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a b s t r a c t

Thrombosis remains a major global health concern mainly characterized by high rates of morbidity and

mortality. Animal models serve as an indispensable tool to understand the underlying pathogenesis of

thrombosis and assess the efficacy of novel antithrombotic drugs. Currently, zebrafish has emerged as a

valuable model organism for thrombosis research. However, the traditional method of studying zebrafish

thrombosis requires a laborious and time-consuming procedure, including anesthesia and manual im-

mobilization of zebrafish. In this study, based on hydrodynamic force, a lateral-immobilization zebrafish

microfluidic chip (LIZMC) was designed to evaluate the cardiovascular system of multiple larvae within a

single microscope field of view. Specifically, coupling with microscope imaging, real-time monitoring of

the peripheral blood circulation in the tail of phenylhydrazine (PHZ)-induced zebrafish thrombosis was

enabled. Furthermore, the reliability of LIZMC for in vivo evaluation of antithrombotic agents in zebrafish

was verified using aspirin. Collectively, this novel LIZMC-based system can be used for in vivo zebrafish

thrombosis studies and rapid screening of antithrombotic agents.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Thrombosis is a major trigger for death and disability world-

wide, with myocardial infarction, thromboembolic stroke, and ve-

nous thromboembolism as key thrombotic cardiovascular disease

(CVD) events [1–3]. As the population ages, the global burden of

thrombosis is likely to increase. Antithrombotic drugs can be clas-

sified into three types: antiplatelet agents, anticoagulants, and fib-

rinolytic agents [4]. Nevertheless, all antithrombotic drugs are as-

sociated with an increased risk of bleeding, especially in elderly

patients [5,6]. More studies are needed to better understand the

pathophysiology of thrombosis, as well as to discover more candi-

date agents to treat thrombosis. Therefore, the establishment and

evaluation of thrombosis model are crucial for developing safer

and more effective antithrombotic drugs.

Over the last decade, the utilization of zebrafish as a screenable

vertebrate model has revolutionized the scope of genetic investi-

gations of complex diseases, owing to its high fecundity, speedy

embryonic development, optical transparency, and extensive func-
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tional similarities with mammalian species [7–9]. Currently, sev-

eral zebrafish thrombosis models have been established, including

ferric chloride-induced, laser-induced, and phenylhydrazine (PHZ)-

induced thrombosis [10–12]. However, traditional manual methods

used for handling zebrafish exhibit instability and low throughput

[13,14]. First, the amount of tedious manual operations, such as

plate administration, anesthesia, and gel immobilization may re-

sult in low throughput and high time costs. Second, since zebrafish

larvae are transparent, it is difficult to accurately determine their

fixed position with the naked eye. Third, the use of traditional fix-

ing tools such as forceps to repeatedly adjust the zebrafish’s po-

sition may cause damage to the larvae. The advent of microfluidic

technology and the consequent emergence of “Lab-on-a-chip” tech-

nology present a promising tool for the study of zebrafish biology

[15–17]. Many microfluidic chips have been developed to study ze-

brafish development and behavior [18–20], but there is currently a

dearth of chips focused on the studies of the blood circulation in

zebrafish.

In this study, a novel lateral-immobilization zebrafish microflu-

idic chip (LIZMC) was developed for in vivo real-time monitoring

of peripheral blood circulation in the tail of zebrafish (Fig. 1). The
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Fig. 1. Structure of the zebrafish LIZMC. (A) Composition of the LIZMC: (1) indi-

vidual monomer; (2) inlet; (3) main channel; (4) head fixed chamber; (5) height

gradient area; (6) tail fixed chamber; (7) outlet. (B) An image of the LIZMC. Red

circle: outlet; Blue circle: inlet. (C) Simulation results of the flow dynamics within

a chip after larvae loading. (D) An image of ten zebrafish larvae fixed in the LIZMC.

LIZMC consists of ten channels, and achieves automated loading

and precise capturing of zebrafish larvae. The larvae at 3 days post

fertilization (dpf) can be loaded into the LIZMC and laterally im-

mobilized by fluid flow dynamics. The LIZMC is continuously per-

fused with the culture solution (or the solution containing drugs),

which is delivered by an automatic injection pump through the

shunt chip at a slow flow rate (Fig. S1 in Supporting information).

