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Seeking potential toxic and side effects for clinically available drugs is consider-
ably beneficial in pharmaceutical safety evaluation. In this article, the authors de-
veloped an integrated microfluidic array system for phenotype-based evaluation of
toxic and teratogenic potentials of clinical drugs by using zebrafish (Danio rerio)
embryos as organism models. The microfluidic chip consists of a concentration
gradient generator from upstream and an array of open embryonic culture structures
by offering continuous stimulation in gradients and providing guiding, cultivation
and exposure to the embryos, respectively. The open culture reservoirs are ame-
nable to long-term embryonic culturing. Gradient test substances were delivered in
a continuous or a developmental stage-specific manner, to induce embryos to gen-
erate dynamic developmental toxicity and teratogenicity. Developmental toxicity of
doxorubicin on zebrafish eggs were quantitatively assessed via heart rate, and tera-
tological effects were characterized by pericardial impairment, tail fin, notochord,
and SV-BA distance /body length. By scoring the teratogenic severity, we precisely
evaluated the time- and dose-dependent damage on the chemical-exposed embryos.
The simple and easily operated method presented herein demonstrates that ze-
brafish embryo-based pharmaceutic assessment could be performed using micro-
fluidic systems and holds a great potential in high-throughput screening for new
compounds at single animal resolution. © 2011 American Institute of Physics.
[doi:10.1063/1.3605509]

I. INTRODUCTION

The zebrafish (Danio rerio), as a well-established model organism in developmental biology,
holds great promise for studying in vivo effects of drugs or toxic substances on single individuals.'
Historically, zebrafish have been used for evaluating the toxicity and teratogenicity of agrochemi-
cal and environmental agents.2 But now, their application in toxic assessment of pharmaceutics
and high-throughput drug screening has been earnestly pursued.S’4 Accordingly, the zebrafish can
be selected as a relevant whole-organism model to perform phenotype-based screenings due in
part to its morphological and physiological similarity to mammals.*

The embryos, as the early life stage of zebrafish, are particularly susceptible to chemicals, and
they are the most inaccessible in the conventional mammalian models for toxic assessment.’
Recently, increasing attention has been paid to the zebrafish embryos because of their remarkable
merits including the transparent trait, large numbers in a clutch, cost effectiveness, and lacking
ethical concerns due to immature perception of pain comparable to adults. For these reasons,
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embryonic zebrafish is a desirable alternative as a whole-organism model to screen new com-
pounds or to evaluate clinical drugs, regardless of the specific therapeutical targets.

Unfortunately, several concerns with static exposure to zebrafish eggs limit their promise for
application in toxic and teratogenic evaluation. One typical problem is the irreversibly gradual
reduction of the exposed solution because of evaporation and nonselective adsorption, which lead
to uncontrolled changes of concentration and pH of the original solution. To address this problem,
a modified 24-well microplate based flow-through system has been developed that can alleviate
but do not totally eliminate the issue.’ Regrettably, this method brings another obstacle that it
would deplete large volumes of solutions, which is neither environment friendly nor inexpensive,
especially for the toxic or rare test substances. In addition, precise manipulation and serial dilution
of chemicals are technically infeasible and labor-intensive to microwell-based analysis in common
laboratories. Therefore, there is a great need to establish a facile and multifunctionally integrated
platform for pharmaceutic toxical evaluation using a whole-organism model. The platform cannot
only reduce the undesirable surface fouling, slow down or stop the evaporation, but form and
guide small volumes of stimuli on demand.

Microfluidic technology has a great potential to meet the requirements. Currently, microflu-
idics have proven to be a highly effective way to connect life science with the micro- and
nanoworld due mainly to the flexibility of microchannel networks and the integration of varied
functional elements.”® To date, a number of biomedical application, such as cell-based investiga-
tion, in particular, cell cultivation and proliferation has been shown to great success relied on
microfluidic Chip.9’10 Apart from Cells,llf13 embryos,M*18 nf:matodes,lgf22 and tissues,23’24 all have
realized on-chip cultivation or manipulation. However, the microscale channels fail to easily
handle the multicellular organism of large size, such as zebrafish embryos, which might obscure
their promise of application in compound-related toxicity and teratogenicity assay. Recently, there
has been a trend for zebrafish-related study turning to lab-on-a-chip, such as high-efficient em-
bryonic microinjection,25 high-throughput embryonic droplets generation,% and digital transpor-
tation of droplet encapsulated embryo,27 ranging from dynamic manipulation to static stimulation
by electroporation28 and microfluids.”> However, the microscale droplet is ill suited for long-time
culture of embryos, particularly in small-size segrnents,26 and the autocrine or paracrine may affect
their normal development. Although the on-chip research for zebrafish (embryos) have been suc-
cessfully performed, their significant application in drug discovery and toxic assessment are still
limited, and the corresponding technical challenges also exist.

