3-2。随后在荧光分光光度计下测量 PL 强度发现只有 MeHg 和 AIEgen

特异性结合反应产出 TPE-RNO 并在 585nm 表现强 PL 值的波峰如图 3-3。 

 

 

图 3-2 重金属的特异性和敏感性检测（1：可见光；2：350nm 荧光激发） 

 

图 3-3 在 350nm 荧光激发下不同金属元素（methyl-Mg, K, Se, Zn, Pb, Hg）与 AIEgen 在乙腈纯

水混合体系（水分数 60%）中的 PL 光谱 
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3.1.3 确定特异性反应的效应时间 

控制聚集诱导荧光探针 AIEgen 和甲基汞 MeHg 的浓度均为 1 μmol L-1，

分别在 0 - 60 min 内通过荧光分光光度计测定荧光光照强度。结果表明：荧

光光照强度的比值 I = I585 / I480在 20 – 40min 内具有较高的稳定性，说明在

整个混合体系中反应 20-40min 内，AIEgen 及其特异性反应产物发射荧光效

果好如图 3-4。因此，在后续检测样品时特异性反应时间定为 30 min。 

 
图 3-4 聚集诱导荧光探针 AIEgen 和甲基汞的反应时间 

3.1.4 MeHg 定量测定的标准曲线 

在不同浓度（0，1，2.5，5，7.5，10 μmol L-1）的 MeHg 中加入 5.0μmol 

L-1 AIEgen 后，我们分别测量了 I585与 I480并计算了 PL 强度比，将不同浓度

的 MeHg 与 m-TPE-RNS 的特异性反应荧光光谱合并得到了直观的 PL 变化

光谱图如图 3-5 并建立了 PL 比(I585/I480)与甲基汞浓度(CMeHg)的回归方程，

如图 3-6 所示。 

CMeHg与 I585/I480的线性方程为:CMeHg = 1.14*ln (I585/I480) - 0.333 
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图 3-5 TPE-RNS 和 TPE-RNO 分别在 480nm 和 585nm 处显示出强烈的荧光（PL）发射峰。 

 

图 3-6  MeHg 浓度与 PL 强度比 I585/I480 的线性回归方程 

 

3.2 MeHg 在隆线蚤体内的富集水平 

3.2.1 隆线蚤对不同浓度 MeHg 吸收的定量研究 
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如图 3-2，我们研究了在 2.5 和 5.0 μΜ/L 两组不同浓度下隆线蚤对 MeHg

的生物积累趋势线，发现这两组不同浓度下MeHg生物积累量趋势线相似。

在 MeHg 浓度为 2.5 μΜ/L 时，开始计时的 60 分钟之内，隆线蚤对 MeHg 的

吸收从 5 分钟时的 0.08 μΜ 增加到 10 分钟时的 0.118 μΜ，而在后续的 10

分钟至 60 分钟以内，隆线蚤对 MeHg 的吸收量趋于平稳，60 分钟内最大吸

收值为 0.124 μΜ；在 MeHg 浓度为 5 μΜ/L 时，隆线蚤对 MeHg 的吸收量从

10 分钟的 0.168 μΜ，至 20 分钟的 0.172 μΜ，再到 30 分钟的 0.187 μΜ，最

后到 60 分钟的 0.218 μΜ。 在 0 到 60 分钟以内，隆线蚤对 MeHg 的吸收量

一直不断增加。然而通过光学显微镜的观察，在这段时间内 2.5 和 5.0 μΜ/L

两组不同浓度下并没有隆线蚤的死亡，如图 3-3。隆线蚤的死亡发生在开始

计时 60 分钟后，由图 3-2 我们可以得知 2.5 μΜ/L MeHg 浓度时，MeHg 的

生物积累量最大为 0.142 μΜ，5 μΜ/L MeHg 浓度组，MeHg 的生物积累量

发生在第 210 分钟为 0.26 μΜ。在 60 分钟后，隆线蚤对两组不同浓度 MeHg

（2.5、5.0 μΜ/L）的生物积累量开始逐渐趋于平稳，其中 5 μΜ/L MeHg 浓

度组，90 分钟的 MeHg 吸收量为 0.252 μΜ，120 分钟为 0.247 μΜ，180 分

钟为 0.248 μΜ；2.5 μΜ/L MeHg 浓度组 90 分钟的 MeHg 吸收量为：0.125 

μΜ，120 分钟吸收量为 0.129 μΜ，150 分钟吸收量为 0.142 μΜ，180 分钟

MeHg 吸收量为 0.130 μΜ，210 分钟 MeHg 吸收量为 0.127 μΜ。由图 3-3 我

们可以得知无论是 MeHg 浓度为 2.5 μΜ/L 还是 5 μΜ/L，隆线蚤在 210 分钟

时都全部死亡。 
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图 3-2 隆线蚤在不同时间从溶液中吸收的 MeHg 含量 

 

图 3-3 直接吸收不同浓度 MeHg 的隆线蚤死亡率 
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3.2.2 隆线蚤对不同浓度 MeHg 释放的定量研究 

图 3-4 向我们展示了在不同时间段内隆线蚤向水中释放 MeHg 的

情况。在 MeHg 浓度为 5.0 μΜ/L 组中，将被 MeHg 攻毒的隆线蚤转

入纯水中 5 分钟后，隆线蚤向纯水体系内释放了 0.061 μM 的 MeHg，

在 10 分钟时，检测到隆线蚤向水体释放的 MeHg 含量为 0.078 μM，

在 60 分钟时，我们检测到隆线蚤向水体里释放的 MeHg 的含量为

0.058 μM，直到开始计时的 0 到 60 分钟内，纯水中 MeHg 的浓度保

持相对稳定，说明这段时间隆线蚤向水中释放 MeHg 的量变化不大。

60 min 后，虽然隆线蚤开始死亡(图 3-5)，但 MeHg 的释放量变化不

大，由图 3-4 得知，在 90 分钟时隆线蚤向水体内释放的 MeHg 的含

量为 0.056 μM，在 120 分钟时，隆线蚤向纯水体系内释放的 MeHg 的

含量为 0.060 μM，150 分钟为 0.057 μM，180 分钟为 0.058 μM，210

分钟为 0.055 μM，直到实验结束 240 分钟时趋于稳定，说明进入隆线

蚤体内的 MeHg 很可能与机体蛋白质相结合，形成结合性 MeHg，从

而被隆线蚤富集。在 2.5 μΜ/L 组中，隆线蚤在 5 分钟后释放 0.076 

μM 的 MeHg，在 10 分钟时，检测到隆线蚤向水体释放的 MeHg 含量

为 0.079 μM，在 60 分钟时，我们检测到隆线蚤向水体里释放的 MeHg

的含量为 0.075 μM，直到开始计时的 0 到 60 分钟内，纯水中 MeHg

的浓度保持相对稳定。由图 3-4 得知，在 90 分钟时隆线蚤向水体内

释放的 MeHg 的含量为 0.075 μM，在 120 分钟时，隆线蚤向纯水体

系内释放的 MeHg 的含量为 0.065 μM，150 分钟为 0.065 μM，180 分

钟为 0.062 μM，210 分钟为 0.068 μM，该释放量逐渐在 60 分钟内稳
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定，随后释放的 MeHg 在 60 分钟以后持续减少到 0.061 μM，直到 240

