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in the central channel. Within days, ECs 
undergo a process of spontaneous self-
assembly resulting in interconnected 
MVNs composed of capillary-like seg-
ments. The value of MVN formed in vitro 
is their ability to recapitulate major func-
tions of microvascular physiology in vivo 
and to elucidate the mechanisms under-
lying key physiological and pathological 
processes, such as selective permeability,[6] 
angiogenesis and vasculogenesis,[3,5,7] 

blood–brain barrier,[8,9] vascular and neuronal interactions,[10,11] 
transendothelial adiponectin flux,[12] vascular lung-on-chip,[13] 
pancreatic islet-on-chip,[14] functions of senescent stromal cells 
or subpopulations of stromal cells for vascularization,[15,16] nor-
moxia and hypoxia,[17] tumoral vasculature regulation,[18] cancer 
extravasations,[19,20] glioblastoma heterogeneity,[21] procoagu-
lant effects of ambient fine particulate matter,[22] reactions of 
microvascular tissues to compressive stress,[23] radiobiological 
effects,[24] hyperglycemia effects,[25] and others.

MVNs must be perfusable to replicate in vivo-like function. 
Intravascular flow is provided by the flanking media channels, 
but the vessels between the microposts must open at the media 
channel interface. However, the conditions that favor the forma-
tion of open vessels between microposts often result in MVN 
with diameters larger than typical microvasculature. Ensuring 
perfusability may explain that many published reports show 
perfusable MVNs with both capillary-like vessels and much 
larger vessels (Figure S1, Supporting Information).[3,5,8,9,13–30] To 
reliably form perfusable MVNs with the desired capillary-like 
geometry, we investigated the effect of seeding parameters on 
MVN geometry and, in doing so, established a robust two-step 
seeding strategy that allows us to provide favorable conditions 
for open vessels between microposts and capillary-like MVNs 
throughout the central region.

2. Results

2.1. Initial Seeding Parameters Control MVN Geometry In Vitro

Capillary diameters in vivo vary among the different organs, 
but tend to be less than ≈10 µm.[31] MVN geometry is sensitive 
to initial seeding parameters including stromal cell concentra-
tion, EC concentration, and cell distribution. We and others 
have found that co-seeding ECs with stromal cells, such as 

Micropost-based microfluidic devices are widely used for microvascular 
network (MVN) formation in diverse research fields. However, consistently 
generating perfusable MVNs of physiological morphology and dimension has 
proven to be challenging. Here, how initial seeding parameters determine 
key characteristics of MVN formation is investigated and a robust two-step 
seeding strategy to generate perfusable physiological MVNs in microfluidic 
devices is established.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202200143.

1. Introduction

Engineered microvascular networks (MVNs) have become 
ubiquitous tools in studies of tissue and organ function in 
vitro.[1,2] We and others have designed microfluidic platforms 
that support MVN formation within a central channel that is 
flanked by supporting media channels (Figure  1a).[3–5] A key 
design feature is the delineation of adjoining channels by a 
row of closely spaced microposts. Surface tension pinning at 
the microposts maintains infused fluids within their channels. 
Thus, a suspension of endothelial cells (ECs) and stromal cells 
within a liquid hydrogel precursor remain compartmentalized 
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fibroblasts (FBs), produces MVNs with smaller diameters and 
better long-term stability[3] compared to MVNs formed without 
the support and interactions from stromal cells (Figure  1b,c). 
Lower EC seeding concentration shifts the vessel diameter dis-
tribution close to the physiological range (Figure 1d,e).

During the hydrogel curing process, cells sink to the bottom 
of the device due to gravity, which leads to flatter MVNs with 
systematically larger diameters near the bottom of the device 
(Figure 2a,b). Counteracting the pooling of ECs by flipping the 
devices several times during hydrogel polymerization improves 
the cell distribution and results in a more 3D distributed 
MVN with diameters closer to those of capillary beds in vivo 
(Figure 2c,d).

However, a drawback of manipulating initial seeding param-
eters to produce physiological MVNs with capillary-like vessels 
is impeded perfusability, generating non-perfusable or partially 
perfusable MVNs. We quantified vessel opening percentage 
and central perfusable MVN percentage of MVNs formed with 
ImHUVECs and lung FBs at different densities (Figure 3). We 
observed that the MVNs with larger diameters are more likely 
to form open interfaces with the neighboring media channel 
(Figure  3). On the other hand, the smaller diameter (more 
capillary-like) MVNs often lacked open microvessels, causing 

the vessels to be either non-perfusable or only partially perfus-
able (Figure 3). Thus, higher EC density with lower FB density 
at the regions between microposts promotes open microvessel 
and perfusable MVN formation.