In this work, we describe a phenotype-based whole-organism model to evaluate the develop-
mental toxicity and teratogenicity of drugs induced zebrafish embryos using an integrated array
microfluidic device. By incorporating a concentration gradient generator and arrayed embryonic
culture chambers into a single three-layer microdevice, the gradient and continuous exposure for
fish eggs can be realized. This microfluidic system not only continually delivers test substances
but also allows sufficient flowing streams to compensate for the lose of evaporation and nonspe-
cific adsorption and to properly remove the harmful excretive waste and metabolite within long
periods. Also, the reusable glass chip with natural hydrophilicity can effectively reduce the non-
selective adsorption and eliminate evaporation in microchannel area. The method presented here
can bridge the gap between animal model and the complex microscale stimulation, which permits
a whole-organism-level way to assess the clinically available drugs by scoring teratogenic severity.
The simple characterization provides a better understanding how the test substances induce the
developmental malformations by monitoring the sensitive tissues in a continuous or a stage-
specific exposure manner. The integrated microfluidic system should be useful in phenotype-based
pharmaceutical evaluation via easy operation, thus holds great promise in high-throughput toxicant
and drug screening.

Il. EXPERIMENT
A. Design and fabrication of microfluidic device

The microfluidic chip consisted of a slide of top glass plate etched with a concentration
gradient generator (CGG) and a middle plate containing an array of independent embryonic
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FIG. 1. Schematic of an integrated microfluidic chip for embryonic zebrafish assay. (a) A three-layer microfluidic chip: a
top plate with a concentration gradient generator (CGG) and embryonic inlet array, a middle plate with a set of independent
array chambers (1-7) for embryo culturing, and a bottom layer. (b) The assembled microfuidic device, with two inlets of
solution (medium and drug+medium), used to generate drug gradients, in order, from chambers 1 (high) to 7 (low), and
then exposure to the embryos trapped in the culture rooms. (c) Magnified section of a single chamber structure including
an embryo inlet from the device upper layer, and a culture compartment containing several embryos, sandwiched between
inlet and bottom plate, with connection to a flowing microchannel. (d) A photograph of the fabricated microfluidic chip.

culturing chambers, as well as a cover plate [Fig. 1(a)]. The design of the microfluidic networks
was relied mainly on the previous work described by Jeon et al. 3% and Liu et al.*' The microscale
network on the top plate comprised an upstream gradient generator and a series of downstream
inlets for embryonic introduction and waste discharge, which is functionally similar to the central
outlet in the multi-pyramidal structure presented by Lin’s group.32 After loading the medium with
and without pharmaceutics into the device by syringe pump (LSP10-1B, LongerPump, Baoding,
China), the streams were driven to split, combine, mix, and that repeated several times, which
resulted in seven gradient concentrations perpendicular to the flowing direction. The resulting
gradient solutions were then guided to stimulate the embryos trapped in well-defined chambers.
In the fabrication processes, the treated three-layer glass slides were aligned and then irre-
versibly bonded by high temperature (550 °C). Prior to bonding, the microchannel networks were
patterned onto a glass plate by standard photolithographic and wet chemical etching techniques.3 3
Briefly, a negative film mask with microchannel design was prepared and then the channel patterns
were transferred onto a 6.3X6.3 cm? glass plate (Shaoguang Microelectronics Co., Changsha,
China) with photoresist coating by UV exposure. After treatment with developer, the desired
image was developed. The untreated photoresist was solidated and the appeared chromium layer
was removed. Then the naked micropatterns on the surface of glass slide were etched in dilute
HF+NH,F bath. The top slide contained the CGG microchannels (120 um wide and 30 um
deep), connective channels (300 wm wide and 30 wm deep) and seven embryo inlets (about 1.3
mm in diameter) drilled with a diamond drill bit at the channel terminals. The dimension of the
sandwiched culture chambers was about 4.0 mm in diameter and 1.70 mm in depth (thickness of
glass plate), drilled with a large size emery drill-bit at the previously printed pattern. Thus, the
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simple and compact embryonic trapping room was fabricated to provide suitable culturing mi-
croenvironments for the eggs. Prior to the following application, the device was cleaned and
sterilized.