分钟整个研究检测结束。 

 

图 3-4 不同时间内隆线蚤向水中释放的 MeHg 含量 

图 3-5 释放时不同浓度 MeHg 的隆线蚤死亡率 
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3.2.3 隆线蚤对不同方式（浸泡和投喂）MeHg 吸收的定量研究 

如图 3-6 所示，隆线蚤喂食含有 MeHg 的纤细裸藻所表现出的反

应与直接浸泡在 MeHg 溶液中反应有所不同。在直接浸泡吸收组中，

MeHg 的吸收量随着浸泡孵育时间的延长而逐渐增加，直到 150 min

后隆线蚤对 MeHg 的生物积累量趋于平稳并随时间推移逐渐稳定。在

投喂组中，隆线蚤间接进食摄入含有 MeHg 的纤细裸藻，其 MeHg 的

积累从开始计时的 10 到 30 min 持续增加，然后在 60 min 时下降。在

进食毒化藻类的 60 min 后，隆线蚤对 MeHg 的吸收量开始趋于平稳

并随着时间的推移趋于稳定。 

图 3-6 通过摄入被毒化的藻类和直接吸收 MeHg 的生物累积性比较 

 



第 3 章 甲基汞在隆线蚤体内的富集水平：基于 AIE 检测法 

3.3 MeHg 在隆线蚤体内的富集位点：基于 AIEgen 荧光示踪 

3.3.1 浸泡组—直接浸泡下 MeHg 在隆线蚤体内的富集位点 

如图 3-7(a)所示，当隆线蚤在不添加 MeHg 和特异性聚集诱导荧

光探针 AIEgen 时，对照组的隆线蚤没有荧光信号，这一发现与未添

加 AIEgen 的 MeHg 暴露的隆线蚤相类似，如图 3-7(b)所示。浸泡在

AIEgen 中的隆线蚤在蓝色通道中显示蓝色荧光，如图 3-7 (c)所示。

MeHg 在被特异性聚集诱导荧光探针 AIEgen 处理后，红色通道中显

示红色荧光，如图 3-7 (d)所示。隆线蚤直接浸泡 MeHg5 分钟后，在

红色通道里，复眼出现荧光信号(图 3-8(a1)、(a2))，同时随着孵育时

间的不断延长，复眼表面的红色荧光显现的更加清晰，如图 3-8，说

明复眼是隆线蚤吸收 MeHg 的靶位置，也说明 MeHg 首先富集在隆

线蚤的复眼处，随着时间进程的进展，不断富集。同时复眼显示的红

色荧光继续向该组织内部移动，如图 3-9。在处理 40 min 时，特异性

聚集诱导荧光探针 AIEgen 与 MeHg 结合产生的红色荧光在视神经处

微弱的发射，如图 3-9 (c)，随着孵育时间的不断增加，特异性结合产

物的红色荧光发射的更加明显。然而，尽管这些红色荧光靠近复眼和

视神经，但在眼上细胞和大脑上没有荧光信号(图 3-9 (c1)和 3-9 (c2))，

说明 MeHg 不能通过复眼到达视神经细胞。 
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图 3-7 共聚焦显微镜下 5.0 μM MeHg 攻毒隆线蚤图像。(a)对照，无探针无 MeHg;(b)暴露于

MeHg 但未用探针 AIEgen 染色;(c)在不含 MeHg 的情况下，暴露于 1.0 μM 聚集诱导荧光探

针 AIEgen 中，发出蓝色荧光;(d)暴露于 1.0 μM 聚集诱导荧光探针 AIEgen 溶液中处理的 5.0 

μM MeHg，发出红色荧光(箭头)。 
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图 3-8 隆线蚤在 MeHg 溶液中孵育（a）5 分钟；（b）20 分钟；（c）60 分钟后的共聚焦荧光

图像。Ai：前肠；B：脑；Ca：甲壳；Ce：复眼；E：胚胎；H：心脏；Pi：后肠；Sg：壳腺。

(a1, b1, c1: 白色背景) 和 (a2, b2, c2: 黑色背景)。 

 

 

 



第 3 章 甲基汞在隆线蚤体内的富集水平：基于 AIE 检测法 

 

图 3-9 隆线蚤头部的荧光图像：（a）5 分钟；（b）20 分钟；（c）40 分钟后。B：大脑；Ce：

复眼；O：眼球；On。视神经； S:肠囊. （c1：白色背景）和（c2：黑色背景）。 

 

3.3.2 投喂组：摄食毒化纤细裸藻后 MeHg 在隆线蚤体内的富集位点 

隆线蚤以被毒化的纤细裸藻为食后，通过共聚焦倒置荧光显微镜

观察发现食入后在前肠囊和肠道处出现红色荧光，而在复眼和视神经

处未出现荧光信号，如图 3-10 (b1)和(b2)所示，这一结果与直接在

MeHg 溶液中浸泡孵育的隆线蚤有显著差异，如图 3-10 (a1)和(a2)所

示。说明纤细裸藻传递到隆线蚤体内的 MeHg 积累因消化作用积累在

隆线蚤的消化系统内。由图 3-11 我们可以得知直接浸泡在 MeHg 的

隆线蚤死亡率远高于间接投喂摄入 MeHg 的隆线蚤死亡率，直接浸泡

MeHg 的隆线蚤在 5min 时死亡率为 80％，随着时间的推移，到 120 

min 时隆线蚤全部死亡。在通过使用毒化后的纤细裸藻投喂隆线蚤并
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测算死亡率时我们发现，在开始摄食 60 min 以内，隆线蚤死亡率稳

定在 30％，而在 60 min 至 120 min 的时间里，隆线蚤死亡率逐渐升

高至 58％，最后一直稳定至 180 min 实验结束。说明隆线蚤通过消化

作用将 MeHg 积累在消化系统中，并且消化系统对 MeHg 的胁迫有

着一定的耐受性，然而复眼这类视觉器官直接裸露于 MeHg 中是隆线

蚤死亡率高的主要原因。 

图 3-10 直接浸泡在 MeHg 中的隆线蚤（a）和用含 MeHg 的纤细裸藻喂养的隆线蚤（b）的

比较共聚焦荧光图像。B：大脑；Ce：复眼； I：肠道；On: 视神经； S：肠囊 （a1，b1：

白色背景）和（a2，b2：黑色背景）。 
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图 3-11 浸泡组与投喂组中隆线蚤死亡率比较 