2.2. Two-Step Method to Generate Perfusable MVNs 
with Physiological Geometry

Our novel 2-step method decouples the region between the 
microposts from the bulk of the central channel to indepen-
dently provide conditions favorable for generating open, large-
diameter vessels between microposts and capillary-like MVNs 
in the central region (Figure 4a). First, we infused ECs alone 
at a high concentration into the central channel, then imme-
diately aspirated the uncured solution. Due to surface tension, 
a small volume of ECs suspended in gel solution remained 
between microposts (termed “outer layer ECs”). Second, we 
infused EC and stromal cell mixture to the central region to 
form the main MVNs. Within 7  days, the ECs in the central 
region self-organized into MVNs with small diameters, while 
the higher concentration of outer layer ECs formed wider and 
open lumens connecting the MVNs to the flanking media 

Figure 1. Seeding densities determine MVN diameters in microfludic devices. a) Schematic diagram of a microfluidic device with microposts for MVN 
formation. b) Representative images showing immortalized human umbilical vein EC (ImHUVEC, 7 × 106 mL–1) MVNs made with lung FBs at 0, 1, 
or 2 × 106 mL–1 concentration. ImHUVECs expressing blue fluorescent protein (BFP) were used. Green, ImHUVECs. c) Distribution of microvessel 
diameter of ImHUVEC MVNs made with or without FBs. Mean and SD of each group are: No FBs 164.3 ± 113.1 µm; 1 × 106 mL–1 FBs 69.45 ± 60.78 µm; 
2 × 106 mL–1 FBs 47.97 ± 35.87 µm (n = 2 devices, 3 regions of interest (ROIs) each). Representative images (d) and diameter distribution (e) of MVNs 
made of ImHUVECs expressing BFP at 5, 8, or 10 × 106 mL–1 density with 1 × 106 mL–1 lung FBs. Mean and S.D. of each group are: 5 × 106 mL–1 ECs 
36.28 ± 25.27 µm; 8 × 106 mL–1 ECs 118.9 ± 93.68 µm; 10 × 106 mL–1 ECs 128.9 ± 79.19 µm (n = 2 devices, 3 ROIs each). Green, ImHUVECs.
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Figure 2. Initial cell spatial distribution determines MVN morphology. a) Schematic illustration of non-flipped and flipped seeding method. EC-FB 
mixture was seeded in the microfluidic device, the device either stayed right side up (no flipping), or was flipped —three to five times. The cell mixture 
is more evenly distributed in all three dimensions in flipped devices, leading to narrower and more 3D distributed MVNs at day 7, compared to non-
flipped method. Representative confocal images of ImHUVECs expressing GFP and MVNs seeding in non-flipped b) or flipped c) method at day 0 
(left) and day 7 (right). d) Diameter distribution of microvessels made in non-flipped or flipped method. Mean and SD of each group are: non-flipped 
63.27 ± 45.29 µm; flipped 37.17 ± 19.00 µm (n = 3 devices, 2 ROIs each).

Figure 3. Seeding density determines MVN perfusability. a) Representative confocal images of MVNs formed with ImHUVECs expressing BFP and 
lung FBs at various concentrations (left). Zoomed in images of microvessels in the regions between microposts showing vessel openings and closed 
vessels (right). Lower EC and higher FB densities led to lower opening percentation and less or non-perfusable MVN formation. Green, ImHUVECs. 
Magenta, dextran (70 kDa). b) Statistical analysis of microvessel opening percentage (bars) and central perfusable MVN percentage (dots) in each 
ROI of MVNs made at various EC and FB concentrations. Bars represent mean ± SD. Two-tailed t tests were performed for the statistical comparisons 
(n = 3 devices, 5 ROIs each).
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channels (Figure  4a,c). The two-step seeding strategy pro-
duced MVNs with smaller diameter microvessels in the central 
regions compared to the one-step method producing perfus-
able but wider MVNs; and a higher perfusability (more open 
outer layer microvessels) than the one-step narrower but not 
perfusable MVNs (Figure 4b–e, also refer to Figures S2 and S3, 
Supporting Information, for detailed characterization).

2.3. Applications of MVNs Made with Two-Step Method

The two-step seeding method produced MVNs that are suit-
able for immunofluorescent staining (Figure 5a) and cell perfu-
sion experiments. As a demonstration, we perfused tumor cells 
or tumor clusters (Figure  5b–d) into MVNs formed from the 

traditional one-step seeding method and our two-step seeding 
strategy. More tumor cells were arrested by physical trapping 
in MVNs formed using the two-step than the one-step method 
(Figure 5b,c). A similar approach allows immune cells, such as 
monocytes, to be perfused in the MVNs made by the two-step 
method (Figure 5e).

