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Abbreviations
bpm: Beats per minute
dpf: Days post fertilization
FBF: Fin beat frequency
FOV: Field of view
HR: Heart rate
TL: Tupfel long fin

Abstract
Multi-phenotypic screening of multiple zebrafish larvae plays an important role in enhancing the quality and speed of biological assays. Many microfluidic devices have been presented for zebrafish phenotypic assays, but multi-organ screening of multiple larvae, from different needed orientations, in a single device that can enable rapid and large-sample testing is yet to be achieved. Here, we propose a multi-phenotypic quadruple-fish microfluidic chip for simultaneous monitoring of fin movement and heart activity of 5–7-day postfertilization zebrafish larvae trapped in the chip. In each experiment, fin movements of four larvae were quantified in the dorsal view in terms of fin beat frequency (FBF). Positioning of four optical prisms next to the traps provided the lateral views of the four larvae and enabled heart rate (HR) monitoring. The device’s functionality in chemical testing was validated by assessing the impacts of ethanol on heart and fin activities. Larvae treated with 3% ethanol displayed a significant drop of 13.2% and 35.8% in HR and FBF, respectively. Subsequent tests with cadmium chloride highlighted the novel application of our device for screening the effect of heavy metals on cardiac and respiratory function at the same time. Exposure to 5 g/L cadmium chloride revealed a significant increase of 8.2% and 39.2% in HR and FBF, respectively. The device can be employed to improve quantitative multi-phenotypic screening of zebrafish larvae in response to chemical stimuli in various chemical screening assays, in applications such as ecotoxicology and drug discovery.
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1. Introduction
The use of model organisms is essential in drug discovery and chemical toxicity screening[1–4]. Zebrafish larvae have become a popular model as it offers the biological complexity of in-vivo models with a similar nervous system to humans, particularly the respiratory neural network[5–8]. Previous studies have examined respiratory function in adult fish, with less information available for the larval stage[9,10]. The respiratory physiology of zebrafish larvae is fundamentally different from that of adults. It has been proposed that the pectoral fins generate a water current over zebrafish larvae skin surfaces and serve a respiratory role in the larval stage[11–14]. Using dye-based flow visualization and computational fluid dynamics, Green et al demonstrated the role of pectoral fins in exchanging distant oxygen-rich water with oxygen-depleted fluid near the larvae body[12,14]. They showed that the fins functioned in respiration and hypoxia resulted in increased pectoral fin movement, consistent with the data reported by Jones et al[13]. Although the role of pectoral fin movement in respiration has been already revealed[11–14], not much has been done to find a convenient method for studying and quantifying zebrafish pectoral fin movement. 
Microfluidic devices have emerged as promising testing platforms to overcome the limitations of conventional methods such as possible damage to fish. Previously, many microfluidic devices have been developed to facilitate biological assays on zebrafish larvae by enabling manipulation, immobilization, and analysis of different phenotypes[15–18]. These studies gather information about zebrafish larvae’s behavioral[19–29] and neural[26,30,31] activities in controlled microenvironments. For example, Wang et al. investigated the effects of food additives Brilliant Blue FCF and Cochineal Red on zebrafish cardiovascular and pectoral fin functionality[32]. Zebrafish were individually immobilized in a microchannel to obtain a clear image of the heartbeat. They reported a direct correlation between zebrafish age and heart rate (HR) and an overall increased HR upon continuous food additive treatment. Zebrafish swimming behavior was also studied in terms of pectoral fin beating by using a hydrodynamic test and visualizing the induced flow field. Without the additive treatment, a forward vortex flow was generated around the pectoral fin region, while, after pectoral fin recovery, the vortex was generated above the pectoral fins. Also, at 6 dpf zebrafish fins exposed to Cochineal Red additives produced relatively smaller circulation flux as compared to the untreated zebrafish. Subendran et al. also designed a microfluidic device for a single zebrafish with different sections of the device dedicated to different phenotypes, forming a loop[33]. Their chip consisted of three separate imaging sections to monitor zebrafish vasculature, heart and pectoral fin beating. A hydrodynamic pressure control in conjunction with the visual cues generated by moving gratings was used for positioning zebrafish in each of the three parts for screening. Their results demonstrated an obvious downward trend in the HR upon exposure to ethanol and caffeine. However, an age-dependent impact was observed on the FBF after treatment with the same chemicals. Additional design modifications would be required to provide simultaneous imaging of multiple phenotypes.
