Label-free three-dimensional observations and quantitative characterisation of on-chip vasculogenesis using optical diffraction tomography 
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Microfluidic chip fabrication and vascular networks formation
We created 3D vascular networks in a hydrogel within microfluidic chips, as reported previously1. Prior to vascularisation, the Polydimethylsiloxane (PDMS) chip was fabricated with a SU-8 Si wafer with 120-m-thick microchannel patterns as a master mould. A mixture of the Polydimethylsiloxane (PDMS, Dow Corning) and the curing agent in a 10:1 weight ratio was poured to the master mould, and the mixture was cured in an oven at 80°C for 1 hour after degassed. Considering the working distance of ODT, the poured PDMS was adjusted to the thickness of 1 mm. After making medium reservoirs and gel ports with 2-mm- and 1-mm-diameter biopsy punches (KAI medical) at the thin PDMS, respectively, they were sterilised by sonication in 70% ethanol for 15 minutes. Plasma (Femto Science Inc.) was treated for 1 minute to bond the patterned surface of the thin PDMS to a 1.5-H-thick- cover glass, and then attach additional two blocks with 4-mm-diameter holes to the unbonded surface of the thin PDMS for reservoirs. The resulting chips were used after restoring hydrophobicity of the bonded surfaces in the 80°C oven for 24 to 72 hours (Fig. 1A). 
Red fluorescent protein-transfected human umbilical vein endothelial cells (RFP-HUVECs, Angio-Proteomie) were cultured in a 37°C 5% CO2 incubator in EGM-2MV (Lonza) with 1% Antibiotic-Antimycotic (Thermo Fisher Scientific Inc.), and the cells of passage from 4 to 6 were used for the vascularisation. The RFP-HUVECs detached with 0.25% EDTA-trypsin (w/v) were centrifuged at 200 g for 7 minutes to remove supernatant, and the cell suspensions were prepared in thrombin solution (4U / mL) with a density of 12.5  106 cells/mL. The 10 μL cell suspension was mixed with 10 μL fibrinogen (6 mg/mL) at 5 times on ice, and then the mixture was rapidly injected into a gel channel of the chips. The chips containing the cells were then put in the cell culture incubator within a humid chamber for 15 minutes to form a hydrogel. After incubation, two empty lateral channels were filled with EGM-2MV supplemented with VEGF (50 ng/mL, PeproTech). The chips were kept in the cell culture incubator and the media were replenished every 24 hours to accelerate vascularisation. All chips were daily observed with ODT until the maturation of vascular networks on day 4. Subsequently, some chips were fixed with 4% Paraformaldehyde for 15 minutes at room temperature for comparative structural analysis, and the remaining chips were utilised in vascular permeability assays without fixation.
Structural quantification
The microvascular architectures of the images were analysed using ImageJ with 2D skeletonise plugin (NIH, USA), as reported previously2. Statistical analysis was performed with OriginPro Software (OriginLab). Measurements were compared using the Student’s two-tailed t-test. All tests with p < 0.05 were considered to be statistically significant.
Phase-based microvascular permeability assay 
1. Theory
Consider a solute flux Js = -rlc(t)through a cylindrical endothelium, whose height, radius, and side surface area are l, r, and A rl, respectively. c(t)is a transendothelial concentration difference of the solute molecules over time t. Assuming that there is no interaction between the solute molecules, the microvascular permeability coefficient P can be calculated from the Fick’s 1st law of diffusion3, 

		(1)
Assuming P and r are temporally constant, integration of Eq. (1) over t becomes

		(2)
where ci = c(ti), ti the initial diffusion timepoint, and (r/2)/P. In the well-established fluorescent-intensity based method, Eq. (1) can be rewritten based on the Beer-lambert law, which relates the linearity between the change in optical density, I, and the number of difficusing molecules, N: 

		(3)
where Ii, If, and Ibg are initial, final, and background fluorescence intensity of the gel region, respectively2, 4-6. Similarly, note that optical phase delay (t) in QPI measurement is linearly proportional to the concentration difference c(t), i.e., c(t) = n(t)/h(t), where n(t) and  are RI difference over t and a RI increment of solute molecules, h is the effective endothelial thickness,  is the light wavelength7-9. For calculation ofc(t) in Fig. 5D, we utilised  0.149 mL/g for the dextran solution found in other literature10. Using the linear relation of (t) andc(t), Eq. (2) can be rewritten as 