The two-step seeding strategy also resulted in the formation 
of physiologically relevant MVNs using ImHUVECs with FBs 
derived from patients with thyroid cancer, brain microvascular 
ECs with astrocytes and brain pericytes, dermal microvascular 
ECs with dermal FBs, and iPSC-derived ECs with lung FBs 
(Figure 6). These MVNs are also suitable for immunofluores-
cent staining and permeability tests (Figure  6; Figure S4a,b, 
Supporting Information). For example, immunostaining shows 
that astrocytes are in the stroma and bridging nearby ECs 

Figure 4. Two-step strategy for robustly generating perfusable MVNs of physiological geometry. a) Schematic diagram of two-step seeding method in 
the microfluidic device with microposts. All cells were suspended in hydrogel precursor (fibrinogen/thrombin). First, high density of ECs are seeded in 
the device. Second, the uncured gel is carefully aspirated, and the ECs remaining in the regions between microposts are referred to as outer layer ECs. 
Third, the ECs/stromal cells, such as FBs, are seeded into the central gel region. Microfluidic devices are flipped several times to improve vascular cell 
3D distribution in the center. MVNs will form within 7 days. b) Schematic illustration and representative images of the traditional 1-step method of 
forming MVNs. 1) Non-flipped, higher EC (8 × 106 mL–1) with lower FB (1 × 106 mL–1) cell density tend to form perfusable but wider diameter MVNs. 
2) Evenly distributed (flipped), lower EC (5 × 106 mL–1) with higher FB (1.5 × 106 mL–1) cell density form non-perfusable, narrower diameter MVNs. 
ImHUVECs expressing BFP and lung FBs were used. Green, ImHUVECs. Magenta, dextran (70 kDa). c) Schematic cartoon and representative images 
of the two-step method of generating perfusable MVNs with narrower diameters in the center. In this experiment, BFP-ImHUVECs (cyan, 10 × 106 mL–1) 
were used as outer layer ECs; GFP-ImHUVECs (green, 5 × 106 mL–1) with FBs (1.5 × 106 mL–1) were seeded in the center. Devices were flipped several 
times during hydrogel polymerization. The dotted square indicates an enlarged dextran image that demonstrates perfusibility of the narrow vessels. 
White arrows point to narrow microvessels. d) Diameter distribution of microvessels from MVNs made by one- or two-step seeding method. Mean and 
SD of each group are one-step: perfusable but wider vessels 74.17 ± 62.27 µm; one-step: narrow vessels but not perfusable 21.16 ± 12.95 µm; two-step: 
outer layer 80.60 ± 25.36 µm; two-step: center 27.46 ± 18.63 µm (n = 3 devices, 3 ROIs each). e) Statistical analysis of microvessel opening percentage 
(bars) and central perfusable MVN percentage (dots) in each ROI of MVNs made by one- or two-step seeding method. Bars represent mean ± SD. 
Two-tailed t-tests were performed for the statistical comparisons (n = 3 devices, 5 ROIs each).
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(Figure  6b). More studies demonstrating interactions of brain 
EC, brain pericytes, and astrocytes in our blood–brain barrier 
model system can be found in our recent publication.[32]

2.4. Hybrid MVN Formation using Two-Step Method

Beyond improving MVN formation, the two-step seeding method 
opens the door for the formation of hybrid MVNs that allow par-
simonious use of vascular cells that may be difficult to obtain in 

large quantities, such as brain ECs, brain pericytes, astrocytes, 
and patient-derived ECs. The ECs of interest can be used exclu-
sively for MVN formation. We formed MVNs consisting of an 
outer layer of readily available ECs that connect to central MVNs 
comprised of the ECs of interest. For example, we seeded readily 
available immortalized HUVECs as the outer layer ECs with 
much scarcer brain ECs along with brain pericytes and astro-
cytes in the central region (Figure  7a). These two different EC 
types readily anastomosed into a perfusable MVN (Figure  7b). 
Functionally, the permeability of the hybrid brain MVNs in the 