Previous studies examining the heart and fin activity of zebrafish help identify key aspects for improvement. Fin immobilization, repositioning, and reorienting of larvae in different traps for imaging may have detrimental effects on the fin beat frequency (FBF). Simultaneous imaging can also offer more efficient screening for applications including drug discovery and toxicology that require large sample sizes. 
To address these gaps, the first goal of this work was to introduce a novel microfluidic platform for monitoring and quantitative analysis of both HR and pectoral fin movement of multiple zebrafish larvae simultaneously without the need for repositioning. This also provides valuable insights regarding fin movement as an indicator of their respiratory system functionality. The lack of multi-orientation imaging techniques has made zebrafish multi-phenotypic assays challenging. To address this challenge, we used the design principles of a bi-directional single-fish device previously reported by us[25] and added another technical functionality to our chip to monitor both fin and heart activities in a single device without relocating the larvae. The core components of the proposed system were an optical prism integrated into the microfluidic chip to enable side imaging of zebrafish larvae and the trapping region (TR). 
The second research goal addressed the need for multi-fish multi-phenotypic screening in a single microfluidic platform. We subsequently monitored the HR and FBF of zebrafish larvae in response to ethanol to confirm the applicability of our device in multi-phenotypic chemical screening. We also, for the first time, monitored the effect of cadmium chloride on both heart and fin activity of zebrafish larvae in our device. These results show that the proposed device is capable of being applied to study multiple phenotypes, simultaneously. Ultimately, this facilitates chemical screening with zebrafish larvae by decreasing the time required for toxicity assays.


2. Materials and Methods
2.1. Zebrafish Care and Chemical Exposure
	All experiments carefully followed the required guidelines set out by the Canadian Council for Animal Care (CCAC), based on Animal Care Committee (ACC) protocol GZ 2020-7 R3 and York University Biosafety Permit PR 02-19. The fish used in experiments were Tupfel long fin (TL) larvae at 5-7 days post fertilization (dpf). Fish were kept in a swimming media composed of egg water, a solution with a concentration of 60 mg/ml instant ocean sea salt (Instant Ocean, Blacksburg, USA), and 0.1% methylene blue (m291-100 Fisher Scientific, USA).  The temperature was maintained at 28°C and a light to dark cycle of 14:10 hours was used during the growth phase.
Fish were divided into several groups to generate sample sizes of 15 fish per condition to study the effects of 3% ethanol and 5g/L cadmium chloride (called cadmium from here on for simplicity) on fin and heart activity. All exposures were done off-chip, with all larvae in each category exposed to a specific test chemical and washed off at the same time. A total of 5 embryos per well were placed in a 12-well plate, with each well containing 3 ml of the prepared solution.
All chemical compounds were obtained from Sigma-Aldrich (St. Louis, MO, USA) and mixed with deionized (DI) water to produce the desired stock concentrations. 
2.2. Microfluidic Devices 
	The two microfluidic devices in this paper, one for single-larva and one for four-larvae studies, were modeled using SolidWorks software (SolidWorks Corp., USA). Fig. 1A and 1C show the single fish and quadruple-fish mold designs with the prisms and grooves integrated into the final design with key features including the inlets, outlets and larva TRs.
	The single-fish device in Fig. 1A and 1B was made up of two polydimethylsiloxane (PDMS) layers with the inlet, outlet, TR and chemical exposure channels in the top layer and a groove for implementing the prism in the bottom layer. Initially designing a device for single-fish analysis provided a proof of concept for simultaneous fin and heart imaging. This also enabled compact designs for rapid iteration and modification through decreased printing time for the molds. The shape and dimensions of the screening pool and trap ensured that the fish was not harmed and no constraints were imposed on the upper half of the fish that could possibly limit the fin movement.
The design configuration was then expanded to develop a device for partial immobilization and heart and fin screening of four zebrafish larvae in parallel. The design was restricted by our microscope’s field of view (FOV) and the space needed for the prisms needed for side imaging of the heart. The final quadruple-fish device (Fig. 1C and 1D) consisted of two layers with many inherited components from the initial single fish design. The fabrication process followed the same procedure with features such as the alignment pillar aiding in ensuring the channels were the correct distance from the grooves in the bottom layer, to provide both lateral and dorsal views as shown in Fig. 1D). The final device successfully enabled imaging of four fish simultaneously facilitating fin and cardiac observation.