B. Organism

The wild-type zebrafish (provided by School of Life Sciences, Sun Yat-sen University, China)
were housed in a ratio of 2 females to 1 male in stand-alone aquaria with a recirculating system.
The fish were kept on a 14 h light/10 h dark circle and the culture temperature was set at
26+ 1 °C, as described by Zhou et al.** Males and females were kept separately until the night
before spawning. Then, the eggs of zebrafish were collected in a sedimentation tank by the
addition of purpose-built egg traps prior to spawn. The newly fertilized eggs were transferred into
Petri dishes filled with embryo medium E3 (5 mM NaCl, 0.17 mM KCI, 0.40 mM CaCl,, and 0.16
mM MgSO, per 100 ml distilled water). The normally and healthy developed eggs at different
developmental stages were then selected under a stereomicroscope (SMZ-T4, Optec, Chongqing,
China) for the subsequent microfluidic application.

C. Embryo trapping, culture, and stimulation on the device

Before embryo loading, the microfluidic device was serially rinsed with 0.1 mol/l HNO;, 0.1
mol/l NaOH, distilled water and fish embryo culture media to clean the microchannel surface and
to remove bubbles. After being washed with embryonic media, the newly fertilized eggs or stage-
dependent embryos were safely transferred into the culture chambers by a modified pipette tip. To
facilitate the loading process, each culture compartment should be prefilled with culture medium.
As transferred, it could be trapped in the culturing room via gravity-induced gradual subsidence
and a single animal could be delivered in each operation. Prior to culturing and treating the
embryos, the microchip was leaned over the Petri dish margin at an angle approximately 20° to
facilitate the waste discharge and maintain adequate oxygen for embryonic development. In the
experiment, embryo culture medium containing 10 or 100 ug/ml doxorubicin (DOX, Sigma
Chemicals, St. Louis, MO) and blank culture medium were introduced to the two inlets, respec-
tively. The flowing stream was driven by the syringe pump with positive pressure at a flow rate of
4 wl/min and the leaned microchip was kept at 26 °C to benefit the embryonic development. The
embryos of 1, 4, 12, and 24 hpf (hours postfertilization) were selected and continuously exposed
to the same concentration of stimuli (100 wg/ml) for 23, 68, 24, and 24 h, respectively. In
addition, the eggs of 1 hpf were also stimulated by 10 wg/ml DOX until 24 hpf. Moreover,
embryos at 4 hpf were exposed to other drugs such as 5-fluorouracil (5-FU, Sigma Chemicals, St.
Louis, MO), cisplatin (DDP, Sigma Chemicals, St. Louis, MO) and Vitamin C (Vit C, Sigma
Chemicals, St. Louis, MO) with seven concentrations ranging from 0 to 100 wg/ml based on the
previously presented CGG networks, up to 72 hpf. After stimulation, the test chemicals were
removed and left the embryos for further observation.

D. Assessment of toxicity and teratogenicity

Several toxic and teratogenic events were evaluated, including developmental toxicity of
stage-specific stimulation and continuous stimulation, and typical teratogenic effects after stimu-
lation from 4 to 72 hpf, in embryonic zebrafish by an integrated microfluidic device. The micro-
scale networks provided gradient DOX solutions to stimulate the eggs and generate toxic and
teratogenic impairments. Based on well-documented morphology at a variety of developmental
stages,35 a physiologically precise evaluation regarding the toxicity and teratogenicity on the
embryos can be carried out by morphological analysis. At different growth stages, it was necessary
to record varied representative signs such as heart rate, pericardium and yolk shape, spontaneous
motion or body twisting, number of somites, the development of eyes, notochord and body shape,
tail fin size, pigmentation, and so on. The toxic assessments were mainly characterized with
developmental arrest, spontaneous movements, and heart rates. To get physiologically real cardiac
activity, heart rate of the control and DOX-treated embryo was directly counted by the naked eye
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under a stereomicroscope for 20 s and the data were multiplied by 3 (times/min). The spontaneous
movement was also calculated in the same manner. Then, we made a detailed estimate relied on
the records and scored them by the malformed severities. The scoring system mainly aimed at
body teratogenic shape, notochord, and tail fin morphology in this work. The toxicities of other
drugs were predicted upon the DOX-induced toxic severity. For instance, in a numerical score
system, the normally structured embryo in controls was allocated a score of 0 like No.7 and that
the variation within the normal range was signified with a score of 1 like No.6 [Fig. 4(a) and 4(c)].
Scores of 2 or above manifested deformation with increasing severity (2=mild malformation like
No.5; 3=clear malformation like Nos. 3 and 4; 4=severe malformation like No. 2; 5=dead like
No. 1).