Figure 5. Applications of two-step seeding method produced MVNs. a) Two-step MVNs formed with ImHUVECs and lung FBs were stained with CD31 
antibody to demonstrate the immunostaining applications of this method. b) Representative confocal images of perfused tumor cells (red) in MVNs 
made by one- or two-step seeding method with ImHUVECs and lung FBs. Zoomed in images on the right show H69M tumor cells that are arrested 
in these two MVNs. Red, tumor cells. Cyan, ImHUVEC expressing BFP. Green, ImHUVECs expressing GFP. c) Quantification of tumor cell number 
arrested in the MVNs made by one- or two-step seeding method. Bars represent mean ± SD. Two-tailed t-tests were performed for the statistical com-
parisons (n = 3 devices, 6 ROIs each). d) Tumor clusters (2–4 cells, mimicking circulating tumor clusters) made from the H69M cell line were perfused 
in two-step MVNs and imaged for 40 h. Red, tumor cells. Cyan, ImHUVEC expressing BFP. Green, ImHUVECs expressing GFP. Inserted image shows 
tumor cell cluster in a higher magnification. e) Monocytes were perfused in two-step MVNs formed with ImHUVECs and lung FBs as an example of 
immune cell perfusion studies.
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central region was similar to pure brain MVN controls (Figure 7c, 
Figure S4c, Supporting Information). Similarly, we formed hybrid 
MVNs with immortalized HUVEC and iPSC-ECs (Figure 7d).

Finally, the two-step seeding strategy can also be adapted for 
hybrid MVNs formed in two different extracellular matrices 
(ECMs). We formed MVNs within ECMs with different den-
sities and ECMs derived from different species between the 
microposts and throughout the central channel (Figure 8).

3. Discussion

Blood cells, including immune cells, travel through the cap-
illaries that have diameters as small as 5–10  µm. Circu-
lating tumor cells and clusters are arrested in capillaries 
by mechanical trapping and endothelial adhesion during 

metastasis.[33] Thus, perfusable MVNs with capillary-like geom-
etry and dimensions are critical to interrogate both normal and 
pathological processes in vitro. Microfluidic-based approaches 
to capillary network formation have become ubiquitous tools 
to study physiology at the level of individual capillaries.[1] But 
despite the desire for capillary morphology and size in many 
applications, a survey of published reports reveals that many 
studies fail to recapitulate the small diameters found in typ-
ical capillaries. The bias toward larger vessel diameters is 
often by necessity. Many studies represent a vessel by seeding 
an endothelial monolayer on the walls of one or more of the 
channels in the microfluidic device.[34–37] In others, in which 
the microcirculation self assembles from cells (often ECs and 
FBs), small-diameter vessels are possible, but even in this case, 
it is rare to find capillary-sized structures.[3,5,8,9,13–30] A common 
reason for this is the need to generate perfusable vessels, and 

Figure 6. Different types of MVNs made with two-step method. Representative images of two-step seeding method produced MVNs formed by 
a) ImHUVECs expressing BFP with patient-derived thyroid FBs. Opening percentage (%) is 67.46 ± 15.95%; central perfusable MVN percentage is 
77.67 ± 16.81% (n = 3 devices, 5 ROIs each). Green, ECs. Magenta, dextran. b) Two-step brain MVNs formed with brain ECs expressing GFP with 
brain pericytes and astrocytes. Opening percentage is 80.80 ± 14.02%; central perfusable MVN percentage is 87.20 ± 12.22% (n = 3 devices, 5 ROIs 
each). Green, ECs. Magenta, dextran. Yellow, GFAP immunofluorescent staining for activated astrocytes. c) Two-step dermal MVNs formed with 
human dermal blood microvascular ECs (HDBMECs) expressing BFP and dermal FBs. Opening percentage is 93.20 ± 8.621%; central perfusable 
MVN percentage is 98.93 ± 4.652% (n = 3 devices, 5 ROIs each). Green, ECs. Magenta, dextran. d) Permeability analysis of two-step dermal MVNs 
treated with or without TNF-α. Bars represent mean ± SD. Two-tailed t-tests were performed for the statistical comparisons (n = 4 devices, 4 ROIs 
each). e) Two-step dermal MVNs stained with CD31 antibody (red). f) Two-step method MVNs formed with iPSC-derived ECs and lung FBs. Opening 
percentage is 77.37 ± 15.03%; central perfusable MVN percentage is 76.47 ± 13.43% (n = 3 devices, 5 ROIs each). Green, iPSC-ECs stained with UEA-I. 
Magenta, dextran. g) Statistical analysis of permeability of two-step iPSC-EC MVNs treated with or without TNF-α. Bars represent mean ± SD. Two-
tailed t-tests were performed for the statistical comparisons (n = 4 devices, 4 ROIs each). h) CD31 immunostaining (red) of two-step MVNs made 
with iPSC-ECs and lung FBs. In all MVN images, white arrows point to the perfusable narrow microvessels. Dashed rectangles identify regions 
shown in inserts at higher magnification. 10 kDa dextran was used for brain MVNs perfusion. The 70 kDa dextran was used for all other perfusion 
and permeability experiments.
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MVNs with larger diameters are more likely to be perfusable. 
In contrast, narrow, capillary-like vessels are less likely to be 
perfusable because they fail to open at the interface to the 
media channel. This suggests that the immediate vicinity of 
the interface between the bulk vascular network and abutting 
media channel is a critical determinant of microvascular net-
work function. To address this limitation, we have developed a 
simple 2-step procedure that increases the likelihood of MVNs 
opening to the media channels while maintaining capillary-like 
morphology.

