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A B S T R A C T   

Vasculature-on-chip (VoC) models have become a prominent tool in the study of microvasculature functions 
because of their cost-effective and ethical production process. These models typically use a hydrogel in which the 
three-dimensional (3D) microvascular structure is embedded. Thus, VoCs are directly impacted by the physical 
and chemical cues of the supporting hydrogel. Endothelial cell (EC) response in VoCs is critical, especially in 
organ-specific vasculature models, in which ECs exhibit specific traits and behaviors that vary between organs. 
Many studies customize the stimuli ECs perceive in different ways; however, customizing the hydrogel 
composition accordingly to the target organ’s extracellular matrix (ECM), which we believe has great potential, 
has been rarely investigated. We explored this approach to organ-specific VoCs by fabricating microvessels (MVs) 
with either human umbilical vein ECs or human brain microvascular ECs in a 3D cylindrical VoC using a collagen 
hydrogel alone or one supplemented with laminin and hyaluronan, components found in the brain ECM. We 
characterized the physical properties of these hydrogels and analyzed the barrier properties of the MVs. Barrier 
function and tight junction (ZO-1) expression improved with the addition of laminin and hyaluronan in the 
composite hydrogel.   

1. Introduction 

Vasculatures are semipermeable barriers that regulate blood–tissue 
exchanges [1]. Considering their critical role in drug targeting, the 
functions of vasculatures have received significant attention in fields 
such as pharmacology [2]. Because of their cost-effectiveness and ethical 
value in reducing the use of animal models in research, organ-on-chip 
technologies based on vasculature-on-chip (VoC) models have been 
increasingly used in preclinical testing [3]. VoCs have been fabricated 
using different technologies, with the most complex models assembled 
in a three-dimensional (3D) geometrical configuration using a biocom
patible soft material. Hydrogels are physiologically similar, with 

collagen gels having proven their relevance in reconstituting cohesive 
layers of endothelial cells (ECs) [4]. To mimic more complex physio
logical conditions, some studies have supplemented the composition of 
collagen gels with materials such as fibrin or Matrigel [5,6]. However, 
even with supplementation, accurate replication of the intricate 
organ-specific extracellular matrices (ECMs) in vitro has not been 
developed. This uncertainty is further increased by the lack of evidence 
demonstrating whether the organ-specific characteristics of endothelial 
tissues arise solely from the specialization of ECs or in conjunction with 
biochemical and biophysical cues present in the tissue microenviron
ment [5]. 

The mechanical stimuli that ECs receive in a 3D VoC can be 
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modulated by manipulating the physical properties of the hydrogel [7], 
as well as by inducing shear stress on the ECs through the application of 
pressure or flow inside the vasculature [8]. The chemistry of the 3D VoC 
microenvironment can also be adjusted by introducing specific soluble 
factors into the culture medium or by coculturing ECs with other 
organ-specific cells [9]. Organ-specific vasculature response is best 
illustrated in the central nervous system with the blood–brain barrier 
(BBB), which is maintained by tight junctions in between ECs [10] with 
high size-selectivity for molecular transport. The ECM composition of 
brain tissue may contribute to this specific response because of its 
unique components, such as hyaluronan, proteoglycans, laminin and 
fibronectin [11]. However, very few studies have attempted to mimic 
cerebral blood vessels using composite materials based on type I 
collagen gel and other brain ECM proteins [12]. Therefore, we addressed 
the question of how the composition of the supporting hydrogel of a VoC 
influences its barrier function by recreating in vitro 3D cylindrical 
microvessels (MVs). 

Here, we used collagen type I gel, hereafter referred to as “Collagen 
I″, and mixture of collagen I/III, laminin 111, and hyaluronan, hereafter 
referred to as “MatriMix”. We compared their structural and physical 
properties and seeded two types of human ECs: namely human umbilical 
vein ECs (HUVECs) and human brain microvascular ECs (HBMVECs) to 
fabricate MVs. Finally, we assessed barrier function assay of each MV 
and investigated the expression of EC–EC adherent junctions and tight 
junctions. 