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[bookmark: _Ref83597601]Fig. 1. Microfluidic devices and experimental setup for screening the fin and heart activities of semi-immobilized 5-7 dpf zebrafish larva. A) The single-fish screening device consisted of an inlet, outlets, a larva trapping region (TR), valve channel and optional chemical exposure channel. B) Close-up view of a larva trapped in the TR of the single-fish device with both the dorsal and lateral views of the fish shown. C) The quadruple-fish device consisted of inlets, outlets, larvae TRs, valve channel, prisms and grooves. D) Close-up view of larvae trapped in the TRs in the quadruple-fish device with all four lateral and dorsal views visible. E) Experimental setup to test microfluidic devices for behavioural screening of zebrafish larvae, with the main equipment including two syringe pumps, a stereomicroscope and a computer. 
Negative replication molds of the devices were drawn in SolidWorks and printed using a Projet MJP 3600 MAX printer (3D Systems., Rock Hill, USA). PDMS was cast on the 3D-printed replica molds with a prepolymer ratio of 10:1 for the base to curing agent. The mixture was thoroughly mixed for approximately two minutes before being degassed to remove air bubbles for half an hour in a vacuum chamber. Both the top and bottom molds were cleaned and air dried before pouring the PDMS polymer. The molds were then left on a hotplate set to 60°C for approximately 6 hours. After solidifying, the layers were removed from the molds and plasma bonded (PDC-001-HP, Harrick Plasma, USA). To achieve dual-view imaging of four larvae at the same time, the difference between the focal lengths of the dorsal and lateral optical paths had to be compensated. An 8 mm compensating layer was placed over prisms to account for differences in the optical path length between the lateral and dorsal views of the device. The thickness of this layer was obtained using the Snell’s law of refraction[25].
2.3. Experimental Setup and Procedure
	The experimental setup shown in Fig. 1E included a Leica upright microscope (Stereomicroscope Leica MZ10F, Singapore) and a digital C-mount camera (GS3-U3-23S6M-C, Point Grey Research Inc., Canada) for imaging the trapped larvae in the devices (Fig. 1B and 1D). The microfluidic devices were positioned under the microscope with the fish traps in the FOV. Two syringe pumps (LEGATO 111, KD Scientific Inc., USA) were connected to the device to lead the larvae from the inlets. 
	An experiment involved loading, immobilizing, imaging, and removing the larvae from the device. For loading, one or two zebrafish larvae were loaded into the inlets of the single-fish or quadruple-fish devices, respectively. The syringe pump was then used to apply a flow rate of 1 ml/min so that rheotaxis ensured the larvae were directed towards the TRs in a tail-first orientation for most of the trials[20]. All larvae were partially immobilized by the tail while their heads were free to move to allow for unrestricted fin movement as seen in Fig. 1B and 1D. A 60 s acclimatization period was provided to enable the fish to recuperate the following loading and adjust to the device conditions. During this time, either no or a few random fin movements were observed. 
To evaluate the functionality of our devices, 15 fish were tested in both single- and quadruple-fish devices. Then, the loading and testing time per fish as well as orientation efficiency of each design was calculated using Eq. (1), (2) and (3) to provide an understanding of the new design strengths and deficiencies. 
    (1)
                (2)
                         (3)
Following the loading and immobilization stages, the FBF and HR were recorded in a video for 60 s, at a frame rate of 30 fps, before opening the fish outlet and removing the larvae from the device. To remove the fish, the syringe pump was run in reverse to pull the fish back into the inlet tube before opening the fish outlet valve and redirecting the flow to push them out. Recordings were used to find the FBF and HR of zebrafish larvae (Eq. 4 and 5) to characterize the fin and heart movement. Lastly, the data yielded from recordings were further analyzed using statistical analysis discussed below.
                                         (4)
                                                                      (5)
To assess the effects of the loading and immobilization technique on the zebrafish heart and fin activity, we compared the HR and FBF of 7 dpf zebrafish immobilized in the quadruple-fish device with that of off-chip larvae, first without any chemical stimulation. In our off-chip assay, a larva was surrounded by a water drop on a microscope glass slide. A plastic pipette was used to control zebrafish larva’s position and orient it dorsally for FBF recording while we held a prism beside the larva to reflect the optical path of the side view 90 upward for HR screening. 