E. Image analysis

For a clear verification of the toxic impact of the used testing substances on the embryonic
development, several end points were documented by employing an inverse optical microscope
(4%, 10X objective, BDS200, Optec, Chongging, China) with a digital camera (DM200). We
mainly selected heart rate, body twisting, pigmentation, tail detachment, development of eyes,
segmentation, and teratogenicity as evaluating end points. Differences to the normal development
were measured by these end points. The morphological and developmental variations were re-
corded and examined at specific developmental stages (initial stage at 1 or 4 hpf, and then 12, 24,
36, 48 hpf, as well as that at more than 48 hpf observed once every 12 h until 120 hpf) for the
individual egg trapped in the culture room. The recorded photographs were analyzed using OPTPRO
software by its measuring and photoprocessing function. To get comprehensive and detailed data
of the deformations caused by the chemical stimuli, 10X objective was used to obtain the enlarged
target feature.

lll. RESULTS AND DISCUSSION
A. Design and characterization of the integrated microdevice

A microfluidic chip was fabricated using three layers of glass plate by integrating an array of
embryo trapping chambers with a concentration gradient generator. It was observed that the
embryos, when manipulated by a modified pipette tip and transferred to culture chambers, could
grow normally without obvious lesion (supplementary material Fig. S11).%® As transferred to the
open-access embryonic inlet, the embryo could spontaneously precipitate on the chamber bottom
for trapping by its nonviscous sedimentation [Fig. 1(c)]. This property contributed to the stable
position of embryos under the flowing system, and enabled the microfluidic chip that applied in
fish embryo-associated assay to be used repeatedly comparable to the microdevice for cell-based
assay.37 In the tests, we placed the microfluidic device at an angle of about 20° to horizontal level
to facilitate the withdrawal of waste without additional use of tubes, and the open culture chamber
can still maintain the normoxia development for embryos that was particularly important for
larvae.*® The open surface design together with gradient soluble molecules were not only well-
suited for cell-based research,” but benefited zebrafish embryo-related investigation that even did
not need a CO, culture incubator. But the irreversible evaporation was still an issue. The problem
can be attenuated by slightly increasing the injection flow velocity (3—5 ul/min) to counteract
the liquids loss. Furthermore, between the embryonic inlet and culture chamber, a segment of
widened microchannel (300 um wide) was designed to slow down the flow rate for decreasing the
harmful fluidic shear stress [Fig. 2(a)], which would be more serious if the microchannel was
etched at bottom of the middle plate. In this experiment, in order to facilitate the imaging, a flow
velocity as high as 50 wl/min was used to remove the remanent drugs or labels. The rapid elution
(within 96 s) process was indirectly characterized by diluted methylene solution [Fig. 2(b)]. The
high flow rate may move, or even impair the embryos as the widened channels were fabricated at
surface of the chamber bottom.

Another important aspect of this microfluidic device, concentration gradient generator (CGG),
has attracted more and more attention recently,”‘44 We presented a gradient network with seven
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FIG. 2. (a) A cross-section view of fluid direction in the chamber (arrow). (b) The microphotographs of modeling perfusion
process in embryo culturing room by methylene blue. The chamber was filled within 96 s under a eluting rate of
50 wl/min with weak shear stress by wide microchannel (black rectangle). The scale bar is 300 um. (c) The fluorescent
intensities of 10 uM sodium fluorescein were quantified (n=3), the background fluorescence was subtracted, and a
comparison was made between the experimental data and theoretical data.

branches of concentration at a spatial resolution based on previously employed principle of lami-
nar flow in microchannels,®® and 10 pmol/1 sodium fluorescein was applied to quantify the
resultant concentrations in the culture chambers. Although the fluorescent probes have a slightly
higher diffusion coefficient than the test substances due in part to varying molecular weight
between them (DOX, 580.0 g/mol; sodium fluorescein, 376.3 g/mol), the long serpentine channel
would allow effective mixing for input solutions. Also the enough mixing can be achieved by
modulating the injection flow rates to prolong the diffusion time. Furthermore, mathematical
prediction was applied to estimate the concentration profile of the drugs in the culture chamber
and make a comparison between the theoretical data and the experimental results. Equation (1) is
an efficient mathematical formula, which is derived from the significant equation described by
Jeon et al.,*° to predict the theoretical value of C (i,N).*

C(i,N) = w’ (1)
N

where C(i,N) signifies concentration at the end of serpentine channel, N represents the number of
order (from the top) of the microfluidic gradient microchannels (N=1,2,3,4,5,6), and i means
the number of order (from left) of the branch point (i=0,1,2,3,4,5,6). Thus, when C, is
100 wg/ml and C, is O ug/ml, seven culture chambers (Nos. 1-7) are expected to have No. 1,
C(0,6), 100 ug/ml; No. 2, C(1,6), 83.3 ug/ml; No. 3, C(2,6), 66.7 ug/ml; No. 4, C(3,6),
50 pg/ml; No. 5, C(4,6), 33.3 wpg/ml; No. 6, C(5,6), 16.7 pg/ml; No. 7, C(6,6), 0 wg/ml.
From the results of concentration profile as shown in Fig. 2(c), it was found that the experimental
data were correlated well with the theoretical prediction,30 and the central parts of channels with
more errors presumably ascribed to the hydraulic defocusing at the merged points.42 By comparing
with previous similar works,37’42 the data obtained here matched them well.