2. Materials and methods 

2.1. Cells 

HUVECs (Lonza, Basel, Switzerland) were maintained with EGM-2 
EC culture medium (Lonza). The culture medium was changed every 
other day, and the HUVEC culture was kept until passage number 7. 
HBMVECs (iXCells, San Diego, USA) were thawed and cultured in EC 
basal medium (iXCells). The subculture was kept until passage number 
5. 

2.2. MV chip preparation 

We use single MV polydimethylsiloxane (PDMS) microfluidic chips 
and followed a surface treatment method proposed previously [13,14]. 
Hydrogels were prepared after the treatment of chips and needles. 
Collagen I hydrogel was fabricated using a mix of Cellmatrix® Type I-A 
3 mg/mL collagen solution (Nitta, Osaka, Japan) with Hank’s buffer and 
collagen buffer and phosphate-buffered saline (PBS) at a 6.7:1:1:1.3 vol 
ratio. MatriMix® (Nippi, Tokyo, Japan) hydrogel was fabricated by 
mixing the three components (hyaluronan/laminin 111 solution, 
NaHCO3 buffer, and Collagen I/III solution) provided by the manufac
turer at a 5.4:0.6:4 vol ratio. The final collagen concentration was 2 
mg/mL for both hydrogels, with MatriMix containing laminin and 
hyaluronan at concentrations of 5 μg/mL and 0.2 mg/mL, respectively. 
The mixture was then added to the MV chip (10 μL in each reservoir of 
the chip and 30 μL in the central cavity), followed by a rapid insertion of 
acupuncture needle. Chips were kept in the incubator for 10 or 30 min to 
allow for gelation, and then the needle was removed to form the acel
lular channel. 

2.3. MV fabrication 

HUVECs and HBMVECs were seeded into the acellular hydrogel 
channel from both inlets at 50,000 cells each and allowed to attach to 
the hydrogel scaffold at 37 ◦C for 10 min [14]. Warm EC-specific me
dium was added, and MV were cultured at 37 ◦C until use on the third 
day of culture. 

2.4. Characterization of hydrogel properties 

To characterize the elastic modulus and permeability of hydrogels, 
we employed the method previously developed in Ref. [15], in which 
the pressure evolution on top of the hydrogel was registered upon 
application of a constant pressure in the range of 200–1000 Pa in the 
acellular hydrogel channel. Pressure kinetic changes were then analyzed 
with the analytical poroelastic model of ref. [15] to infer the elastic 
modulus and permeability. 

2.5. Scanning electron microscopy (SEM) 

Collagen I and MatriMix were prepared as disks with a diameter of 5 
mm and a thickness of 3 mm using silicone molds. All samples were fixed 
with 2.5 % glutaraldehyde for 2 h at room temperature and then 
dehydrated by exposure to a graded ethanol series (057–00456; FujiFilm 
Wako; 50 %, 70 %, 80 %, 90 %, and 100 % for 30 min each). After the 
replacement of 100 % ethanol overnight with gentle shaking, the sam
ples were exposed to a graded series of ethanol–t-butanol (ethanol/t- 
butanol: 75 %/25 %, 50 %/50 %, and 25 %/75 % for 30 min each). After 
the replacement of 100 % t-butanol twice for 30 min, the samples were 
freeze-dried overnight and coated with osmium. Observation was per
formed with a field emission scanning electron microscope (FE-SEM, 
JSM-7500F, JEOL, Tokyo, Japan) at 3 kV accelerating voltage. 

2.6. Microscopies 

Phase contrast multi-tile panoramic images of each MV were taken 
with an AXIO observer Z1 microscope (Carl Zeiss, Oberkochen, Ger
many) focusing on the equatorial plane of the MVs at 20 × . Diffusion 
assay time lapses and immunostaining images were taken using a 
confocal laser scanning microscope (CLSM; LSM 700, Carl Zeiss) using 
the 10 × or 20 × objective lens. 