Peripheral blood circulation in the tail of zebrafish, such as ery-

throcytes and platelets aggregation, can be observed in real-time

by a microscope. This innovative system thus has potential appli-

cations for in vivo zebrafish thrombosis studies.

The LIZMC for studying the cardiovascular system of zebrafish

is composed of ten individual monomers (1) and an outlet (7), as

depicted in Fig. 1A. Each monomer is comprised of five parts: an

inlet (2), a main channel (3), a head fixed chamber (4), a height

gradient area (5), and a tail fixed chamber (6). The inlet diame-

ter of the LIZMC is 1.6mm, as indicated by the blue circle in Fig.

1B. The solution, therefore, flows out through the outlet, which is

shown by the red circle in Fig. 1B. The main channel (3) has a

width of 700μm and a height of 710μm, while the height of head

fixed chamber (4) decreases from 710μm to 270μm. Moreover, the

height of the height gradient area (5) is reduced from 270μm to

180μm, and the height of the tail fixed chamber (6) is 180μm. The

head fixed chamber, height gradient area, and tail fixed chamber

are combined to form a half-funnel shape. The overall appearance

of LIZMC resembles a spoke. The tail of the larvae firstly enters

the chip, and then the flowing solution brings the larvae lateral-

immobilized to a fixed position in the LIZMC based on the hy-

drodynamic principle and the tapered microstructure design (Fig.

1C). As a result, the tails of ten zebrafish larvae are observed un-

der the microscope (Fig. 1D). In summary, this system allows the

simultaneous processing of multiple zebrafish larvae without caus-

ing physical damage, and enables the automatic orientation and

immobilization of larvae.

In order to assess the applicability of the LIZMC, we investi-

gated the survival quality of zebrafish larvae cultured in the LIZMC.

The heartbeat of zebrafish cultured in the LIZMC for 24h was mon-

itored and analyzed (Fig. 2A). The resulting data demonstrated that

the heart rate of zebrafish cultured in the chip was approximately

175 beats/min, which was consistent with the previously reported

results for zebrafish larvae at 4 dpf [21,22]. Touch-evoked escape

Fig. 2. Evaluation of zebrafish viability in the LIZMC. (A) Heart rate detection of

zebrafish cultured in the LIZMC for 24h. Bars represented mean ± SEM. (B) Touch-

evoked responses of zebrafish cultured in the LIZMC and plates.

behaviors can be used to test the motility of zebrafish. After be-

ing cultivated in the LIZMC for 24h, zebrafish larvae swam rapidly

away from the initial position in response to touch, which was con-

sistent with the escape response of larvae cultured in plates (Fig.

2B). Moreover, the survival rate of zebrafish cultured in the LIZMC

for 48h was 100%. Therefore, the LIZMC might have no effect on

the survival quality of zebrafish and the long-term cultivation of

zebrafish larvae in LIZMC could be achieved.