B. On-chip embryonic development

Because of the special features of zebrafish embryo such as nonviscous sedimentation and
larger size than cell, we specifically fabricated a facile and flexible two-layer pore structure [Figs.
1(c) and 2(a)], and the bottom large well was utilized for trapping more than one embryo (3 each
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well), meanwhile offering broad space for their normal growth.26 When we connected the embryo
inlet with small-size Teflon tube (I.D. 500 um) to allow outflow of waste, an obvious develop-
mental arrest occurred at 24 hpf and the results became worse as the time passed. At approxi-
mately 48 hpf, it was found that the incompletely developed eggs could not recover from culture
rooms after removing the tubes (supplementary material Fig. S12).%® This finding was consistent
with the previous reports described by Mendelsohn et al.”® and Padilla et al.*® The observations
demonstrated that embyronic zebrafish can still survive after oxygen deprivation (anoxia, 0% O,),
and enter a state of suspended animation where the cell division and other developmentally related
progression inhibited or even ceased. Besides, 52 hpf was identified as the lethal point regardless
of the anoxia- and normoxia-exposed time.* Therefore, the open surface design was crucial for
maintaining the normal development for the vertebrate species. Moreover, the fluidic shear stress
was another important factor for their normal growth. Recently, Giridharan et al. reported that the
fluid shear stress was significant (10 dynes/cm?) at the height of 200 um when the well was
250 pm in depth.47 However, the exposed shear stress, at the same height in the well of 2 mm in
depth, was about 0, regardless of whether the fluid shear stress on the order was more than
10 dynes/cm? or not. In this work, the positioned spherical embryo was attached on the bottom
surface of culture chamber with a height approximately 500 wm, whereas the well was as high as
1700 wm. Additionally, the flow rate (24 mm/s) presented in the above mentioned model was
much higher than that (4 wl/min) used in our tests. Thus, the effect of the fluid shear stress in the
test was negligible. To investigate the effect of flow rates on the trapped embryos, the high flow
velocity of medium injection above 100 ul/min had been employed but did not exert negative
impact on the normal development of the embryos even at the early stage (1 hpf) (supplementary
material Fig. SI13), a stage more sensitive to the exogenous stimulation.

C. Developmental toxicity and teratogenicity of DOX on zebrafish embryos

As a whole-organism model, zebrafish embryo was proved to be effective for phenotype-
based screening of antiproliferation metallodrugs.4 DOX is one of the most effective chemothera-
peutic agents, but its wide use was seriously limited by the chronically clinical side effects such as
irreversible off-target cellular antiproliferation and cardiomyopathy.49 In this work, DOX was
applied as a model drug to stimulate zebrafish embryos by its antiproliferating activity, cardiotox-
icity, and other teratological effects. The acute embryotoxicity of DOX exhibited an obvious time-
and dose-dependent toxicity and the LDs, of DOX to the embryo was 91.7 ug/ml in microwell
(supplementary material Fig. S14).% To establish a zebrafish-based evaluation model for predicting
the potential toxicity of clinical agents using an integrated microfluidic device, we particularly
examine the developmental inhibition and teratogenicity of DOX on zebrafish embryo.

1. Developmental stage-specific stimulation for embryonic developmental toxicity

During the periods of rapid embryogenesis, a variety of representative developmental stages
have been defined, such as zygotic cell, cleavage, blastula, gastrula, segmentation, pharyngula, and
hatching period, to allow subsequent incorporation of new observations and details, and to facili-
tate the investigation related to embryonic development.35 For 1h old embryos, a low concentra-
tion (10 wg/ml) has been used to stimulate the arrayed eggs from 1 hpf (cleavage period) to 24
hpf (segmentation period) because DOX up to 100 wg/ml would result in high lethality (supple-
mentary material Fig. SI14).*® As shown in the Fig. 3(a) (24 hpf), the results exhibited develop-
mental inhibition, in particular, for the highest concentration drug-treated embryo (trapped in No.
1 chamber) which stopped at approximately 10 hpf without further growing. Theoretically, the
heartbeat, early pigmentation and tail extension would occur at the 24 hpf.35 However, it was
observed that only the No. 7 individual was pigmented mildly in the skin epithelium and accom-
panied with feeble heartbeat in rhythm. While removing the test compounds from exposure at the
time that could significantly increase the hatching success by transferring them into the multiwell
plate filled with culture medium [Fig. 3(a), 60 hpf]. Obviously, it was found that the No. 1 embryo
was irreversibly affected, while the others seemed to recover from compounds-induced damage
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FIG. 3. Zebrafish embryos of different developmental ages used to test the toxic effects of gradient doxorubicin (DOX). (a)
Embryos of 1 hpf (hours post-fertilization) were exposed to 0—10 ug/ml DOX until 24 hpf and then transferred into
microwells to observe the developmental toxicity. [(b) and (c)] Embryos of 12 hpf and 24 hpf were continuously exposed
to 0—100 wg/ml DOX until 36 hpf and 48 hpf, respectively. The cardiotoxic effects were characterized by heart rate per
12 h exposure (n=3).

