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Fig. S1 Schematic and images of the integrated microfluidic systems. (A) An example of the  
diagram of the pipe connection. (B) The image of the microfluidic systems (left) and the chip 
connected the multiple regent tubes (right) during the microscope imaging. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Fig. S2 Embryo capture process on chip. (A) Top view of the chip. (B) The process of the 
embryo rotating and aligning its major axis to be parallel to the flow direction in the loading 
channel before the trapping module (enlarged upper dotted box in (A)). (C) The streamline 
and flow resistance distribution on the trap path and the bypass path in the trapping module 
(enlarged down dotted box in (A)) before (left) and after (right) embryos are trapped. (D) The 
lateral view of the trapping unit before (up) and after (down) the embryo is trapped.  



 
 
Fig. S3 Comparison of the simulated flow velocity of the trapping module with varying base 
layer heights. (A) The front (up) and side (down) view of the trapped embryos (red) and the 
trap unit with the base layers of different heights. (B-C) The simulated velocity distribution 
of the flow at the plane of 95 µm from the glass side when the flow velocity was set as 0.03 
m/s by COMSOL (B) before and (C) after embryos are captured in some trapping units. The 
height of the base layer varies from 0.09 mm (left), 0.045 mm (middle), to 0 mm (right) as 
shown in (A). Scale bar, 500 µm. 
 
 
 
 
 
 
 
 
 
 



 
 
Fig. S4 Characterization of the orientation selectivity of the Drosophila embryos trapped with 
the microfluidic device. (A-B) Raw images of typical (A) asymmetrical orientation 
corresponding to the lateral view and (B) symmetrical orientation corresponding to the dorsal 
or ventral view of embryos. Scale bar, 50 µm. (C) The orientation factors (Factor 1, red; 
Factor 2, blue, see Materials and methods) as a function of the rotation angles around the AP 
axis with a 3D embryo from our previous research.1 The blue (0.08 for Factor 1, and 0.075 
for Factor 2, corresponding to the valley between the two peaks in (D))  and red (0.123 for 
Factor 1, and 0.121 for Factor 2, represent the average value corresponding to the rotation 
angle of 45°and 135°) dotted line represents the threshold value for the separation between 
the symmetry and asymmetry orientation. The error bars represent the standard deviation 
(sample size N > 5). (D) The histogram of the embryo distributions calculated with the two 
orientation factors (left, right) counted with all samples trapped by the microfluidic chip (N = 
70). The y axis was the same as in (C). The asymmetry orientation (above the blue dotted 
line) accounts for 85.7 % (Left, red) and 87.1 % (Right, blue) of the trapped embryos 
according to Factor 1 and 2, respectively. And the asymmetry percentage above the red 
dotted line is 71.3 % for Factor 1 (Left, red) and 72.9 % for Factor 2 (Right, blue).  
 
 
 
 



 
Fig. S5 Embryo orientation rearrangement in the hydrodynamic flow on-chip. (A) The 
snapshots of the rotating embryo aligning its major axis to be parallel to the flow direction 
before entering the trapping module. (B) The snapshots of the rotating embryo being guided 
into the trap unit by the hydrodynamic flow. Scale bar, 200 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Fig. S6 Characterization of reagent delivery with multiple cycles. (A) The fluorescence 
intensity of secondary antibody reagent in the microfluidic channel as a function of 
processing time. (B) The snapshots at different time points in the cycle shown in (A). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Fig. S7 Schematic of the general protocol for the indirect IF staining on-chip.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Fig. S8 Raw confocal images (left) of DAPI (blue), Kr (yellow) and Hb (red) of a 
representative fixed embryo of WT with the excitation wavelength of 405 nm, 552 nm, and 
638 nm. The BF and merged images are shown on the right side. Scale bar, 50 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
Fig.S9 Comparison of the staining efficiency of embryos with different orientations as the 
height of base layers is 0.045 mm (A) or 0.09 mm (B). Scale bar, 50 µm. All embryos were 
laid with the anterior pole on the left and the posterior pole on the right. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
Fig. S10 The average nuclear DAPI intensity as the function of the embryo depth after depth 
correction with previous method,1 i.e., use the off-chip stained embryo as a control to 
measure the decay of the nuclear DAPI intensity as a function of the imaging depth, 
normalize the intensity at different depth by the maximum intensity at the top surface, obtain 
the depth correction factor, which is the reciprocal of the relative intensity at the 
corresponding depth, and multiply the depth correction factor with the signal intensity of the 
on-chip stained embryo at corresponding depth.  Error bars represent the standard deviation 
(N=4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Fig. S11 On-chip and off-chip methods are comparable in IF staining efficiency. (A-B) The 
raw images of Hb in the WT embryos with (A) the traditional off-chip or (B) on-chip IF 
methods. Scale bar, 50 µm. To run the SNR analysis of the image, the signal and noise are 
extracted from the mean nuclear fluorescence intensity in the region with the high gene 
expression (e.g., 0.2< x	 < 0.4 for Hb) and no expression (e.g., 0.6< x	 < 0.8 for Hb), 
respectively. (C-D) The normalized Hb intensity profiles of the embryos with (C) the 
traditional off-chip or (D) on-chip IF methods. 
 