 

四、结论与展望 

4.1 结论 

本研究通过聚集诱导荧光探针 AIEgen 法，研究了浮游动物的代

表种之一：隆线蚤对 MeHg 的富集特征，主要结论如下： 

（1）聚集诱导荧光探针 AIEgen 法检测 MeHg 

建立了一种聚集诱导荧光探针 AIEgen 方法，可以特异性识别溶

液或生物体内的 MeHg，在通过拟合标准曲线定量检测溶液中 MeHg

的浓度的同时，也可以通过荧光示踪的方式定性检测 MeHg 在浮游动

物隆线蚤体内的积累位点和富集规律。 

（2）MeHg 在隆线蚤体内的富集水平 

隆线蚤表现出对水体环境中 MeHg 的快速吸收现象，并且能够将
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MeHg 富集在体内。以两组不同浓度的 MeHg 分别浸泡隆线蚤，在浸

泡后 0-60 min 之内，2.5 μΜ/L 组隆线蚤体内 MeHg 的吸收量持续增

加至 0.123 μΜ，而 5.0 μΜ/L 组隆线蚤体内 MeHg 的吸收量为 0.218 

μΜ；隆线蚤对 MeHg 的释放结果表明：在 5.0 μΜ/L 组中，将攻毒后

的隆线蚤转入纯水中5min后，隆线蚤向外释放了 0.061 μM的MeHg，

而后 MeHg 的释放量变化不大。在 2.5 μΜ/L 组中，隆线蚤在 5 min 后

释放 0.076 μM 的 MeHg，该释放量逐渐在 60 min 内稳定，随后释放

的 MeHg 持续减少到 0.061 μM，直到 240 min。通过浸泡组与投喂组

的比较，我们发现直接浸泡时，MeHg 的吸收量随着时间的延长而逐

渐增加，直到 150 min 后 MeHg 生物积累量趋于稳定；在投喂组中，

MeHg 的积累从开始计时的 10 到 30 min 持续增加，然后在 60 min 时

下降，最后趋于平稳。 

（3）MeHg 在隆线蚤体内的富集位点 

直接将隆线蚤浸泡孵育在 MeHg 溶液中，我们发现 MeHg 主要富

集在隆线蚤的复眼中，随着孵育时间的不断增加，复眼处特异性结合

产物的红色荧光显现的更加明显。然而，尽管这些红色荧光靠近复眼

和视神经，但在眼上细胞和大脑上并没有检测到 MeHg 的富集。通过

间接摄入被 MeHg 毒化的纤细裸藻，我们发现在进食毒化藻类后，隆

线蚤对 MeHg 的吸收量开始趋于平稳并随着时间的推移趋于稳定，通

过共聚焦倒置荧光显微镜观察发现食入后 MeHg 富集在前肠囊和肠

道处，而在复眼和视神经处未出现荧光信号。隆线蚤体内的 MeHg 大

多数与机体组织相结合，难以被排泄系统通过代谢作用排出体外。通
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过特异性聚集诱导荧光探针 AIEgen 对 MeHg 进行可视化研究，为观

察 MeHg 在浮游动物中的分布和了解 MeHg 在水生食物网中的生物

积累过程提供了一种新的工具。 

4.2 展望 

（1）聚集诱导荧光探针 AIEgen 法表现出对 MeHg 的特异性识别，但

是用 AIEgen 法检测 MeHg 和 Hg2+时，互相有较多相似之处，尤其是

在荧光示踪的时候，汞离子会干扰聚集诱导荧光探针  AIEgen 对

MeHg 的荧光示踪，难以辨别两者之间的差异，需要通过试验进一步

确定 AIEgen 检测 MeHg 和 Hg2+的定量定性相关差异。 

（2）隆线蚤这类浮游动物表现出对水体环境中 MeHg 的快速富集，

无论是直接浸泡还是间接摄入，都只是水生生态系统食物链的前端，

尚未研究 MeHg 在水生食物链中更高营养级（鱼类、贝类、虾等）中

的富集规律和生物放大效应，需要进一步的研究补足。 
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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). 

T. He et al.                                                                                                                                                                                                                                       



Ecotoxicology and Environmental Safety 248 (2022) 114271

4

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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Abstract
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.
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Metabolic pathways of methylmercury in rotifer Brachionus plicatilis 

Hangyu Lin a,b,1, Xiaodong Mao a,b,1, Yanlin Wei a,b, Songzhang Li a,b, Jianguang Qin c, 
Song Zhu a,b, Shengqi Su a,b,*, Tao He a,b,* 

a College of Fisheries, Southwest University, Chongqing 400715, China 
b Key Laboratory of Freshwater Fish Reproduction and Development (Ministry of Education), Key Laboratory of Aquatic Science of Chongqing, 400715, China 
c College of Science and Engineering, Flinders University, South Australia 5001, Australia   

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

• We explored the dynamic accumulation 
and metabolic regulation of MeHg in B. 
plicatilis. 

• MeHg accumulated mainly in the ciliary 
corona, various digestive organs of B. 
plicatilis. 

• Changes in some metabolic pathways in 
B. plicatilis may be related to MeHg 
exposure in the intestine. 

• MeHg accumulated in B. plicatilis was 
difficult to metabolize outside the body. 

• MeHg induced significant enrichment of 
arginine biosynthesis and metabolism 
pathway in B. plicatilis.  