2.7. Diffusion assay 

The diffusive permeability (PD) across the MV barrier was evaluated 
through the simultaneous injection of two fluorescent probes of different 
molecular weights, fluorescein isothiocyanate (FITC)-conjugated 4 kDa 
average dextran (Sigma-Aldrich, Missouri, USA) and rhodamine- 
conjugated 70 kDa average dextran (Sigma-Aldrich), both at 10 mg/ 
mL in 1 % PBS and mixed thoroughly, in the VoC lumen. The assay was 
performed using the same device and protocol described previously [14, 
16]. The acquisition of diffusion timelapses was performed in the span of 
4 min with images captured every 3.87 s, for a total of 50 images at 10 ×
or 20 × magnification. The PD calculations were obtained by analyzing 
the time-lapse images using ImageJ software (Maryland, USA), 
following the model established in our previous study [14,17]. 

2.8. Immunocytochemistry 

MVs fixed with 4 % paraformaldehyde were then permeabilized with 
1 % Triton X-100. Blocking was performed overnight at 4 ◦C with 1 mL 
of 1 % BSA. MVs were treated with primary antibodies of VE-cadherin 
(rabbit 2500, Cell Signaling, Boston, MA, USA) or ZO-1 (rabbit 
40–2200, Thermo Fischer Scientific, Waltham, MA, USA) in 1 % BSA 
(1:200) overnight at 4 ◦C and rinsed with PBS thoroughly after. Alexa 
Fluor 555-conjugated goat anti-rabbit IgG secondary antibody (A- 
21428; Thermo Fisher Scientific) (1:1000) and Hoechst 33342 (1:1500) 
in 1 % BSA were added to the MVs and kept at 4 ◦C overnight. 

2.9. Statistical analysis 

Numerical values were expressed as the mean ± standard error of the 
mean. Statistical differences between conditions were evaluated using 
Student’s t-test, with p values indicated either in the graphs or legends 
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Fig. 1. Concept of this study A) Steps of MV fabrication. ECs were seeded in the hydrogel channel and cultured for 3 days for MV maturation. B) Barrier function 
assay. The responses of HUVECs and HBMVECs in two hydrogels of different compositions (Collagen I and MatriMix) were evaluated. 

Fig. 2. Physical characterization of Collagen I and MatriMix gels. A) SEM images of Collagen I and MatriMix hydrogels; scale bars: 2 μm. B) Basic principle of the 
pressure measurement performed in the hydrogels. C) Hydrogel one-dimensional elastic modulus (top) and permeability (bottom) as function of the input pressure in 
the channel (n = 3 each). 
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when relevant for the discussion. P < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Collagen I and MatriMix have comparable mechanical and diffusion 
properties 

We employed a VoC model to investigate the influence of supporting 
hydrogels on endothelium barrier function (Fig. 1A and B). The luminal 
structure of Collagen I or MatriMix, a composite of collagen type I/III 
with laminin 111 and hyaluronan, components also found in the base
ment membrane of brain vessels and in the brain ECM [11,18,19], were 
endothelialized with HUVECs or HBMVECs to form MVs. 

SEM observation revealed that the fiber bundles in MatriMix were 
slightly thicker and their volume fraction lower than those in Collagen I 
(Fig. 2A). A linear increase of the elastic modulus with the pressure load 
was observed, characteristic of strain-stiffening collagen hydrogels 

(Fig. 2B and C). MatriMix was slightly stiffer than Collagen I, although 
both materials were characterized by a low elastic modulus in the range 
of 200–600 Pa and 100–500 Pa, respectively. Furthermore, the perme
ability of both hydrogels remained rather constant for pressures above 
400 Pa, with values of 40 × 10− 14 m2 and 16 × 10− 14 m2 for Collagen I 
and MatriMix, respectively. Both measurements were in excellent 
agreement with the apparent fiber density and pore size observed in the 
SEM images. 