2.4. Numerical Model
The model of the final device was created using SolidWorks (Solid-Works Corp., USA) and imported into COMSOL Multiphysics (COMSOL Inc., Sweden) for 3D simulations of the device. Simulations were conducted to check the flow patterns within the device. This information can be used to determine if the maximum shear stress value experienced by fish was below the level that would cause injury. The modelling software, SolidWorks, was used to remove the walls of the mold to produce a model of only the microchannels including the TRs, inlet and outlet reservoirs.
The laminar flow module in COMSOL was applied to better comprehend the fluid flow behavior. Both loading and unloading flow patterns were analyzed. The relevant boundary, initial and material conditions were inputted into COMSOL. The program works by discretizing the domain of interest, the microchannel network, and solving the Navier-Stokes (Eq. 6) and the continuity (Eq. 7) equations. To reduce the computational cost, only one side of the device (2 TRs) was considered. The fluid was defined as water and assumed to be incompressible and Newtonian.
 			(6)
 						(7)
The variables u, p, ρ, and μ are the velocity vector, pressure, density, and dynamic viscosity, respectively. An inlet flow rate of 1 ml/min and an indirect flow rate of 0.8 ml/min was inputted to reflect the values used during the experiments. The inlets were described in terms of volumetric flow rates, while the outlets were set to atmospheric pressure. The media was defined as water and a no-slip condition was added to all channel walls. Mesh independency was also checked for flow simulations to ensure accuracy as described in the Supplementary File section S4.
2.5. Viability Test
	The quadruple-fish device was tested to ensure that the fish were not injured through the loading process and by the device itself. The viability study followed the procedure outlined by Peimani et al.[22]. The analysis focused on both morphology and survival to determine if there were any acute or chronic effects as a result of trapping the fish within the device. Two groups of larvae were tested (N=15 fish in three independent trials), including a reference group that was not loaded into the device and a control group with larvae trapped and kept in the device for 120 s. For measuring survival and morphological impacts, the control group was removed from the device via the fish outlets. This technique avoided placing undue stress on the larvae by pushing them through the narrow TR section of the device designed to immobilize the tail section of each larva. The larvae’s viability and morphology were then observed daily over a span of 10 days. Morphology analyses included craniofacial abnormalities and bending indicating scoliosis, kyphosis, and lordosis[34,35].
2.6. Data Analysis
	Statistical methods were applied to discern the significance of trends observed and ensure accurate interpretation of the results. Data in this study were represented using either bar or box plots with box plots depicting the mean, median, and 25% and 75% percentiles. All reported error values refer to the Standard Error of the Mean (SEM). Various statistical tests such as the Kaplan-Meier, Shapiro-Wilk, Mann-Whitney U, two-tailed student’s t-test, and power analysis (upper limit of 0.05, significance level of 80%) were conducted for survival, normality, significant difference, and extracting the sample size, respectively.

3. Results and Discussion 
3.1. Numerical Analysis of the Quadruple-Fish Device
The quadruple-fish design was further analysed using flow simulations to ensure similar fluidic conditions for all fish trapped in the TRs. For details on the model and mesh independency, please refer to Section 2.4 and the Supplementary file Section S4, respectively. The results for shear, pressure and velocity were the same in each of the TRs due to symmetry.
The maximum shear stress values experienced by the fish were found to be 20 Pa and 25 Pa during loading and unloading respectively. These values were located at the beginning of the narrow tail TR (Supplementary Fig. S2). Previous studies done by Ulanowicz and Morgan have determined how various fish species are impacted by shear stress at different developmental stages. The maximum threshold to avoid injury in larval fish was reported to be approximately 45 Pa[36,37]. This is far greater than the highest value experienced by the fish within the device. The maximum shear stress values in the device are considerably higher, as shown in Supplementary Fig. S2. This maximum value occurs at the end of the narrow tail trap section, beyond the extent of the fish tail. Therefore, these values are not concerning for the overall health of the fish. The shear stress is also indicative of the velocity gradient at the wall as the two values are related through viscosity. 