A R T I C L E  I N F O   

Editor: Christopher Rensing  

Keywords: 
Methylmercury 
Aggregation-induced emission fluorogen 
Metabolomics 
Brachionus plicatilis 

A B S T R A C T   

Methylmercury (MeHg) readily accumulates in aquatic organisms while transferring and amplifying in the 
aquatic food chains. This study firstly explores the in vivo accumulation sites and metabolic regulation of MeHg 
in the rotifer Brachionus plicatilis by aggregation-induced emission fluorogen (AIEgen) and metabolomics. 
Fluorescent image analysis by AIEgen showed that MeHg in B. plicatilis mainly occured in the ciliary corona, 
esophagus, mastax, stomach and intestine in the direct absorption group. In the other group, where B. plicatilis 
were indirectly supplied with MeHg via food intake, the accumulation of MeHg in the rotifer occurred in the 
ciliary corona, various digestive organs, and the pedal gland. However, the MeHg accumulated in the rotifer is 
difficult to metabolize outside the body. Metabolomics analysis showed that the significant enrichment of ABC 
transporters was induced by the direct exposure of rotifers to dissolved MeHg. In contrast, exposure of rotifers to 
MeHg via food intake appeared to influence carbon, galactose, alanine, aspartate and glutamate metabolisms. 
Besides, the disturbed biological pathways such as histidine metabolism, beta-alanine metabolism and panto
thenate and CoA biosynthesis in rotifers may be associated with L-aspartic acid upregulation in the feeding 
group. The significant enrichment of ABC transporters and carbon metabolism in rotifers may be related to the 
accumulation of MeHg in the intestine of rotifers. In both pathways of MeHg exposure, the arginine biosynthesis 
and metabolism of rotifers were disturbed, which may support the hypothesis that rotifers produce more energy 
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to resist MeHg toxicity. This study provides new insight into the accumulation and toxicity mechanisms of MeHg 
on marine invertebrates from the macro and micro perspectives.   

1. Introduction 

The heavy metals in aquatic ecosystems are a widespread concern 
because they tend to accumulate in aquatic organisms (Kakade et al., 
2023). Mercury (Hg), a heavy metal element known to be one of the top 
environmental pollutants in water (Muñoz et al., 2023), has been 
recognized as a priority hazardous substance that enters aquatic eco
systems through natural processes and anthropogenic activities (Mol
tedo et al., 2019). Human exposure to Hg is primarily associated with its 
organic form, methylmercury (MeHg), through the uptake of polluted 
seafood (Nogueira et al., 2019). MeHg is the most toxic form of all 
mercury compounds, and it is formed when inorganic mercury in the 
aquatic environment is methylated by microorganisms (Lin et al., 2021). 

MeHg pollution risks human health via fish intake due to bio
accumulation and magnification of MeHg in aquatic food chains 
(Kucharzyk et al., 2015). Phytoplankton can concentrate MeHg from the 
surroundings, which is the first step of MeHg entry into the aquatic food 
webs (Li et al., 2022). MeHg concentrations in zooplankton can increase 
with a rise in body size and biomass (Todorova et al., 2015). Research 
has shown that MeHg reaches up to 80–100 % of the total Hg (THg) 
measured in fish muscle (Bloom, 1992; Bravo et al., 2014; Lamborg 
et al., 2014). The biomagnification of mercury was observed through the 
food web, and the top predator tigerfish, Hydrocynus vittatus, has the 
highest mercury concentration (van Rooyen et al., 2023). There is ample 
evidence that mercury accumulates in fish at concentrations of concern 
for human consumption (Pickhardt et al., 2005). Thus, studying the 
distribution and metabolic level of MeHg in aquatic food chains is of 
great practical significance. However, there is limited information on 
MeHg accumulation in invertebrates, such as rotifers and copepods (Lee 
et al., 2017), which play an important role in energy transfer in aquatic 
ecosystems (Kim et al., 2017). 

In aquatic food chains, zooplankton is a crucial link between primary 
producers and higher trophic-level consumers (Petrik et al., 2022) and 
plays a vital role in global biogeochemical cycles (Ratnarajah et al., 
2023). Rotifers are a primary class of zooplankton widely distributed in 
aquatic environments (Mao et al., 2022), as they consume microalgae 
and organic detritus and also serve as food for fish, shrimp and crabs 
(Daewel et al., 2014). The species of Brachionus plicatilis has been used as 
live food for fish and crustacean larvae in aquaculture (Rahman et al., 
2018). In addition, B. plicatilis has been used as a model species on the 
influence and toxicity measurements in marine ecosystems due to its 
suitable size, short life cycle, fast population growth and ease of culti
vation (Li et al., 2020). Yang et al. explored the effects on the ingestion 
and digestive performance of rotifer B. plicatilis after treatment with 
2,2′,4,4′-tetrabromodiphenyl ether (BDE-47) (Yang et al., 2021). Han 
et al. studied the deleterious effects on reproductive features of 
temperate B. plicatilis after exposure to iron (Fe) (Han et al., 2022). 
Furthermore, Cao et al. explored the reproductive toxicity of triphe
nyltin (TPT) to B. plicatilis (Cao et al., 2022). 

In 2001, Professor Ben Zhong Tang and co-workers raised the 
concept of aggregation-induced emission (AIE) (Luo et al., 2001). Over 
the last two decades, massive attention has focused on AIE in materials 
science, analytical chemistry, and life sciences (Mei et al., 2015). The 
fluorogens with AIE attributes have been referred to as AIEgens, which 
have appeared as an appealing tool for bioimaging due to their flexible 
steerability, ignorable toxicity and superior photostability (Wang et al., 
2019). So far, AIEgens for detecting heavy metal ions (including mer
cury, arsenic, cadmium, copper, zinc, chromium, and lead) have been 
developed (Huang et al., 2021). AIEgen (m-TPE-RNS) is an Hg2+ sensor 
with high selectivity and high sensitivity to Hg2+ in water (Chen et al., 
2017) and has been used to in vivo visualize Hg2+ kinetics in rotifers 

(Jiang et al., 2017). In previous research, we found that the MeHg 
detection mechanism for m-TPE-RNS resembles the reaction between 
Hg2+ and m-TPE-RNS, and visualized the process of MeHg bio
accumulation in vivo on water flea Daphnia carinata by m-TPE-RNS (He 
et al., 2022). However, information about potential mechanisms of 
MeHg toxicity in zooplankton is limited. 

Metabolomics is to profile metabolites in biofluids, cells and tissues 
in response to environmental stressors and exposure to toxicants or 
pathogens (Lankadurai et al., 2013). Metabolomics provides a snapshot 
of the phenotype of biological systems, which is conducive to under
standing organisms' functional states and critical metabolic processes 
(Lin et al., 2006). Metabolomics has been widely applied in aquatic 
ecotoxicology (Hu et al., 2023) and become an important tool in expo
sure studies (Bedia, 2022). According to the metabolomic analysis in 
zebrafish, exposure to norethindrone (NET) can disrupt the antioxidant 
defense system of zebrafish by inhibiting the Nrf2-ARE and NF-kB 
pathways in the synthesis of superoxide dismutase and glutathione 
(Wang et al., 2021). In the metabolomic analysis of B. plicatilis under 
tributyl phosphate (TnBP) stress, high concentrations of TnBP can 
interfere with the basic metabolic pathways in rotifers, causing distur
bances in purine metabolism and lipid metabolism, thus adversely 
affecting rotifer reproduction and population growth (Zhang et al., 
2021). A previous study exploring the mechanisms of nanoplastics (NPs) 
in B. plicatilis, indicates that disruptions in purine-pyrimidine meta
bolism, TCA cycle, and protein synthesis might be collectively respon
sible for the changes at individual and population levels (Li et al., 2023). 
Recently, metabolomics research has helped explore the biological ef
fects at the molecular level exerted by xenobiotics. 