Microvascular network seeding parameters are cell- and 
device-specific. Thus, it is essential to titrate seeding param-
eters for different types of vascular cells. However, we believe 
the trends observed in our devices with our cells are generally 
consistent with results obtained in other labs, and with other 
devices and cells. We generally find that the ratio of EC-to-FB 
concentrations is one of the primary determinants of vascular 

dimension, with lower values favoring narrower, more physi-
ological microvessels. This ratio, however, is dynamic, due to 
different cell types having distinct proliferation and/or migra-
tion tendencies that result in changes in local cell density 
and MVN geometry both initially and during the course of an 
experiment. With the seeding parameters we used in this paper 
(Table S1, Supporting Information), at ≈7  days the MVNs are 
able to form and become relatively stable, making it a good 
time point for various types of study, such as morphology, per-
fusability, and permeability. But, we want to stress that, if using 
different primary cells at different seeding conditions, the 
optimal time window for functional test might vary.

We chose to address these problems and produce vascular 
beds with smaller vessel diameters, by manipulating the spatial 
distribution of the EC-to-FB ratio in such a way as to generate 
large, highly perfusable vessels adjacent to the media channels 
and smaller, more physiological ones in the central gel region. 

Figure 7. Adapted two-step seeding method for hybrid MVN formation. a) Schematics of adapted two-step seeding method in the microfluidic device. 
To reduce the usage of vascular cells of interest for MVN formation, ImHUVECs were used for outer layer EC seeding. After the uncured ImHUVECs/
gel precursor liquids were carefully aspirated, the vascular cells of interest, such as brain primary ECs along with astrocytes, and brain pericytes, were 
seeded to the central gel region. b) Representative images of hybrid MVNs formed by ImHUVECs (outer layer) and brain specific MVNs (central region). 
Opening percentage is 90.93 ± 8.78%; central perfusable MVN percentage is 96.22 ± 5.91% (n = 3 devices, 5 ROIs each). Cyan, ImHUVECs expressing 
BFP. Green, brain ECs expressing GFP. Magenta, dextran (10 kDa). White arrows point to the perfusable narrow microvessels. c) Permeability meas-
urements made in the central region of brain MVNs formed with two-step pure or hybrid MVN strategy using 10 kDa dextran. Bars represent mean ± 
SD. Two-tailed t-tests were performed for the statistical comparisons (n = 3 devices, 4 ROIs each). d) Representative images of hybrid MVNs formed 
by ImHUVECs expressing BFP (outer layer, cyan) and iPSC-ECs along with lung FBs (central region). Opening percentage is 97.73 ± 5.982%; central 
perfusable MVN percentage is 93.89 ± 6.166% (n = 3 devices, 5 ROIs each). ECs were stained with UEA-I (green). Magenta, dextran (70 kDa). White 
arrows point to the perfusable narrow microvessels.
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To do this, we devised a two-step seeding method in which FBs 
are seeded in the central gel region only. However, even using 
the two-step method, we observed that FBs tend to appear in 
the regions between microposts by approximately day 7, indi-
cating that FBs migrate from the central region to the outer 
layer region.

We found that two-step MVNs formed with various types of 
vascular cells show different geometry (Figure 6). For example, 
the diameters of MVNs made from iPSC-derived ECs are more 
homogenous than MVNs made with other types of ECs. Such 
differences emphasize the importance of establishing tissue 
specific MVNs for particular studies. Future comparisons 
among these vascular cells will promote our understanding of 
tissue specific vascularization.

A drawback of using the two-step method to form MVNs is 
that cells forming the outer EC layer are wasted, especially if 
the cell sources are scarce, such as human brain ECs or patient-
derived primary cells. An alternative approach is to use immor-
talized HUVEC or other readily available ECs in the outer layer 
ECs. We demonstrated that the ImHUVECs could anastomose 
with brain ECs or iPSC-EC MVNs with similar functionality to 
pure MVNs.