The pressure contour displayed in Supplementary Fig. S3 demonstrates how the flow pushes the larvae into the TRs. All TRs had similar pressure drops due to the symmetry present in the geometry. 
3.2. Performance Evaluation of Quadruple-Fish Device
The proposed single fish device in Fig. 1A-1B was proved to be effective in trapping and screening the fin and heart activities of zebrafish larvae. The TR shape shown in Fig. 1B enabled the tail to be securely immobilized while the fins were free to move. It took several design iterations to determine the TR dimensions such that the fins would not hit the sides of the TR and the fish would not readily rotate during loading. Key final dimensions are presented in Supplementary Fig. S1. It was also important that the tail trap did not impact the fish viability, as discussed in the methods section. The distance between the trap and the prism was also determined through various design iterations on the single-fish device. The distance had to enable the lateral and dorsal views to appear in the microscope’s FOV at the highest magnification possible, without any fluid leaking during the larva loading process. After initial testing with the single-fish device, its configuration was expanded to develop the quadruple-fish device (Fig. 1C-1D), restricted by our microscope’s FOV and the space required for the prisms employed for lateral imaging of the heart. Various designs were considered to minimize the footprint of the design to enable imaging at higher magnification while facilitating loading multiple fish.
We evaluated the functionality of our quadruple-fish design through quantitative comparison of single- and quadruple-fish devices in terms of loading time per fish, testing time per fish and orientation efficiency. The loading times per fish were 30±3 s and 6.2±0.9 s for the two designs, respectively (Fig. 2A), with a significant decrease observed when we moved from single- to quadruple-fish device (Mann-Whitney U test, p-value <0.001). To assess the competitive value of quadruple- over single-fish device, the total testing time per fish in each device was calculated and compared in Fig. 2B. An approximate 76% reduction of testing time in the quadruple-fish device compared to the single-fish device (Mann-Whitney U test, p-value <0.001) clearly demonstrates its advantage when aiming to facilitate faster experimentations.
Comparing the orientation efficiencies revealed a statistical similarity between the two designs which could be expected as the same trap design and loading strategy were used in both devices (Fig. 2C).
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[bookmark: _Ref83597975]Fig. 2. Performance comparison of single- and quadruple- fish devices, showing the A) loading time per fish, B) testing time per fish, and C) orientation efficiencies. Error bars are SEM. ***: p < 0.001. Five larvae per experimental condition in three independent trials were used, for a total N = 15 zebrafish larvae.
[bookmark: _Hlk74643699]We also assessed the viability and morphological abnormality of zebrafish larvae trapped in our quadruple-fish device to ensure that the proposed platform would have no significant impact on the zebrafish. Two groups of 15 larvae including a reference group (maintained off-chip) and a control group (exposed to device) were tested. During the 10 days of post-experimental screening, the probability of survival of both groups were similar (Fig. 3A, Kaplan-Meier test, p-value > 0.05). More than 86% of the fish exposed to the device did not show any abnormal morphology that was statistically similar to the reference group with reported normal morphology of 93% (Fig. 3B, Mann-Whitney U test, p-value > 0.05). Therefore, we found out that the device did not have any significant effect on the zebrafish larvae in the quadruple-fish device. 
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[bookmark: _Ref80193673]Fig. 3. Survival and morphological abnormality of 7 dpf zebrafish larvae tested in the quadruple-fish device and then monitored off-chip for 10 days. Five larvae per experimental condition in three independent trials were used, for a total N = 15 zebrafish larvae. A) Survivability and B) probability of survival (Kaplan-Meier test) of zebrafish larvae trapped in the device for 120 s (control group) compared to that of the fish that were not exposed to the device (reference group). C) Morphological abnormality of the above-mentioned zebrafish larvae during 10 days of observation after experiments (Mann-Whitney U test).
3.3. FBF and HR Screening of Zebrafish Larvae in the Quadruple-Fish Microfluidic Device
To evaluate the effects of the loading and trapping conditions on the zebrafish heart and fin activities, we compared the HR and FBF of 7 dpf zebrafish immobilized in the quadruple-fish device with that of zebrafish larvae tested off-chip in droplets, first without any chemical stimulation. As shown in Fig. 4, the mean HRs and FBFs of zebrafish larvae were 167.3±5.1 bpm and 3.1±0.3 Hz for on-chip larvae, respectively, while these values were 176.2±4.1 bpm and 2.4±0.4 Hz for the off-chip assays. The results revealed that the device did not have a significant adverse effect on the HR and FBF of larvae (Mann-Whitney U test, p-value>0.05). However, the random orientation and active swimming of zebrafish larvae off-chip imposed a significant challenge to immobilize them for heart and fin imaging in the droplet. 