In this study, we specially designed an AIEgen to visualize the bio
accumulation of MeHg inside B. plicatilis and aimed to understand how 
MeHg is transferred from primary producers to higher trophic level 
consumers. Furthermore, the impact of MeHg on the metabolite 
composition of rotifers was analyzed to clarify the potential mechanisms 
of MeHg toxicity. This study sheds new light on the bioaccumulation and 
toxic effects of MeHg on an invertebrate that is an essential player in the 
aquatic food web. 

2. Materials and methods 

2.1. Materials 

Unless otherwise specified, all reagents were gained from Aladdin 
(Shanghai, China). The AIEgen (m-TPE-RNS) was produced by AIEgen 
Biotechnology (Hong Kong, China) and dissolved in acetonitrile (ACN). 
Stock solutions of AIEgen and CH3HgCl (MeHg) at a concentration of 
2.5 μM were prepared. The maximum photoluminescence (PL) intensity 
of AIEgen appeared with the ACN to water ratio of 2–3 by volume (He 
et al., 2022). Therefore, the water volume fractions (fw, vol%) were 
fixed at 60 % in water/ACN mixtures in the subsequent fluorescence 
staining experiments. 

Rotifers Brachionus plicatilis were initially collected from Ningbo, 
China, and hatched from the resting eggs stocked in the College of 
Fisheries, Southwest University (Chongqing, China). The rotifers were 
cultured in artificial seawater (20–35 ‰ salinity) under the photoperiod 
of 16 h light and 8 h dark at 3000 lx of illumination and 26 ◦C. The 
artificial seawater comprised NaCl 21.1 g/L, Na2SO4 3.55 g/L, KCl 5.99 
g/L, NaHCO3 2.94 g/L, KBr 86.0 mg/L, H3BO3 23.0 mg/L, NaF 3.00 mg/ 
L, MgCl2⋅6H2O 9.96 g/L, CaCl2 10.1 g/L, SrCl2⋅6H2O 22.0 mg/L. 
Chlorella pyrenoidesa were used to feed the rotifers. The algae were 
cultured in f/2 medium under photoperiods of 12 h (LD 12:12) at 5000 
lx in an illumination incubator at 28 ◦C. 

H. Lin et al.                                                                                                                                                                                                                                      
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2.2. Visualization of MeHg accumulation in B. plicatilis by AIEgen 

This study examined MeHg accumulation in B. plicatilis by directly 
incubating in a MeHg solution and indirectly consuming Chlorella pyr
enoidesa that had accumulated MeHg. In group one, rotifers were har
vested from an aquarium tank with a 50-μm mesh net and added to a 
solution containing 1.0 μM MeHg with a density of 400 rotifers mL− 1. 
Rotifers (10–15 ind.) were collected at 5, 30, 60 and 120 min intervals 
after submerging, then stained in the m-TPE-RNS solution of 1.0 μM 
with the ACN to water ratio of 2:3 by volume. After rinsing twice, ro
tifers were subjected to a scanning confocal fluorescence microscope for 
imaging. In group two, rotifers were harvested by the method above and 
adjusted to a density of 400 ind mL− 1 in artificial seawater. After in
cubation with MeHg-poisoned algae for 120 min, the rotifers were 
collected and stained in the m-TPE-RNS solution described above to 
obtain fluorescence images. 

For fluorescence imaging, the wavelength range of blue channels was 
set at 460–500 nm for the image analysis of B. plicatilis submerged in 
AIEgen. The red channel fluorescence was set at 570–610 nm for the 
image analysis of B. plicatilis exposed to MeHg and stained in AIEgen 
solution. Furthermore, the excitation wavelength was set at 405 nm. The 
algae contaminated with MeHg were obtained as follows: after incuba
tion in 1.0 μM MeHg for 60 min with the algae density of 3.6 × 106 ind 
mL− 1, algae were collected by centrifugation at 4500 rpm for 1 min as 
feed for B. plicatilis. 

2.3. Metabolomics analysis of rotifers exposed to MeHg 

The newly-born rotifers (<6 h, 1000 ind mL− 1) were exposed to 
MeHg for metabolomics profiling. Rotifers of the control group (C) were 
fed with non-toxic C. pyrenoidesa (3.6 × 106 ind mL− 1) only. Based on 
the control group, the immersion group (IR) rotifers were exposed to 
MeHg at a concentration of 1.0 μM. Furthermore, rotifers of the feeding 
group (FR) were fed with 3.6 × 106 ind mL− 1 MeHg-poisoned C. pyr
enoidesa, and the algae contaminated with MeHg were obtained as 
described in Section 2.2. Each group had three replicates. After 60 min 
of exposure, the rotifers were rinsed and introduced into the medium 
without MeHg. The rotifers were collected in 50-mL centrifuge tubes 
after incubation for 24 h. Absolute ethyl alcohol was added to reach a 
concentration of 10 % (v/v), mixed the samples and stood for 5 min, and 
centrifuged (2000g, room temperature) for 10 min. After centrifugation, 
the supernatant was discarded, the rotifers were resuspended, intro
duced into the 300 kDa microsep, and centrifuged (13,000g, 4 ◦C) for 2 
min. The resulting samples were drained and stored in liquid nitrogen 
for subsequent testing. Metabolomics detection of rotifers entrusted 
Biomarker Technologies (Beijing, China) to complete. 

2.4. Statistical analysis 

The principal component analysis (PCA) and orthogonal partial least 
squares discriminant analysis (OPLS-DA) of multivariate statistical 
analysis methods were used for data analysis. We employed the PCA to 
determine the differences in metabolites of rotifers between the treat
ment groups and the control group. The R software (www.r-project. 
org/) was used for hierarchical cluster analysis (HCA) on the accumu
lation patterns of metabolites between different samples. For initially 
screening for metabolites with differences, a multivariate analysis of 
variable importance in the project (VIP) in the OPLS-DA model was used 
based on the results of the OPLS-DA. At the same time, by combining the 
P-values in the univariate analysis, differential metabolites could be 
further screened. The differential metabolites were ultimately confirmed 
and annotated using the KEGG database (Kanehisa and Goto, 2000). 
Enrichment analysis of KEGG annotation results using R package clus
terProfiler (Yu et al., 2012). 

