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Abstract 

Blood and lymphatic vessels in the body are central to molecular and cellular transport, tissue 
repair, and pathophysiology. Several approaches have been employed for engineering 
microfabricated blood and lymphatic vessels in vitro, yet these approaches invariably require 
specialized equipment, facilities, and research training beyond the capabilities of most biomedical 
laboratories. Here we present xurography as an inexpensive, accessible, and versatile rapid 
prototyping technique for engineering cylindrical and lumenized microvessels. Using a benchtop 
xurographer, or a cutting plotter, we fabricated modular multi-layer poly(dimethysiloxane) 
(PDMS) -based microphysiological systems (MPS) that house endothelial-lined microvessels 
approximately 260μm in diameter embedded within a user-defined 3-D extracellular matrix 
(ECM). We validated the vascularized MPS (or vessel-on-a-chip) by quantifying changes in blood 
vessel permeability due to the pro-angiogenic chemokine CXCL12. Moreover, we demonstrated 
the reconfigurable versatility of this approach by engineering three different vessel-ECM 
arrangements, which were obtained by minor adjustments to one or two steps of the fabrication 
process. Several of these arrangements, such as ones that incorporate close-ended vessel structures 
and spatially distinct ECM compartments along the same microvessel, cannot be readily achieved 
with other microfabrication strategies. Therefore, we anticipate that our low-cost and easy-to-
implement fabrication approach will facilitate wider accessibility of MPS with tunable vascular 
architectures and ECM components while reducing the turnaround time required for iterative 
designs.  
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1. Introduction 

The microcirculation contains perfusable networks that are entangled, complex, and traditionally 

difficult to recreate and investigate their function in vitro.1,2 These challenges have helped propel 

the use of microsystems engineering techniques, such as micropatterning based on PDMS,1, 3, 4 

stereolithography,5, 6 extrusion 3-D printing,7 and machine milling, for reproducing vascular 

geometry and structures in vitro.8 In the context of “vessel-on-a-chip” technology, or vascularized 

microphysiological systems (MPS), these microsystem engineering techniques all serve the same 

fabrication goal of encapsulating endothelialized vessels within a platform that can: 1) recreate the 

complex geometry and function of blood and lymphatic vessels of the microcirculation, 2) allow 

for biological mechanism study, and 3) enable facile experimental manipulation and analysis.9, 10  

Vessel-on-a-chip systems are recognized as important research tools as they have greatly 

contributed to advancing our understanding of the role of fluid forces,4,11 extracellular matrix 

(ECM) composition,12 stiffness,13 and pathological conditions14 in regulating vascular function. 

However, the adoption of vessel-on-a-chip systems among biologists and physiologists as well as 

other researchers with no prior microfabrication training still remains limited.15 A major constraint 

is the established microsystems engineering processes that underlie the fabrication of MPS, which 

typically require considerable expertise and specialized equipment beyond the reach of most 

biomedical research labs.16 For instance, a mainstay for microsystems engineering is patterning 

micron-scale features using photolithography and subsequent PDMS soft lithography of 

microfluidic devices.17 However, photolithography requires dedicated cleanroom facilities that are 

not present or readily accessible at many research institutions. Moreover, PDMS soft lithography 

produces microchannels that have rectangular cross-sections unlike the circular cross sections or 

tubular structures that are characteristic of blood or lymphatic vessels in vivo. As reported by Vo 

et al.,18 non-circular cross sections are accompanied by inhomogeneous interactions between cells 

and the adjacent ECM with a non-uniform distribution of shear stress. Several microfabrication 

techniques have been developed to generate vessels-on-a-chip with cylindrical-based channels 

encased in an ECM compartment within microfluidic systems.19,20,21,22,23 Among these, techniques 

that use steel needles24 or PDMS rods22 to cast open lumens are widely used. After hydrogel 

polymerization, the rod or needle template is carefully removed using tweezers leaving behind a 

hollow cylindrical lumen. These lumens are then seeded with endothelial cells to form patent 
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engineered microvessels of a defined diameter such that the cell-cell and cell-ECM interactions 

are homogenous. However, fabrication of cylindrical vessels-on-a-chip most often requires soft 

lithography for positioning and templating of the needle or rod within a PDMS microdevice, which 

limits accessibility. Moreover, photolithography of silicon masters includes several complicated 

and potentially time-consuming steps, including the design and production of photomasks, which 

slows the turnaround time for design iterations. 