 
 
 
 
 



 
Fig. S12 Comparison of different antibody de-staining methods. (A-B) The raw images of 
Eve before (top) and after (bottom) antibody stripping. The color bar denotes the respective 
dynamic range of the intensity. Scale bar, 50 µm.  (C-D) The gene expression profiles 
extracted from the images shown in (A-B). 
 
 
 
 



 
Fig. S13 Antibody de-staining effect for Hb staining embryos. (A) The raw images of a fixed 
WT fly embryo with IF staining on Hb before (top) and after (bottom) antibody stripping 
followed by photobleaching. Scale bar, 50 µm. (B) The gene expression profiles extracted 
from the images shown in (A). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Fig. S14 Fluorescence profiles and intensity measurements via multiple cycles of 
immunostaining and de-staining processes. (A) The normalized Hb intensity profiles of the 
same embryo with three cycles of immunostaining and de-staining processes. (B) The 
average fluorescence intensity of the Hb (0.2< x	 < 0.4) and Eve (peak intensity of strips) as 
a function of five cycles of IF staining and de-staining processes. Error bars represent the 
standard deviation (N=5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Movie S1 Normal development of live embryos expressing Bcd-GFP trapped in the 
microfluidic device observed with a confocal microscope at the excitation wavelength of 488 
nm. 
 
Movie S2 3D reconstruction of the IF images of DAPI of a WT embryo at early nuclear cycle 
(n.c.) 14 in the microfluidic device observed with a two-photon microscope at the excitation 
wavelength of 800 nm (the interval of the z-stack: 1 µm). 
 
Movie S3 3D reconstruction of the IF images of DAPI of a WT embryo at mid n.c. 14 in the 
microfluidic device observed with a two-photon microscope at the excitation wavelength of 
800 nm. 
 
Movie S4 3D reconstruction of the IF images of DAPI of a WT embryo at late n.c. 14 in the 
microfluidic device observed with a two-photon microscope at the excitation wavelength of 
800 nm. 
 
Movie S5 3D reconstruction of the IF images of DAPI of a WT embryo with microfluidic 
device staining observed with a light-sheet microscope from two opposite directions with 
previous method.1 
 
Movie S6 The z-stack (interval: 1 µm) of the IF images of Hb of a WT embryo in the 
microfluidic device observed with a confocal microscope at the excitation wavelength of 488 
nm.  
 
Movie S7 The z-stack (interval: 1 µm) of the IF images of Eve of a WT embryo in the 
microfluidic device observed with a confocal microscope at the excitation wavelength of 638 
nm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table S1. Comparison of protein de-staining methods in Drosophila embryos. 

 
 

Category Experimental condition 

Effect  
(Fluorescence 

intensity 
decrease ratio 

R*) 

Antibody 
removal 

pH 2.8 IgG elution buffer (Thermo Scientific) and 0.5% 
SDS (Sigma Aldrich) 2 79.6 ± 3.5 % 

0.94 g glycine in 25 ml 20% SDS in 500 ml distilled 
water (pH 2 with HCl)3 74.3 ± 2.4 % 

0.2% Papain and 0.2% Pepsin4  70.8 ± 3.5 % 

0.15 M KMnO4/0.01 M H2SO4 solution5, 6 

Cannot image 
due to the 

dark solution 
color 

Fluorophore 
bleach 

Bleach the fluorophore by corresponding wavelength 
excitation with high power7 

 (before adding the secondary antibody)  
95.7 ± 4.8 % 

 Bleach the fluorophore by corresponding wavelength 
excitation with high power7 

 (after adding the secondary antibody) 
78.3 ± 5 % 

3% H2O2 and HCl in PBS (pH 2.5)4 71.9± 4 % 

 
                                      
*𝑅	 = &1 − )*+,*-.+/	01+,2	3245,--.*6

)*.+07	.*+,*-.+/	
8 × 100%.	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S2. The embryo trapping data. 1~5 embryos were loaded at one time. 
 

Loaded embryo 
number 

Trapped embryo 
number  Trapping rate  (%) 

16 14 87.50 
17 15 88.24 
16 15 93.75 
17 14 82.35 
17 15 88.24 
17 15 88.24 
15 14 93.33 
17 15 88.24 
16 14 87.50 
16 15 93.75 
15 15 100.00 
16 15 93.75 
15 15 100.00 

16.15* 14.69 91.14 
*The last row is the average value of all rows above, respectively. 
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