[image: ]
[bookmark: _Ref86397797]Fig. 4. HR and FBF of control zebrafish larvae were tested off-chip in droplets compared with on-chip using the quadruple-fish microfluidic device. The lines within the boxes mark the median HRs and FBFs, lower and upper boundaries are the 25th and 75th percentile HRs and FBFs, and whiskers are the minimum and maximum HRs and FBFs. Five larvae per experimental condition in three independent trials were used, for a total N = 15 zebrafish larvae.
The data presented for the HR of unexposed larvae tested on-chip in Fig. 4A matched the values previously reported for 7 dpf larvae[25,38,39], further verifying that our microfluidic device did not affect the heart activity of the untreated zebrafish larvae. The FBF of zebrafish larvae obtained in our quadruple microfluidic device was consistent with the data previously published for 7 dpf larvae placed in glass microcapillary tubes in normoxia condition[40]. 
[bookmark: _Hlk88741107]Our data also had mismatches with some values reported in the literature. For example, the HR and FBF of zebrafish larvae oriented dorsally and laterally for imaging in two different microfluidic chips[24] were 18% and 88% lower than the HR and FBF values obtained for larvae trapped in our quadruple-fish chip, respectively. These differences may be attributed to the specific design of the microfluidic device in [24] with a constricted area around the fin that limits fin movement. The HR and FBF reported by Subendran et al [33] was 27% and 95% higher than the values recorded for larvae in our quadruple-fish device, respectively.  This difference might be due to the stress induced by hydromechanical and light stimuli used in their experiments to transport and immobilize the larvae.
We then evaluated the suitability of our device for screening the HR and FBF of larvae treated with chemicals while immobilized dorsally on the chip. First, we validated our device with ethanol because its effect on the HR and FBF of zebrafish larvae has been studied for 7 dpf zebrafish larvae [24,25,33]. The larvae were treated with 3% ethanol for 8 min and their HR and FBF were monitored in our quadruple-fish microfluidic device. As shown in Fig. 5, exposure to ethanol caused a significant drop in zebrafish larvae’s HR and FBF, from 177.8 ± 1.7 bpm and 3.3 ± 0.3 Hz to 157.8 ± 3.9 bpm and 2.1 ± 0.3 Hz, respectively (two-tailed student’s t-test, p-value<0.01). 
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[bookmark: _Ref81261084]Fig. 5. HR and FBF of control zebrafish larvae compared with those exposed to 3% ethanol. The lines within the boxes mark the median HR and FBFs, lower and upper boundaries are the 25th and 75th percentile HR and FBFs and whiskers are the minimum and maximum HR and FBFs. Five larvae per experimental condition in three independent trials were used, for a total N = 15 zebrafish larvae.
The HR and FBF reduction in Fig. 5, which might be attributed to the ethanol-induced cardiac arrhythmias[24] and oxygen consumption inhibition[41], was consistent with the data reported previously[24,33,42–45]. However, for larvae treated with 3% ethanol, the HR and FBF of zebrafish larvae trapped sideways in a microfluidic device presented by Lin et al.[24] were 45% and 95% lower than our HR and FBF values in the quadruple-fish chip, respectively. This difference might be due to the abnormal orientation of zebrafish larvae in their device. The HR and FBF of 7 dpf larvae obtained by Subendran et al.[33] were also 21% and 89% higher than the HR and FBF observed in our microfluidic device, respectively. The heightened response might have been due to the light and hydromechanical stimuli used in their chip to transport and immobilize zebrafish larvae and evoke behavioral responses.  Overall, the results reported above verify that our quadruple fish device could be used for HR and FBF monitoring of chemically treated larvae. Our proposed platform eliminates the need for laborious and time-consuming pipette-based manipulation and offers an increase in the sample size.