3. Result 

3.1. In vivo visualization of MeHg accumulation in B. plicatilis by AIEgen 

The rotifers in control without MeHg and AIEgen showed no fluo
rescent signals (Fig. 1A), which was similar to the fluorescence imaging 
from rotifers exposed to MeHg without AIEgen (Fig. 1B). Blue fluores
cence at 460–500 nm was observed inside rotifers after they were 
directly submerged in AIEgen (Fig. 1C). Red fluorescence at 570–610 nm 
was observed within rotifers after the rotifers incubated with MeHg and 
stained by AIEgen (Fig. 1D). 

After submersion in MeHg for 5 min, emission in the red channel 
occurred in the ciliary corona of the rotifers (Fig. 2A). After submersion 
for 30 min, red fluorescence signals appeared in the ciliary corona and 
mastax. A small amount of fluorescence existed on the lorica of the ro
tifers (Fig. 2B). At 60 min, red fluorescence appeared in the ciliary 
corona, mastax, stomach and lorica of rotifers (Fig. 2C). As shown in 
Fig. 2(D), the red fluorescence became more noticeable after submersion 
for 120 min. In addition to the above sites, red fluorescence also 
appeared in the intestine of rotifers, and the fluorescence intensity in 
vivo rotifers was significantly stronger than that on the lorica. There 
were no fluorescent signals in the kidneys of the rotifer in the process of 
MeHg accumulation in the rotifer within 120 min. 

After feeding on algae containing MeHg, rotifers showed no fluo
rescent signals in the blue channel due to the reaction between MeHg 
and AIEgen (Fig. 3). Contrary to the blue channel, the red fluorescence 
became more noticeable because of the combination of MeHg and 
AIEgen. Our results demonstrated that red fluorescence appeared in the 
ciliary corona, mastax, stomach, intestine and pedal gland, and a small 
amount of fluorescence on the lorica of the rotifers. MeHg-containing 
algae delivered the MeHg and accumulated in the digestive system 
through rotifer digestion. Besides, the MeHg also accumulated in the 
pedal gland of the rotifers. 

3.2. Metabolomic alterations of rotifers induced by MeHg 

Principal component analysis (PCA) showed the control group (C) 
separated from the immersion group (IR) and feeding group (FR), 
respectively, indicating that metabolic profiles in the rotifers were 
significantly affected by exposure to MeHg via immersion and feeding 
(Fig. 4). 

The HCA could assess discrepancies in the characteristics of MeHg 
treatment that resulted in metabolite accumulation, including intra- 
treatment homogeneity and inter-treatment variability. As shown in 
Fig. 5, compared with the feeding group, the location of the immersion 
group was farther away from the control group, indicating that the 
immersion group had a greater influence on the metabolite expression of 
rotifers. Metabolites with a VIP of >1 and a P-value of <0.05 were 
selected. The metabolites screened under the above conditions had 
significant differences. Compared to the control group, the rotifers of the 
immersion group significantly up-regulated 99 metabolites and down- 
regulated 299 metabolites, while the rotifers in the feeding group 
significantly up-regulated 34 metabolites and down-regulated 529 me
tabolites (Fig. 6; Table S1-S2). 

Compared to the control group, the functional annotation of differ
ential metabolites in the immersion and feeding groups was performed 
according to the pathway type in the KEGG database (http://www.ge 
nome.jp/kegg/) (Tables S3–S4). The differential metabolites were 
mostly organic acids, alkaloids, aldehydes and phenols. Table S5 shows 
the results of the enrichment analysis of differential metabolites in the 
immersion and feeding groups compared with the control group. In the 
immersion group compared to the control group, a total of four KEGG 
pathways show significant enrichment of differential metabolites, 
including arginine biosynthesis (ko00220), arginine and proline meta
bolism (ko00330), ABC transporters (ko02010), central carbon meta
bolism in cancer (ko05230). Among them above, arginine biosynthesis, 
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Fig. 1. Images of B. plicatilis on a confocal microscope using 1.0 μM MeHg. (A) the control without MeHg in rotifers and AIEgen staining; (B) exposure to MeHg but in 
the absence of AIEgen; (C) exposure to 1.0 μM AIEgen in the absence of MeHg, emitting blue fluorescence; (D) exposure to 1.0 μM MeHg stained in the 1.0 μM AIEgen 
solution, emitting red fluorescence; BF: bright field. 
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arginine and proline metabolism and ABC transporters showed 
extremely significant enrichment. In the feeding group compared to the 
control group, a total of ten KEGG pathways show significant enrich
ment of differential metabolites, including galactose metabolism 
(ko00052), arginine biosynthesis (ko00220), alanine, aspartate and 
glutamate metabolism (ko00250), arginine and proline metabolism 
(ko00330), histidine metabolism (ko00340), beta-Alanine metabolism 
(ko00410), pantothenate and CoA biosynthesis (ko00770), carbon 
metabolism (ko01200), biosynthesis of amino acids (ko01230), estrogen 
signaling pathway (ko04915). Among them, arginine biosynthesis, beta- 
Alanine metabolism, pantothenate and CoA biosynthesis showed 
extremely significant enrichment. 

4. Discussion 

4.1. Visualization of MeHg accumulation in B. plicatilis by AIEgen 

The uptake of MeHg by phytoplankton primarily via passive 

diffusion of neutral complexes across a cell membrane, thus permeating 
into cellular cytoplasm and bioconcentrated in phytoplankton (Gosnell 
and Mason, 2015). Prior research suggests that MeHg accumulates 
mainly in the compound eyes, optic nerve and carapace of D. carinata 
(He et al., 2022). In addition, ingested MeHg in fish can be found in 
muscles, kidneys, gonads, liver and gut (Kasper et al., 2009). However, 
the accumulation mode of MeHg in rotifers has not been reported yet. In 
this study of MeHg fluorescence tracing by AIEgen, we found that the 
MeHg accumulation sites in rotifers could be observed by superimposing 
the bright field of a light microscope and the fluorescence field of a 
scanning confocal fluorescence microscope. The target organs or sites of 
MeHg accumulation in rotifers were outlined in the fluorescence field by 
AIEgen, and the specific organs or tissues of MeHg accumulation in ro
tifers could be identified by combining the images of bright fields. 

In this study, the fluorescence imaging from rotifers directly exposed 
to MeHg showed that MeHg entered the rotifers through the digestive 
tract and accumulated in the ciliary corona and various digestive organs. 
In addition, a small number of fluorescent signals were observed on the 

Fig. 2. Confocal fluorescent images of B. plicatilis in MeHg solution after incubation for (A) 5 min; (B) 30 min; (C) 60 min; (D) 120 min. Cc: ciliary corona; M: mastax; 
Lo: lorica; S: stomach; I: intestine; K: kidneys; Bar = 30 um. 