and successfully hatched. Several described acute side effects on humans resulted from DOX were
also reversible.” Additionally, we observed apparent developmental suspension of embryos in the
microplates since exposure to 10 wg/ml doxorubicin from 1 hpf to 24 hpf, and 10% mortality
appeared at 72 hpf under continuous incubation (supplementary material Fig. S14).* The results
demonstrated that the low concentration t est substances can negatively affect the development of
zebrafish embryo at early pre-hatching stage (1-24 hpf), but the influence seem to be temporary
and that might be gradually resumed after removing exposure. In addition, both 12 hpf and 24 hpf
old embryos were exposed to DOX (injected at 100 wg/ml) up to36 hpf and 48 hpf, respectively,
and then transferred into breeding microwells to observe the toxic effects and teratogenic appear-
ances when hatching. It was found that there was a negative correlation between the heart rate and
the exposed concentration for both groups [Figs. 3(b) and 3(c)], and the developmental process for
them was showed in supplementary material (Figs. SIS and S16).%

2. Continuous stimulation for embryonic developmental toxicity

To obtain better understanding of DOX-induced potential damage on the zebrafish embryos, a
strategy of long time and consistent exposure was performed. The continuous stimulation was
used spanning a time period from 4 hpf (blastula period) to 72 hpf (hatching period). Up to 24 hpf,
morphological assay exhibited that tail detachment, and clear segmentation all occurred on the
embryos, but mild pigmentation, weak heartbeat, as well as blood circulation only appeared on the
eggs in the chambers 5-7 [low concentration zone, Fig. 4(a)(A)]. Moreover, a typical develop-
mental property aroused at this stage was the spontaneous movements, which was examined as an
indicator for embryonic development. Obviously, the rate of spontaneous contractions of each
embryo responded with a concentration-dependent increase and the embryo was insensitive to the
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FIG. 4. The toxicity of continual stimulation by DOX gradients (0—100 wg/ml) on the zebrafish embryos of 4 hpf. (a)
Representative images of the exposed embryos at 24 hpf (A) and 72 hpf (B), and then stop stimulation, after removing drug
solutions, the trapped embryos keep developing until 108 hpf in culture chamber (C). All embryos and larvae were imaged
by inverse light microscopy at a magnification of X40. (b) At 24 hpf, embryos were developed to twist their bodies, the
twisting frequency exhibits a dose-dependent decrease (n=3). (c) The heart rates of embryos from 36 to 120 hpf (including
consistent drug exposure to 72 hpf and then suspending exposure to 120 hpf) demonstrated a dose-dependent decrease but
irregular change for time dependence (n=3).

DOX when the exposure concentration was lower than 16 ug/ml approximately [Fig. 4(b)].
However, our observed spontaneous coiling rates in zebrafish embryos were not the same as the
previous report, where a phenomenon was that the spontaneous and alternating contractions of the
trunk initiated at 17 hpf with a frequency of 0.57 Hz, reached the peak at 19 hpf with 0.98 Hz, and
then gradually decreased to less than 0.1 Hz by 27 hpf.s1 Based on that, the spontaneously
contracting frequency observed in our research achieved the peak at 24 hpf. The delay in sponta-
neous activity presumably resulted from the overall slowing or inhibition of growth in embryos
raised at lower temperature.35 Then, it was found that the embryonic diapause occurred at 36 hpf
in chamber 1 and the embryo died at 72 hpf approximately [Fig. 4(a)(b)]. Similarly, the eggs in
chamber 2 also showed diapause at 48 hpf and that emerged at 60 hpf in chambers 3-5, as well as
clear developmental retard for the embryos in chamber 6 at 72 hpf [Fig. 4(a)(b)]. When exposure
time was up to 72 hpf, we removed the test substances and returned the treated eggs to drug-free
culture medium for subsequent observation. At approximately 96 hpf, the damaged embryos were
dechorinated manually to facilitate the teratogenic examination, because of incapability of break-
ing through the chorion spontaneously. As shown in the Fig. 4(a)(c), the toxic and teratogenic
severity were typically increased in concentration-dependent for the zebrafish embryos exposed to
the gradient DOX. Furthermore, heart rate, as another vital evaluating index, allowed varied end
points to be recorded to estimate the developmental toxicity. The results exhibited a marked
concentration-responsive decrease for the heartbeat rates [Fig. 4(c)]. Up to 120 hpf, the larvae in
chamber 2 and 3 also died due to the irreversibly embryonic toxicity albeit temporal alleviation
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FIG. 5. The teratological effects of DOX-exposed zebrafish embryos. (a) A side view of a normal larval fish with 5 dpf
(days postfertilization), the typical sensitive tissues or organs including pericardium, tail fin (area between the red and
white dot line), notochord (white rectangle), sinus venosus (SV), and bulbus arteriosus (BA). Body length signified by
white oblique line. Tail fin defects (b) and notochord undulation (c) for array larvae. (d) Pericardial edema (black arrow)
for array larvae exposed to gradient DOX from 4 to 72 hpf, No. 1 died and No. 2 with obvious red cells accumulation (red
ellipse). (e) Body length, distance between the SV and BA (SV-BA distance), and SV-BA distance/body length of the
exposed embryos were plotted and SV-BA distance/body length were concentration-dependent (n=3).