A major challenge is to generate organoids with internal 
vasculature that functionally connects with an external vas-
culature.[2] Based on the present findings, one approach is to 
induce anastomoses between vasculatures developed indepen-
dently inside and outside the organoid. Our two-step seeding 
protocol leads to perfusable networks composed of differing 
EC types within microvascular devices. Future studies could 
leverage the ability to visualize vascular networks with high 
spatial and temporal resolution to better understand the mech-
anism underlying the vascular interconnections formed in 
microfluidic devices.

The two-step seeding method can also be adapted to form 
MVNs in hybrid ECMs. It has been shown that the ECM density 
and stiffness within tumors is higher than in normal tissues.[38] 
However, replicating this condition within a microfluidic device 
is problematic, because ECMs with higher density produce nar-
rower microvessels.[3] Thus, it is unlikely that MVNs formed 
by traditional seeding protocols with dense ECM would be per-
fusable and our two-step method could potentially solve this 
problem by using different ECM densities in the outer layer 
and central regions.

4. Conclusion

In summary, we developed a novel two-step method for seeding 
vascular cells that facilitates the formation of functional and 
perfusable MVNs with physiologically relevant network geom-
etries. This method is amenable to many types of ECs, stromal 
cells, and ECMs, including those derived from patients. The 
two-step seeding strategy produces more physiologically 
relevant MVNs to study microvascular diseases, immune 
cell trafficking, tumor cell extravasation, drug transport and 
kinetics, and vascularized tumor spheroids and organoids.

5. Experimental Section
Cells, Antibodies, and Reagents: ImHUVECs expressing BFP or 

GFP (P20-P30),[16] HDBMECs (Lifeline Cell Technology, P5-P8), and 
iPSC-ECs (Alstem, P4-P5) were cultured in VascuLife VEGF Endothelial 
Medium (Lifeline Cell Technology). Lung FBs (Lonza, P7), immortalized 
lung FBs expressing mCherry (P10),[16] dermal FBs (Lifeline Cell 
Technology, P5), and patient-derived thyroid FBs (P4) were cultured 
in FibroLife S2 Fibroblast Medium (Lifeline Cell Technology). Human 
brain microvascular endothelial cells (Angioproteomie, P4-P5) were 
cultured on fibronectin (30  µg mL–1) coated flasks in Vasculife VEGF 
endothelial medium with 5% FBS. Human astrocytes (ScienCell, P5) 
and brain pericytes (ScienCell, P5) were cultured on poly-l-lysine coated 
flasks (0.15  µg mL–1) in suggested commercial media from ScienCell. 
The medium was replenished every 2  days. Cells were detached and 
seeded into microfluidic devices after reaching 80% confluency. H69M 
cells expressing mCherry were cultured in RPMI1640 (Thermo Fisher) 
with 10% FBS and 1% penicillin-streptomycin (Sigma). CD31 and GFAP 
monoclonal antibody (Abcam and Invitrogen, respectively). Fibrinogen 
from bovine plasma, fibrinogen from human plasma, and thrombin 
from bovine plasma were used to form gels (Sigma), and Alexa Fluor 
488-conjugate human fibrinogen (Thermo Fisher) was mixed with 
human fibrinogen (1:10) to discriminate from bovine fibrin. Ulex 
Europaeus Agglutinin I (UEA I), Fluorescein (1:100) was used for human 
EC labeling (Vector laboratories).

Isolation of Primary FBs: FBs were isolated from patient thyroid 
cancer surgical resections in accordance with a protocol approved by 
the Institutional Review Board of Dana Farber Cancer Institute (09-472).  
Briefly, specimens were minced with sterile forceps and scalpels until 
pieces were smaller than 1  mm. Next, the tissue was digested in a 
warm solution of collagenase P, DNAse, and dispase in RPMI medium 
supplemented with 2% FBS. Every 15  min, cells released from the 
minced pieces were collected with a pipette and transferred to a tube of 
cold FACS buffer containing 2% FBS and 2 × 10−3 m EDTA in PBS. After 
75 min, all cells were pelleted via centrifugation and passed through a 