Fig. 3. Confocal fluorescent images of B. plicatilis incubated with MeHg-containing algae for 120 min. Cc: ciliary corona; M: mastax; Lo: lorica; S: stomach; I: in
testine; K: kidneys; T: tail; Pg: pedal gland; Bar = 30 μm. 
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lorica of rotifers, and there were no fluorescent signals in the kidneys of 
rotifers during the study period. However, the fluorescence imaging 
from rotifers directly exposed to dissolved Hg2+ showed that the Hg2+

accumulated in various digestive organs, visualized around the lorica of 
rotifers, and observed in the excretory system such as the kidneys (Jiang 
et al., 2017). MeHg is somewhat lipophilic and binds readily to proteins 
(Chattopadhyay, 2005). For example, once MeHg passes through the cell 
membrane, it strongly binds with the protein sulfhydryl groups (Li et al., 
2022). It is reasonable to infer that MeHg can be absorbed by the rotifer 
by binding to proteins in the body integument, resulting in low fluo
rescence intensity on the lorica, while Hg2+ cannot permeate into the 
rotifer by diffusion through the body integument (Jiang et al., 2017). In 
addition, unlike Hg2+, the fluorescence signal of MeHg was not found in 
the excretory system of the rotifers. The transformation from the hy
drophilic of inorganic mercury to the lipophilic state of organic mercury 
makes mercury more apt to biomagnification in aquatic food chains 
(Hansen and Danscher, 1997). Most of the MeHg may not be metabo
lized by the excretory system of rotifers but instead remained in the 
rotifers by combining with protein sulfhydryl groups. Moreover, MeHg 
could be formed when exposed to inorganic mercury by gut microbiota 
from aquatic organisms like fish, and mammals like rats and even human 
beings (Li et al., 2019). 

Significant fluorescence was observed in the ciliary corona, mastax, 
stomach and intestine of rotifers fed on MeHg-poisoned algae, indicating 
that the accumulation of MeHg in various digestive organs of rotifers 
was caused by the process of MeHg-exposed algae passing through the 
digestive tract of rotifers. The biomagnification of MeHg through 
aquatic food webs can adversely affect the health of organisms. The 
elevated dietary MeHg exposure reduced spawning success, altered 
reproductive behaviors, and suppressed the sex hormones of fish 
(Drevnick and Sandheinrich, 2003; Sandheinrich and Miller, 2006). 
Moreover, embryos of Pimephales promelas exposed to high-diet MeHg 
delayed hatching and lowered livability (Bridges et al., 2016). The pedal 
glands of rotifers can secrete an adhesive for temporary attachment to 
surfaces, and the ducts of pedal glands exit near the toes (Wallace, 
2015). In the present study, the fluorescence results showed that the 
MeHg also accumulated in the pedal glands of the secretory system of 
rotifers via food take, which may affect the adhesion behavior of rotifers. 
This study firstly visualized MeHg distribution in the rotifer by AIEgen, 

which enhanced the understanding of the MeHg bioaccumulation pro
cess in aquatic food webs. 

4.2. Metabolomics analysis of rotifers exposed to MeHg 

In rotifers B. plicatilis, some studies have used biomarkers such as 
glutathione S-transferase (GSTs), acetylcholinesterase (ACHE), adeno
sine triphosphatase (ATPase) and cytochrome P450 (CYP) to determine 
the response of B. plicatilis to microplastics, harmful algae, organic 
pollutants and pesticides (Han et al., 2019; Kang et al., 2021; Xiaodong 
et al., 2020; Yang et al., 2021). In this research, we investigated the toxic 
effects of MeHg on rotifers by the functional annotation and enrichment 
analysis of differential metabolites according to the KEGG database. 

Compared to the feeding group, the differential metabolites of roti
fers in the immersion group showed up in ABC transporters. The ABC 
transporters constitute a large, ubiquitous and diverse superfamily of 
integral membrane proteins (Rees et al., 2009) that are responsible for 
the transportation of a variety of substrates, including inorganic ions, 
amino acids, nucleotide, polysaccharides, polypeptides and proteins 
(Neumann et al., 2017). ABC transporters constitute an integral part of 
cell detoxification, which can pull a variety of endogenous and exoge
nous substances out of the cell through ATP binding and hydrolysis, thus 
limiting the accumulation and potential toxicity of endogenous and 
exogenous substances (Szakács et al., 2008). In the various biological 
functions of ABC transporters, the ABC transporters mediated by mul
tixenobiotic resistance are considered the first line of defense for aquatic 
organisms to cope with environmental pollutants (Jeong et al., 2017). 
Investigators believed that, in aquatic organisms, ABC efflux trans
porters should be expressed in organs involved in secretion, absorption 
or as a barrier function, like the liver and intestine (Ferreira et al., 2014). 
Previous studies have shown that ABC transporter family genes in 
aquatic invertebrates had several roles, such as cellular lipid transport, 
formation of a waterproof barrier and efflux pump for metals (Jeong 
et al., 2017). In several aquatic invertebrates, such as B. plicatilis, 
Daphnia magna and Mytilus galloprovincialis, the protective effect of the 
ABC transporters has been demonstrated when the aquatic invertebrates 
responded to various environmental contaminants (Della Torre et al., 
2014; Jeong et al., 2017). Futhermore, numerous studies have 
confirmed the expression and function of ABC transporters in fish 

Fig. 4. Principal component analysis (PCA) score map: (a) control group (C) and immersion group (IR), (b) control group (C) and feeding group (FR).  
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intestines (Bieczynski et al., 2021). Long et al. discovered that Hg and Pb 
significantly induced ABCC2 expression in the intestine of zebrafish 
(Long et al., 2011). Zhang et al. reported the upregulation of ABCG2B 
induced by Hg in the intestine of zebrafish (Zhang et al., 2020). The 
results suggest that the MeHg directly exposed to the rotifers is accu
mulated in various digestive organs such as the intestine and is induced 
the significant enrichment of ABC transporters pathway. Presumably, 
MeHg accumulated in the intestine induced the expression and efflux of 
ABC transporters in the intestine of rotifers. 

In addition, compared to the immersion group, the significant 
enrichment pathways of differential metabolites of rotifers in the 
feeding group were mainly found in carbon metabolism, galactose 

metabolism and alanine, aspartate and glutamate metabolism. Carbon 
metabolism is the most basic aspect of life and is the basic pathway in 
vertebrates and invertebrates of energy generation (Dubois-Deruy et al., 
2020). Galactose belongs to carbohydrates, and galactose metabolism is 
one of the carbon metabolism pathways. Carbohydrate is a nutrient that 
first degrades when the organisms are subjected to external pressure 
(Jyothi and Narayan, 2000). The change in carbohydrate metabolism 
readily produces harmful effects on the survival of animals. In humans, 
the metabolites involved in carbohydrate metabolism were used as in
dicators to evaluate cancer and other diseases (Beger, 2013). Previous 
studies proved that the process of carbohydrate metabolism in fish and 
shellfish was affected by toxic stress (Verma et al., 1983). In this 

Fig. 5. Heat maps of differentially expressed metabolites in rotifers in the immersion groups (IR), feeding groups (FR), and control groups (C). Red color stands for 
the upregulation, and blue for the downregulation of metabolites. 