We measured the diffusion coefficients of two dextran molecules 
with different molecular weight (4 kDa and 70 kDa) through both 
hydrogels. We obtained highly similar results at 228 ± 13 and 222 ± 7 
μm2/s for the 4-kDa dextran and 52 ± 7 and 52 ± 3 μm2/s for the 70-kDa 
dextran, in Collagen I and MatriMix respectively. These calculations 
were calibrated by finite element simulations (COMSOL). Fluorescence 
recovery after photobleaching (FRAP) revealed that the diffusion co
efficients of the 4 kDa and 70 kDa probes were 288 ± 13 and 70 ± 7 
μm2/s in buffer solution, respectively (Supplementary Data 1). The 
diffusive delay induced by the hydrogels was comparable for both 

Fig. 3. MV formation and EC-EC junction expression. A) Representative microscopic images of the four EC–hydrogel pairs. Arrowheads point towards possible 
angiogenesis areas; scale bars: 500 μm. B) Average diameter value measured from phase contrast images (n = 5 each). C) CLSM images of immunostained VE- 
Cadherin and ZO-1 immunostaining of each EC–hydrogel combination MV and 2D EC culture on glass substrate. Cell nuclei are stained in blue. Junction colors 
were modified during image processing; scale bars: 40 μm. See supplementary Data 2 for lower magnified images. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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hydrogels and was justified by the opposite variations in fiber density 
and diameter observable in the SEM images. Based on the ratio of 
diffusion coefficients obtained, the porosity of both hydrogels was 
approximately 0.77. Altogether, our findings confirm the formation of 
bundled soft hydrogels for Collagen I and MatriMix with comparable 
physical properties. 

3.2. MatriMix MVs express ZO-1 and tend to have larger diameters 

We fabricated MVs containing either HUVECs or HBMVECs to 
investigate the impact of a change in composition on MV formation and 
function. After 3 days of culture, MV maturation was sufficient to 
develop what resembled sprouting angiogenic areas in all EC–hydrogel 
pairs (Fig. 3A). The ECs also modified the initial diameter during the 
culture period. MV diameter values varied between 170 and 250 μm on 
the third day of culture (Fig. 3B), with a tendency toward a larger 
diameter in HBMVEC MVs than in HUVEC MVs and, within the same EC 
type, a tendency toward a larger MV diameter with MatriMix. 

To visualize how the hydrogel influences the junctions between ECs, 
MVs were immunostained, targeting either adherent junction VE- 

cadherin or tight junction-associated protein ZO-1. VE-cadherin junc
tions were observed in MVs of all EC-hydrogel pairs. On the contrary, 
ZO-1 tight junction expression was exclusively observed in MVs fabri
cated in MatriMix for both HUVEC and HBMVEC MVs (Fig. 3C and 
Supplementary Data 2). These results verify the enhanced biological 
relevance of the MVs produced using MatriMix compared with those 
produced from Collagen I alone. 

3.3. Collagen I MVs have a higher average permeability than MatriMix 
MVs 

To investigate the barrier function of the MVs, the diffusive perme
ability (PD) of the two dextran probes FITC-dextran (4 kDa) and 
rhodamine-dextran (70 kDa) were simultaneously evaluated via CLSM 
(Fig. 4A). HBMVEC MVs had a higher average PD than HUVEC MVs. 
However, both HBMVEC and HUVEC MVs displayed a wider range of 
barrier qualities when cultured in Collagen I than in MatriMix (Fig. 4B 
and C). MV barrier selectivity, defined as the MV permeability to low 
molecular weight vs. to high molecular weight, is higher in Collagen I 
MVs as seen by the average ratio between PD (4 kDa) vs. PD (75 kDa). 

Fig. 4. MV permeability assay A) CLSM images of the diffusion of the two kinds of dextran probes (4 and 70 kDa) immediately after dextran injection (0 s) and 150 
s after. Color bar indicates pixel intensity; scale bars: 200 μm. B) Calculation of MV PD for each EC–hydrogel combination (n = 5 each) and expressed as mean ±
standard deviation. Individual values are indicated as black markers. C) Diffusive permeabilities of each EC–hydrogel combination expressed as mean ± standard 
deviation. Average MV selectivity, as 4 kDa vs 70 kDa ratio is also indicated. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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4. Discussion 

We investigated the effects of the composition of the supporting 
hydrogel on the function of 3D HUVEC or HBMVEC MVs in vitro. The use 
of Collagen I was based on its popularity in the field of VoC models, 
whereas MatriMix presents a better representation of the brain ECM by 
including laminin and hyaluronan. The physical and structural charac
terization of both hydrogels revealed their fibrous nature and high 
deformability, which was associated with a stiffness that typically 
matched that of the brain ECM of 0.2–1.2 kPa, as inferred from 
indentation-based techniques [20,21]. Thus, these two materials seemed 
to mostly differ in composition rather than in physical properties. 