Figure 8. Adapted two-step seeding method for MVN formation in hybrid matrices. a) Schematics of adapted two-step seeding method for two dif-
ferent types of ECMs (ECM-A and ECM-B). To reduce the usage of the scarce ECMs (such as patient-derived or tissue specific ECM), common ECMs 
(such as bovine fibrin), can be used for outer layer EC seeding. After the uncured ECs/ECM-A liquids were carefully aspirated, ECs with FBs in scarce 
ECM-B were seeded to the central gel region to form MVNs in hybrid ECMs. b) Representative images of wide perfusable MVNs formed in fibrin at 
3 mg mL–1 (ECM-A) or 5 mg mL–1 (ECM-B) using one-step seeding method (ImHUVECs expressing BFP, 8 × 106 mL–1; lung FBs, 1 × 106 mL–1). Green, 
ImHUVECs. Magenta, dextran (70 kDa). c) Confocal images of perfusable MVNs formed in hybrid fibrin (outer layer 3 mg mL–1, central 5 mg mL–1) 
using two-step seeding strategy (outer layer ImHUVECs expressing BFP, 10 × 106 mL–1; central ImHUVECs expressing BFP, 5 × 106 mL–1; and lung 
FBs 1.5 × 106 mL–1). Opening percentage is 94.33 ± 8.295%; central perfusable MVN percentage is 97.89 ± 3.63% (n = 3 devices, 5 ROIs each). Green, 
ImHUVECs. Magenta, dextran (70 kDa). White arrows point to the perfusable narrow microvessels. d) Experimental design of seeding MVNs in bovine 
or human fibrin. To discriminate between the two types of ECMs, Alexa Fluor 488 labeled human fibrin was added to non-labeled human fibrin. Left, 
one-step seeding method in bovine fibrin gel; middle, one-step seeding in human fibrin gel (containing 10% Alexa Fluor 488 labeled human fibrin); right, 
adapted two-step seeding for hybrid fibrin (outer layer, bovine fibrin; central, human fibrin mixed with 10% of Alexa Fluor 488 labeled human fibrin).  
e) Representative images of wide perfusable MVNs formed in fibrin derived from bovine (ECM-A) or from human (ECM-B) using one-step seeding 
method (ImHUVECs expressing BFP, 8 × 106 mL–1; lung FBs, 1 × 106 mL–1). f) Representative images of perfusable MVNs formed in hybrid ECMs 
(outer layer bovine fibrin, central human fibrin) using two-step seeding method (outer layer ImHUVECs 10 × 106 mL–1, central ImHUVECs 5 × 106 mL–1, 
and lung FBs 1.5 × 106 mL–1). Opening percentage is 92.07 ± 10.88%; central perfusable MVN percentage is 98.25 ± 3.99% (n = 3 devices, 5 ROIs 
each). Cyan, ImHUVECs expressing BFP. Green, human fibrin. Magenta, dextran (70 kDa). White arrows point to the perfusable narrow microvessels.
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30  µm cell filter. The single cell fraction was plated at low density on 
tissue culture dishes pre-coated with 1% gelatin. FibroLife S2 medium 
was added and refreshed every 2–3  days until FBs reached ≈90% 
confluency in ≈7–12 days.

Microvascular Network Formation: 3D cell culture chips (AIM Biotech) 
were utilized to generate in vitro MVNs. AIM chip body was made of 
cyclic olefin polymer (COP) with a type of gas-permeable plastic serving 
as the bottom film. AIM Biotech chips contain three parallel channels: 
a central gel channel flanked by two media channels. Microposts 
separate fluidic channels and serve to confine the liquid gelling solution 
in the central channel by surface tension before polymerization. The 
gel channel was 1.3  mm wide and 0.25  mm tall, the gap between 
microposts was 0.1 mm, and the width of media channels was 0.5 mm. 
For the one-step seeding method, ECs and FBs were co-seeded into the 
chip as previously described.[16] Briefly, ECs and FBs were concentrated 
in VascuLife containing thrombin (4  U mL–1). Cell mixture solution 
was then further mixed with fibrinogen (3 mg mL–1 final concentration, 
unless otherwise specified) at a 1:1 ratio and quickly pipetted into the 
chip through the gel inlet with a final concentration of 7 × 106 mL–1 for 
ECs and 1 × 106 mL–1 for stromal cells, unless otherwise specified. For 
the two-step seeding strategy, the outer layer EC solution was made 
with a final concentration of 10  × 106  mL–1 for ECs only, then pipetted 
into the gel inlet, immediately followed by aspirating from the gel outlet, 
leaving only residual solution around the microposts. Another solution 
with final concentrations of 5 × 106 mL–1 ECs and 1.5 × 106 mL–1 stromal 
cells (unless otherwise specified) was then pipetted into the same 
chip through the gel outlet. The EC/stromal cell mixture was seeded 
through a gel outlet port to avoid the outer layer ECs being pushed out 
to media channel, if there was any liquid left in the central gel channel 
after aspiration. For flipped devices, the chip was inverted roughly every 
30  s —three to five times right after seeding. The device was placed 
upside down to polymerize in a humidified enclosure and allowed to 
polymerize at 37 °C for 15 min in a 5% CO2 incubator, before VascuLife 
was introduced to the media channels. After seeding, culture medium 
was added and changed daily in the device. After 7  days, the MVNs 
were ready for further experiments. A detailed troubleshooting table 
for generating MVNs can be found in previous protocols.[32,39] All 
experimental parameters of MVN formation for each figure are 
summarized in Table S1 (Supporting Information).