(from 72 to 96 hpf) occurred for them. Additionally, during the entire observation periods, the
embryos in chambers 2-5 reached the minimal heartbeat rate at 72 hpf, which showed that the
continuous exposure to doxorubicin above approximately 30 ug/ml could cause severe car-
diotoxicity for 4 hpf embryos.

3. Teratological effects on embryonic development

Morphological analysis uncovered a large suite of malformations including pericardial edema,
undulated notochord, reduction or absence of tail fin, crooked trunk, less melanin pigmentation,
fuzzy somites, and other defects [a normally developed body structure was exhibited in Fig. 5(a)].
However, the most sensitive tissue was proved to be pericardium, following by tail fin and
notochord after exposure to DOX. Pericardial edema, as an important signal in embryonic devel-
opmental toxicity triggered by chemicals, appeared such prominently in DOX-treated embryos
[Fig. 5(b)]. The impairment began to be remarkable more or less at 36 hpf, in particular, for the
embryo in chamber 4 (supplementary material Fig. S17).%° But it was not apparent in both the
higher concentration exposed eggs and the lower ones presumably due to the developmental retard
and insufficient toxicity, respectively. The impairing severity was clearly identified as a time- and
concentration-dependent increase at 108 hpf [Fig. 5(b)]. In addition, DOX could destroy myocar-
dium and lead to irregular heart rate or bradycardia, and even heart failure during the period of
cardiogenesis.50 The findings were indirectly exhibited in Fig. 4(C). Besides that, red cells accu-
mulated on the surface of the swollen pericardium, particularly on No. 2 embryo [Fig. 5(b)].

Instead, tail fin generated a series of malformations involving reduction or absence of fin after
DOX treatment. The tail fin defects showed a concentration-responsive increase and might be
categorized by scoring system to predict the toxic potential of the compounds that was specifically
sensitive to tail fin or tail [Fig. 5(c)], such as antitumor metallodrugs and ruthenium (Ru) deriva-
tives, presumably due to the Ru-induced apoptosis of proliferating fin mesenchymal cells.

With respect to another sensitive tissue to DOX, notochord was characterized with typical
abnormality like undulated notochord or crooked trunk. The malformed severities were presented
with a concentration-dependent response to the drug [Fig. 5(d)]. Similar notochord deformity
resulted from cartap exposure was reported by Zhou et al. 4 They found that a temporal exposure
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(6-8 h) can cause obvious undulated notochord phenotype during a development window from 6
to 32 hpf, and the eggs in stage of 6—24 hpf were more sensitive to cartap as compared to those
in stage of 24-32 hpf, which was consistent with the study in DOX-induced toxicity assay to 12
hpf embryos. The possible mechanism for DOX-induced notochord malformation may be the
impairment on sheath matrix enzyme lysyl oxidase. The notochord-specific chemicals such as
cartap were also suited to be evaluated by scoring method.

To better examine the heart malformation in the DOX-exposed embryonic zebrafish, the
distance between the sinus venosus (SV) and bulbus arteriosus (BA) was measured to provide an
index of the cardiac looping, which transformed into two distinctive heart chambers (atrium and
ventricle).sz’53 As shown in Fig. 5(e), clear difference occurred in this distance between the treated
embryos and the control (No. 7). It demonstrated a gradual reduction in the ratio of SV-BA
distance to body length as the exposed concentration decreased. The data aided to identify the
negative effect of DOX on the cardiogenesis in zebrafish embryos.