3.4. Cadmium Exposure Is Associated with Cardiac and Respiratory Function Impairment
After characterizing the performance of our multi-phenotypic screening quadruple-fish device, we became interested in applying our platform in screening the unknown effects of cadmium on heart and fin activities of zebrafish larvae. Cadmium is one of the most common heavy metals found in wastewater and one of the most toxic heavy metals, according to The Agency for Toxic Substances and Disease Registry (ATSDR) ranking, which causes risks to the environment and human health[46–48]. It is well recognized for its adverse effect on the enzymatic systems of cells and oxidative stress[49]. Cadmium easily forms salts and dissolves in water[48]. Cadmium contamination of fresh and salt waters is considered a threat to the aquatic environment and can cause adverse effects on the growth, metabolism, activity and reproduction of organisms[50–52]. Some recent studies have shown the toxic effect of cadmium on zebrafish developmental, cardiovascular, behavioral and neural processes[53–62]. Still, the impact of cadmium on the fin motion of zebrafish is not known.
We demonstrated the adverse effect of cadmium on the HR and FBF of zebrafish larvae in the same chip. Exposure to 5g/L cadmium was done at 3 dpf for 72 hrs[61]. The post-exposure HR of 6 dpf larvae was compared with an unexposed control group. As shown in Fig. 6A, exposure to cadmium significantly increased the HR of zebrafish larvae from 167.3 ± 5.1 bpm to 181.1 ± 2.0 bpm (two-tailed student’s t-test, p-value<0.05). The increase in the HR upon exposure to cadmium was consistent with the results previously presented by Risnawati et al[62]. It is thought that cadmium can induce oxidative stress mediated by Reactive Oxygen Species (ROS) and ultimately increase the HR[63,64]. We also monitored the FBF of larvae treated with cadmium and compared the data with a control group. Exposure to cadmium resulted in a significant rise in zebrafish larvae’s FBF from 3.3 ± 0.3 Hz to 4.6 ± 0.5 Hz (Fig. 6B). Although no data has been reported in the literature for the FBF of zebrafish larvae exposed to cadmium, this chemical appeared to impair the respiratory system of adult zebrafish[60]. Considering the respiratory role of pectoral fins[11–14], the phenomenon of increased FBF shown in our study may reflect the larvae’s attempt to uptake more oxygen to meet energy needs.
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[bookmark: _Ref86398190]Fig. 6. HR and FBF of control zebrafish larvae compared with those exposed to 5 µg/L of cadmium. The lines within the boxes mark the median HR and FBFs, lower and upper boundaries are the 25th and 75th percentile HR and FBFs and whiskers are the minimum and maximum HR and FBFs. Five larvae per experimental condition in three independent trials were used, for a total N = 15 zebrafish larvae.
The proposed quadruple-fish platform with capability of testing 15 zebrafish larvae in less than 10 min enables fast and efficient multi-phenotypic screening, so holding potential in the fields of neurobehavioral research for toxicology and drug discovery studies. 

4. Conclusion
A novel multi-phenotypic quadruple-fish microfluidic platform was developed for immobilization and bi-directional imaging of multiple 5–7-dpf zebrafish larvae. The integration of four prisms with the microfluidic device enabled bi-directional imaging of larvae and eliminated the need for reorienting the larvae in the dorsal or lateral directions. Simulations were utilized to ensure that the device was suitable for behavioral screening. Using this device, we tail-immobilized four zebrafish larvae, screened the heart and fin activities of zebrafish larvae and quantified their HR and FBF. The effect of ethanol and cadmium on zebrafish HR and FBF was investigated. Taking advantage of our microfluidic platform in heart and fin screening, we investigated the cardiac and respiratory system dysfunctions induced by ethanol and cadmium. Our experiments demonstrated a significant decrease in zebrafish HR and FBF upon exposure to ethanol which might be attributed to the ethanol-induced cardiac arrhythmias and oxygen consumption inhibition. Treatment with cadmium, however, increased both HR and FBF of larvae. The increase in HR might be as a result of induced oxidative stress. The FBF increase might also be a sign of respiratory system impairment similar to what has already been reported for adult zebrafish. 
The proposed outcomes revealed that our technique is applicable and sensitive enough to be employed for heart and fin activity screening of zebrafish larvae. Further research opportunities may involve increasing the throughput of the device and automating the loading process. The proposed design can be particularly useful in a wide range of microfluidic applications such as on a chip multi-organ imaging on and multi-phenotypic toxicological studies and chemical screening assays.
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