H. Lin et al.                                                                                                                                                                                                                                      



Science of the Total Environment 905 (2023) 167063

8

research, the rotifers exposed to MeHg through directing feeding 
showed significant enrichment of the carbon metabolism pathway, L- 
Glutamate and L-Malic acid metabolites were downregulated, and L- 
Aspartic acids were upregulated, thus affecting energy production in 
rotifers. The down-regulation of amino acid metabolism is always 
accompanied by impaired protein synthesis and causes abnormalities in 
functional proteins such as neurotransmitters, hormones and enzymes 
(Li et al., 2023). Unfortunately, information about the carbohydrate 
metabolism of rotifers induced by toxic stress is quite limited. In addi
tion, glutamate is a major excitatory neurotransmitter for signaling and 
is connected with alanine, aspartate and glutamate metabolism (Duman 
et al., 2019). Furthermore, the glutamatergic neurotransmitter system is 
a major target mediating MeHg-induced neurotoxicity (Farina et al., 
2017). MeHg exposure disturbs neurotransmitter metabolites, thus 
increasing sensitivity to neurological responses. Wang et al. reported the 
regulatory role of the gut microbiota of rats in MeHg-disturbed neuro
transmitter metabolic pathways (Wang et al., 2023). The intestine of 
rotifers is involved in the absorption of nutrients, and the results showed 
that the MeHg exposed to rotifers via food intake accumulated in the 
intestine of rotifers. Thus, we speculated that the MeHg accumulated in 
the intestine of rotifers via food intake may affect the absorption of 
nutrients, further influencing the degradation of carbohydrates and the 
process of carbon metabolism in rotifers. Also, the significant enrich
ment metabolic pathways such as histidine metabolism, beta-alanine 
metabolism and pantothenate and CoA biosynthesis in rotifers were 
disturbed, given that L-aspartic acid was upregulated while other me
tabolites were downregulated in the pathways. 

The results showed that the arginine biosynthesis and metabolism 
significantly enriched rotifers in both exposure pathways to MeHg. 
Arginine plays a vital role in the metabolism of organisms and is 
involved in the synthesis of proteins in animal cells (Wu and Morris, 
1998). It has been proved that arginine can promote the growth of 
various fish species (Alam et al., 2002). Chen et al. found that arginine 
also promoted the expression of genes associated with fish growth at the 
transcriptional level (Chen et al., 2012). The metabolism of arginine is 
initiated by arginase, resulting in the production of ornithine and urea 
(Berge et al., 2002). In invertebrates, the phosphoarginine is dephos
phorylated by arginine kinas to produce arginase and a lot of ATP, which 
can provide energy for energy-consuming processes such as cell division 
and movement (Tanaka et al., 2007). The existing reports have proved 
that arginine kinase (AK) is an important indicator of stress response in 
various species (Kim et al., 2022). Previous studies have shown that the 
Daphnia magna stressed with microcystins will produce more energy to 

resist the toxin of the microcystins and improve its tolerance through the 
catalytic action of arginine kinase in D. magna (Lyu et al., 2015). Our 
results demonstrate that the MeHg exposed to rotifers by immersion and 
feeding induced the significant enrichment of arginine biosynthesis and 
metabolism pathways in rotifers. These results support the hypothesis 
that the rotifer produces more energy to counteract the toxicity of MeHg. 

5. Conclusion 

This study indicated that the accumulation of MeHg in the rotifer by 
ingestion of contaminated algae was via the mouth surrounded by the 
ciliary corona to the digestive tract. In addition, the MeHg accumulated 
in the rotifer is arduous to metabolize out of the body, thus, remaining in 
the rotifers and biomagnifying through aquatic food webs. The mercury 
can be absorbed and methylated/demethylated in the gut and cause 
intestinal microbial disorders (Tian et al., 2023). The investigation of the 
effects of mercury exposure on intestinal microbes could reveal the 
mechanism of mercury toxicity, especially the neurotoxicity of MeHg (Li 
et al., 2019). Our results suggest that changes in some metabolic path
ways in rotifers may be related to MeHg exposure in the intestine. 
However, the effects of MeHg exposure on the intestinal microbes of 
rotifers are unclear and require further studies. Taken together, our 
study revealed the distribution of MeHg in zooplankton B. plicatilis and 
promoted the understanding of the bioaccumulation process of MeHg in 
aquatic food webs. Meanwhile, the present study provided an essential 
theoretical basis for understanding the toxicity mechanisms of MeHg in 
zooplankton. 
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Abstract
Methylmercury (MeHg) readily accumulates in aquatic organisms while transferring and amplifying in the aquatic food chains. This study firstly explores the

in vivo accumulation sites and metabolic regulation of MeHg in the rotifer Brachionus plicatilis by aggregation-induced emission fluorogen (AIEgen) and

metabolomics. Fluorescent image analysis by AIEgen showed that MeHg in B. plicatilis mainly occured in the ciliary corona, esophagus, mastax, stomach

and intestine in the direct absorption group. In the other group, where B. plicatilis were indirectly supplied with MeHg via food intake, the accumulation of

MeHg in the rotifer occurred in the ciliary corona, various digestive organs, and the pedal gland. However, the MeHg accumulated in the rotifer is difficult to

metabolize outside the body. Metabolomics analysis showed that the significant enrichment of ABC transporters was induced by the direct exposure of

rotifers to dissolved MeHg. In contrast, exposure of rotifers to MeHg via food intake appeared to influence carbon, galactose, alanine, aspartate and

glutamate metabolisms. Besides, the disturbed biological pathways such as histidine metabolism, beta-alanine metabolism and pantothenate and CoA

biosynthesis in rotifers may be associated with L-aspartic acid upregulation in the feeding group. The significant enrichment of ABC transporters and

carbon metabolism in rotifers may be related to the accumulation of MeHg in the intestine of rotifers. In both pathways of MeHg exposure, the arginine

biosynthesis and metabolism of rotifers were disturbed, which may support the hypothesis that rotifers produce more energy to resist MeHg toxicity. This

study provides new insight into the accumulation and toxicity mechanisms of MeHg on marine invertebrates from the macro and micro perspectives.
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