		(4)
Here, the optical phase delay induced by the diffusing dextran molecules is d(t) = (t) -bg = (t) -(0). The (d(t))i and d(∞) are d(t) of an initial point and in static equilibrium, respecitvely. Because these boundary conditions are difficult to determine in the current permeability measurement, we utilise the fit function of d(t) 


		(5)
where a, b and q are the estimated boundary conditions and 1/. Given the linear relationship between the molecule concentration and RI difference nd(t), the Eq. (5) can be modified to nd(t)  a∙e-q∙t+b. By fitting the experimental values of nd(t) from its peak to final values, P was calculated from q and the manually quantified r in the image. 
2. 2D Experimental result
We first performed a permeability measurement using 2D QPI. The diffusion of unlabelled dextran was monitored at a frame rate of 1 Hz for 600 seconds (SI Fig. 3A). Intuitively, the transendothelial diffusion of the dextran macromolecules is responsible for the so-called RI matching effect, by which the increased optical phase delay in a gel region gradually reduces the phase difference between the gel and intravascular region. The kymograph of the dashed line aa’ in SI Fig. 3A effectively visualises the RI-matching effect at the three different vessel-gel interfaces, at which the phase difference of the two regions gradually decreases, thereby smoothing the boundaries during transendothelial diffusion (SI Fig. 3B). Based on the measured images, P was further quantified with the manually calculated (t) from 15 different regions of interests (ROIs) (SI Fig. 3C). For normalisation, the (t) was obtained after subtraction of the box-averaged (10-pixels squared) value of the hydrogel and intravascular regions, which reduces the effect of random phase fluctuation (SI Fig. 3C, inset at the lower left) and cancels out a global phase fluctuation in both regions as an arbitrary constant value. Before P quantification, we validated the phase stability of ODT. The stability data acquired from the no-sample measurement confirmed the random phase fluctuation of (t) =  0.35 radian, which was clearly distinct from the actual diffusion data (SI Fig. 3C, orange and green, respectively, with the average and standard deviation presented as a line and shading bar). To quantify P, we selected the time window of d(t) starting from 250 s, from which the curve became concave upward (SI Fig. 3C, inset at the upper right). As a result, the estimated value of P was 7.31ⅹ10-6 cm/s with R2 of 0.999, which is consistent with the reported permeability value of 70-kDa dextran across the 2D endothelial monolayers (3.9  0.7  10-6 cm/s)11 on in vitro systems. 

[image: ]
SI Fig. 1 Exprimental resolution of the current ODT setup (A)-(B) Theoretical (A) and experimental (B) point spread function in XY (left), XZ (bottom), and YZ (right) sectioned images. Scale bar = 500 nm. (C), (D) Line plots of the point spread functions in the lateral (C) and axial (D) direction. These experimental values are 64% and 19% greater than the ideal theoretical values (0.34 and 2.1 m), which are caused by the imperfect optical transfer function of the system. 


[image: ]SI Fig. 2 3D observation of on-chip vasculogenesis using ODT. (A-B) Multiple XY slice images at 3 z positions selected from 3D RI tomograms of 4-day on-chip vasculogenesis, for two additional devices, A and B, respectively, where various cellular activities (filled arrows) as well as subcellular organelles (open arrows) were observed during vasculogenesis. Scale bar = 50 µm.
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SI Fig. 3 Phase-based microvascular permeability assay using 2D QPI. (A) Permeability measurement using 2D QPI, in which one hologram was recorded every second for 600s in the ODT system. Scale bar = 50 m. (B) Kymograph of the dashed line aa’ in (A), which penetrates three different vessel–gel interfaces. (B) Validation of the phase stability of the ODT system and P quantification. The stability data from the no-sample measurement (orange) and the actual diffusion data (green) presented as the average (line) and standard deviation (shading bar), respectively. The inset at the lower left shows a reduced random phase fluctuation with 10-pixel box representation of (t). The inset at the upper right shows fitting of d(t) with the fit function for P quantification (R2 = 0.999)



[image: ]
SI Fig. 4 The effect of the number of refocusing planes in ODT algorithm on the image quality and reconstruction time. (A)-(D) XY-sectioned images at z = 21 m from 3D RI tomograms with different number of refocusing. Without compromising the image quality, the reconstruction time can be more than twice as fast by adjusting the number of refocusing in the ODT algorithm: 21 rounds (110 seconds) (B); 11 rounds (60 seconds) (C); 7 rounds (40 seconds) (D). Scale bar = 10 m.
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