Subsequently, we utilized PHZ as a thrombosis inducer to estab-

lish the zebrafish thrombosis model in the LIZMC. PHZ is known to

externalize phosphatidylserine (PS) on red cells and thrombocytes,

and generate superoxide radicals, which cause oxidative damage

to the lipid membrane of erythrocytes and thrombocytes rapidly

adhere to the endothelial surface, leading to thrombosis [10]. To

directly observe the aggregation of erythrocytes and platelets, we

used the transgenic line Tg(gata1:dsRed) and the thrombocyte-

labeling line Tg(−6.0itga2b:EGFP) to study the cardiovascular sys-

tem of zebrafish. Firstly, 3 dpf zebrafish larvae were loaded into

the LIZMC and laterally immobilized by fluid flow dynamics. Then

0.5 μmol/L PHZ solution was delivered to the LIZMC by an auto-

matic injection pump through the shunt chip with the speed of

60 μL/min. Zebrafish were cultured in the LIZMC for a duration

of 12h, and then the degree of erythrocytes aggregation and the

number of circulating platelets were detected by fluorescence mi-

croscope. Compared to the control group, the larvae treated with

0.5 μmol/L PHZ for 12h showed a significant reduction in cau-

dal blood flow (Videos S1 and S2 in Supporting information). The

accumulation of erythrocytes in the caudal vessel was observed

in the PHZ-treated group, indicating the formation of thrombosis

(Fig. 3 and Fig. S2 in Supporting information). In addition, PHZ-

treated larvae had a notable decrease in the number of circulat-

ing platelets in the peripheral blood circulation (Fig. 4, Fig. S3 and

Videos S4 and S5 in Supporting information), which was presum-

ably due to cumulative platelets attachment to injured endothe-

lial cells. To summarize, we detected that PHZ led to erythrocytes

aggregation and the reduction of circulatory platelets in zebrafish,

which was consistent with the reported literature [23]. It was pro-

posed that PHZ induced thrombosis possessed features of both ve-

nous and arterial thrombosis [23]. Based on these representative

pathological changes of thrombosis, we decided to use the LIZMC-

based PHZ-induced zebrafish thrombosis model for further study.

To evaluate whether the LIZMC-based zebrafish thrombosis

model is suitable for assessing antithrombotic agents, we con-

firmed its effectiveness with the common antithrombotic drug, as-

pirin (Asp). All zebrafish were cultured in the LIZMC for 12h with

or without drug treatment. Compared with the PHZ-treated model

group, the group of PHZ-induced zebrafish with Asp protection

showed that the accumulation of erythrocytes decreased (Fig. 3,

Fig. S2) and the caudal blood flow increased (Videos S2 and S3

in Supporting information). Moreover, the peripheral platelet cir-

culation was significantly increased following Asp treatment (Fig.

4, Fig. S3, Videos S5 and S6 in Supporting information). The above
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Fig. 3. Effect of drug treatment on the LIZMC-based PHZ-induced Tg(gata1a:DsRed)

zebrafish thrombosis model. (A) Erythrocytes in control larvae. (B) Erythrocytes in

PHZ treated larvae. (C) Erythrocytes in PHZ treated larvae with Asp protection. (D)

Quantification analysis of the intensity of aggregated erythrocytes. Aggregated ery-

throcytes were circled in white. Bars represented mean ± SEM, n=10. ##P < 0.01.
∗∗∗∗P < 0.0001.

Fig. 4. Effect of drug treatment on the LIZMC-based PHZ-induced

Tg(−6.0itga2b:EGFP) zebrafish thrombosis model. (A) Platelets circulation in

control larvae. (B) Platelets circulation in PHZ treated larvae. (C) Platelets circu-

lation in PHZ treated larvae with Asp protection. (D) Quantification analysis of

circulating platelets. White arrows point to circulating platelets. Bars represent

mean ± SEM, n=10. ##P < 0.01, ∗∗∗∗P < 0.0001.

results validated that Asp protection significantly restored the cir-

culation of erythrocytes and platelets in PHZ-treated zebrafish, and

inhibited the endogenous thrombus formation, which were consis-

tent with the reported literatures [23,24]. Overall, our findings sug-

gested that the LIZMC-based system could be a powerful tool for

assessment of antithrombotic agents.

In this study, taking advantage of microfluidics technology, we

developed a novel system for real-time monitoring of peripheral

Fig. 5. Advantages of the LIZMC-based method compared to the traditional method.

blood circulation in the tail of zebrafish, as well as the evaluation

of antithrombotic agents. In comparison to traditional experimen-

tal methods, the LIZMC-based PHZ-induced zebrafish thrombosis

model has several advantages (Fig. 5): (1) It is simple and easy op-

eration without plate administration, anesthesia and agarose im-

mobilization procedures. (2) It is time-saving to immobilize ze-

brafish. The immobilization time of one zebrafish larva using the

LIZMC is approximately 2min, however, the traditional method

probably needs 25min to complete the fixation of one zebrafish

larva. (3) It achieves automated loading and lateral fixation of ze-

brafish larvae, which is beneficial for observation of tail peripheral

blood circulation. (4) It can be used to real-time monitor periph-

eral blood circulation in the tail of zebrafish and evaluate the car-

diovascular system of multiple larvae within a single microscope

field of view.
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