MV development after three days was sufficient to show a cohesive 
layer of human ECs throughout the entire hydrogel channel with some 
apparent angiogenic areas (Fig. 3A). ZO-1 expression of MV in MatriMix 
can influence the forces ECs exert on the substrate, which explains the 
tendency of those MVs to have larger diameter [22] (Fig. 3B and C). On 
the contrary, VE-cadherin was observed in all EC–hydrogel pairs, 
consistent with the observation that the matrix composition influences 
mechano-sensitive pathways in ECs [23,24], as well as junction proteins. 
This idea is reinforced from our 2D in glass culture images, a standard 
practice where EC-EC interactions seem to be simplified, where ECs are 
also capable of producing ZO-1. 

We studied the diffusion across the MV barrier of 4 and 70 kDa 
probes, simulating the behavior of small molecules leaking across the 
barrier, such as the widely studied beta-amyloid peptides (4.3 kDa) [25], 
and larger proteins, such as hemoglobin (64.5 kDa) [26]. The diffusive 
permeability assay indicated enhanced barrier function for both HUVEC 
and HBMVECs MVs in MatriMix (Fig. 4). Yet, the obtained permeability 
values for large molecules (70 kDa, approx. 35–80 nm/s) were 23–53 
times higher than those of in vivo cerebral microvessels (70 kDa, 1.5 
nm/s) but comparable with similar VoC models [27,28], suggesting the 
necessity to combine this approach with co-culture models. 

Considering that ZO-1 expression is expected to restrict intercellular 
junctions [29], our experiments provide insight into whether and how 
this protein alters endothelial barrier function. ZO-1 induces the 
reduction of the average PD and enhances the reproducibility of similar 
MVs by reducing variability and promoting more stable MV barriers. 
However, ZO-1 does not appear to influence the selectivity of the MV 
barrier. MV barrier selectivity decreases between Collagen I MVs (not 
expressing ZO-1) and MatriMix MVs (expressing ZO-1). We explain this 
with the hypotheses that Collagen I MVs present small but frequent 
pores, allowing 4 kDa dextran molecules to diffuse easier than the 70 
kDa dextran molecules. Conversely, the tightening of small pores by 
ZO-1 would increase the contribution of larger holes which reduce the 
selectivity in MatriMix MVs, while reducing the global PD value at the 
same time. Proof of this is that MVs in MatriMix showed higher local 
variability of 70 kDa PD, coherent to the existence of less frequent but 
larger holes than in MVs in Collagen I (Supplementary Data 3). 

ECM specifically influences the phenotype of capillary vasculatures 
[30]. Therefore, the necessity to include or not organ-specific compo
nents in the hydrogels is a timely discussion in the VoC field. Indeed, 
VoCs typically recreate microvasculatures that are in contact with the 
supporting hydrogel, which plays a crucial role in determining EC 
phenotype and VoC function [31]. While not achieving BBB-like levels 
of MV permeability and selectivity, our data support the need to com
plement hydrogels to emulate organ-specific functions. We suggest that 
the recent publication of the public Matrisome DataBase [32] may 
facilitate the design of composite hydrogels for biochemically accurate 
organ-specific VoC models. We hope for the development of 
easy-to-handle composite hydrogels, such as MatriMix, for the normal
ization and characterization of VoCs. 

In summary, this study emphasized the relevance of using hydrogels 
containing ECM components from the target tissue to prepare VoCs with 
organ-specific traits. Our data demonstrated that only MVs cultured in 
the hydrogel that contained laminin and hyaluronan, two ECM proteins 

present in basal membrane and the brain ECM, expressed localized ZO- 
1, showed reproducible and improved barrier function. However, the 
endothelial barrier selectivity was not improved in our data, falling 
short compared to the real BBB. We therefore suggest including this type 
of hydrogel along with other more commonly-practiced techniques for 
organ-specific VoC model design, such as shear stress stimuli or cocul
ture with other organ-specific cell types. 
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