D. Prediction of the potential toxicity of drugs

To gain a better understanding of the embryotoxicity and teratogenicity of the clinical or
preclinical available drugs, an evaluating system based on teratogenic severity by scoring needs to
be established. A similar method has been described by Brannen et al.’* The presented estimations
were determined relied heavily on the presence or absence of defects and the identification of a
concentration-responsive increase in those abnormalities above background level. Thus, a mor-
phological score system might be used as an assessing method to predict in vivo toxic and
teratogenic potentials of drugs. Subsequently, we carried out the toxic assay regarding
5-fluorouracil (5-FU), cisplatin (DDP), and ascorbic acid (Vit C) on the 4 hpf embryo of zebrafish
via the assessing model for their similar action mechanism using the same device. The results, at
a variety of toxic end points, were showed in Table I. It was found that ADM and DDP had
comparative toxicity and teratogenicity by exposing to 4 hpf zebrafish embryo at the same dosage
level. This result may originate from their similar pharmacological mechanism (impairing DNA
structure). Compared to these two agents, the embryonic toxicity of 5-FU was halved under the
same conditions. When the embryos were treated by Vitamin C (0~ 100 wg/ml), there was no
apparent damage to them. In this study, notochord, tail, and fin were identified as the most
sensitive tissues to the testing compounds. In addition, pigmentation and heart rate, as critical and
accessible physiological index, also had important implications. Hence, by ranking these suscep-
tible tissues and life indicators in terms of the severity of teratogenicity and toxicity, we can obtain
a quantitative assessment and prediction for more drugs by scoring based on a fundamental
standard. The purpose of this work was to validate the feasibility of developing a microfluidics-
based whole-animal model for evaluating chemical-induced toxic and teratogenic effects on em-
bryonic zebrafish. Therefore, the score protocols had not been used to predict and assess other
more compounds. This issue can be addressed in the near future by increasing the array units and
fabricating more well-defined culture structures.

IV. CONCLUSIONS

An efficient integrated microfluidic array system has been developed to evaluate the dynamic
developmental toxicity and teratogenicity for clinical drugs on the zebrafish embryos. This micro-
fluidic device offers an opportunity to integrate the entire operations, including gradient concen-
tration generation, egg positioning, egg culture, drug stimulation, real-time monitoring, and seam-
less combination of drug gradient with arrayed embryonic culture chambers. Such a microsystem
was used to assess and predict the potential toxicity of the antiproliferating drugs (DOX, 5-FU,
DDP) on zebrafish eggs at a variety of different developmental stages. By real-time monitoring at
significant physiologically related developmental stage, the presence, absence, or reduction of
typical developmental appearance can be well documented for subsequent scoring assay. There-
fore, we can establish a sensitive whole-animal model to evaluate the toxicity of target-specific
chemical agents or drugs via scoring system based on the abnormality severity. But it needs
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TABLE 1. Parallel toxic evaluation in zebrafish embryo assay. ADM: adriamycin or doxorubicin; 5-FU:
5-fluorouracil; DDP: cisplatin; Vit C: Vitamin C; n 1-7 refer to the corresponding culture chamber numbers

1-7.
Concentration
Pharmacological tested
Compound target Classification (ug/ml) Morphological end points and scoring assessments
n 1 2 3 4 5 6 7
! 5 4 3 3 2 1 0
5 3 4 4 2 1 0
N 5 3 4 4 2 1 0
ADM Impairing DNA . togen 0-100 ¢ 5 3 4 4 2 1 0
structure
€ A N N N A N N
" A A A A A N N
¢ A N N N N N N
"0 65 107 124 164 223 255
N 3 3 2 2 1 0 0
3 3 2 2 1 0 0
N 2 2 1 1 1 1 0
3 s, - d
5-FU Inhlbsl;r?gl::i:)NA Teratogen 0-100 R ; ; lil ; lil I(\)I l(\)l
f A N A N N N N
¢ N N N N N N N
o127 112 161 183 222 237 232
: 5 5 4 3 2 1 0
5 5 3 3 2 1 0
N 5 5 3 2 3 0 0
DDP Impairing DNA Teratogen 0-100 : X X 3 . . 0 0
structure A A N N N N N
A A N A N N N
¢ A A N N N N N
"0 0 71 102 144 199 232
Vit C Combining O Nonteratogen 0-100 No obvious impairments

“Body shape.

Notochord morphology.

“Tail morphology.

9Fin morphology.

“Pigmentation.

'Swim bladder.

£Cardiovascular function.

"Heart rate (a—d: score; e~g: normal or abnormal, N or A; h: heartbeat times/min).

standardization. We believe that the trend of lab-on-a-chip for zebrafish (embryo) will focus on the
standardization for groups performing related research, high-throughput manipulation and
automation.” There would be more significant work on microfluidics-based assay for zebrafish
(embryo) or other multicellular organisms (C. elegans and Drosophila melanogaster) for toxic
evaluation or drug screening.
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