MVN Perfusion, Permeability Measurement, Immunofluorescent 
Staining, Imaging, and Analysis: To confirm the perfusability of MVNs, the 
culture medium in one media channel was aspirated, followed by the 
injection of 20 µL of 10 µg mL–1 70 kDa MW Texas red dextran solution or 
Alexa Fluor 647-conjugated 10 kDa MW dextran (Invitrogen). The process 
was then repeated for the other media channel, before imaging under 
a confocal microscope. To quantify perfusability, microvessel opening 
percentage was calculated by dividing the number of open vessels 
between microposts by the total numbers of vessels between microposts 
in each ROI; central perfusable MVN percentage was calculated by 
dividing the area of perfused dextran in the central region by the area 
of fluorescent MVNs in the same region (images were maximum 
intensity projections). The permeability of the brain MVN was measured 
as previously described,[6] by quantifying the increase in fluorescence 
intensity of Alexa Fluor 647-conjugated 10 kDa MW dextran in the matrix 
over 10 min. For permeability tests of dermal MVNs and iPSC-EC MVNs, 
MVNs were treated with 5  ng mL–1 TNF-α (Sino Biological) overnight 
prior to being perfused with 70 kDa MW Texas red dextran. The detailed 
permeability measurement protocol and ImageJ Marco for permeability 
analysis can be found in previous protocol.[32] For immunofluorescent 
staining, MVNs were fixed by 4% paraformaldehyde. After thorough 
washing with PBS, MVNs were permeabilized with 2% Triton X-100 and 
then blocked with 10% goat serum (Invitrogen). Subsequently, MVNs 
were stained with CD31 (5  µg mL–1) or GFAP antibody (Invitrogen, 
1:500) on a rocker at 4  °C overnight. Next, the microfluidic devices 
were washed five times with PBS on a rocker at room temperature, the 
MVNs were stained with secondary antibody Alexa Fluor 633-conjugated 
goat anti-rabbit IgG (H+L) or Alexa Fluor 594-conjugated goat anti-rat 
IgG (H+L) (Invitrogen, 1:500) on a rocker at 4  °C overnight. After 

extensive washing, the MVNs were ready for confocal imaging using 
an Olympus FLUOVIEW FV1200 confocal laser scanning microscope 
with a 10× objective. Z-stack images were acquired with a 5  µm step 
size. All images shown are collapsed Z-stacks, displayed using range-
adjusted Imaris software, unless otherwise specified. Vessel diameters 
were measured manually using ImageJ (NIH, U.S., demonstrated in 
Figure S5, Supporting Information). FB accumulation at the outer layer 
or central regions was quantified using ImageJ (NIH, U.S.) by dividing 
the total fluorescence intensity of FBs located at the outer layer or 
central regions by the area of the regions between microposts. Vessel 
area percentage, joint density, and average vessel length were analyzed 
and quantified using AngioTool.[40] Images of the central region of MVNs 
were used for analysis.

Tumor Cell, Tumor Cluster, and Monocyte Perfusion in MVNs: Tumor 
cells were resuspended at a concentration of 1  × 106  mL–1 in culture 
medium. Similar to dextran perfusion as described above, a 20 µL tumor 
cell suspension was perfused into the MVNs and incubated for 15 min. 
Tumor cell medium was aspirated from the media channels to remove 
the unattached cells, and Vasculife was replenished.The devices were 
then ready for imaging. To form tumor clusters to mimic circulating 
tumor clusters, tumor cell suspension was seeded in a 96-well ultra-low 
attachment plate (Wako Chemicals USA) at 2–4 cells per well. 24 h later, 
the tumor clusters were perfused. Monocytes were isolated from healthy 
donor's blood by the monocyte core at MIT, and followed by CellTracker 
Deep Red (Invitrogen) staining. The experiments with primary blood 
cells were approved by the Committee on the Use of Humans as 
Experimental Subjects. After washing, monocytes were suspended at a 
concentration of 1 × 106 mL–1 in Vasculife and perfused.

Statistical Analysis: All error bars are shown as mean ± SD. Statistical 
analysis was detected via by Student's t-test with GraphPad Prism. 
Sample number (n) and p-value are provided in the figures or figure 
legends.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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