Recently, xurography, or the use of razor printing using cutting plotters, has increased in popularity 

as this technique enables cost-efficient rapid prototyping and assembly of microfluidic 

devices.25,26,27 Typically, xurography involves cutting a polymer sheet with micro-scale precision 

that is then bonded to other layers or adhesives to form relevant geometries, orientations, and 

compartmentalization critical for in vitro biomimicry of in vivo biology and physiology. 

Importantly, the main capital cost for xurography is a desktop cutting plotter and blades, which 

can be obtained for <$1,000 and readily deployed on the benchtops of standard wetlabs.28 While 

xurography has grown in prominence as a method for fabrication of microfluidic devices due to 

its simplicity and ability to easily integrate multiple materials,29 the majority of xurography-based 

microdevices have focused on biochemical applications and has not yet been extensively 

demonstrated and characterized for cell-culture applications, especially for 3-D organotypic 

cultures.25 To our knowledge xurography-based fabrication has not been used for engineering 

vessel-on-a-chip systems with cylindrical microvessels.  

To increase the availability of microfluidic devices to researchers that have limited experience in 

advanced fabrication techniques, we present xurography as an approach to engineer vascularized 

MPS containing cylindrical microvessels. We developed and validated our model by quantifying 

the vascular permeability of the endothelialized lumen in the presence and absence of a pro-

angiogenic molecule, CXCL12. We demonstrate the ease and robustness of this modular approach 

for iterative designs by demonstrating four different vessel-on-a-chip configurations obtained 

through discrete modifications to only few of the steps in the fabrication process: 1) single open 

lumen vessel (“single vessel”); 2) single open lumen perpendicular to a close-ended lumen vessel 

(“T-shaped vessels”); 3) double opposing close-ended lumen vessel (“opposing vessels”); and 4) 

single open lumen vessel with multiple distinct ECM regions (“single vessel-multiple ECM 

regions”). We anticipate that our modular fabrication approach to engineer several distinct vessel-
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on-a-chip configurations with desktop xurography will enable faster and more cost-efficient design 

iterations of vascularized MPS and increase accessibility and adoption of these 3-D culture models 

in biomedical laboratories.  

 

2. Materials and Methods 

2.1. Cell Culture 

Commercially available human umbilical vascular endothelial cells (HUVECs, Lonza) and human 

dermal lymphatic endothelial cells (HDLECs, PromoCell) were purchased and maintained using 

endothelial cell growth medium-2 (EGM-2, Lonza, CC-3162) and EGM-2 MV (Lonza, CC-3202), 

respectively. Cell passage numbers of 5–10 were used in this study. Cells were cultured in a 

humidified incubator at 37°C and 5% CO2 with media exchange every 2 days. Cells were collected 

for vessel-on-a-chip studies by first washing with 1X Dulbecco's phosphate-buffered saline (PBS) 

without Mg/Ca (1X DPBS, Gibco, 14190250) followed by detachment using 0.05% Trypsin-

EDTA 1X (Gibco, 25300054) for 3-4 minutes to harvest the cells from the T-75 cell culture flasks. 

After neutralizing trypsin with 10% FBS in DMEM, HUVECs and HDLECs were resuspended in 

their respective media at a concentration of 10–50 × 103 cells/ul in preparation for seeding the 

lumens of the microfluidic devices. 

2.2. Poly(dopamine) coating of PDMS surfaces 

Poly(dopamine) (PDA) is a mussel-inspired multifunctional material that has been shown to 

enhance surface anchorage of ECM hydrogels to PDMS surfaces.30 To this end, 1 mg/ml PDA 

solution was prepared by mixing dopamine hydrochloride (Sigma-Aldrich, H8502) with 10mM, 

pH 8.5 tris-HCl buffer (Bioworld, 420204141). To prevent contamination, PDA solution was 

filtered through a 0.22-µm pore size PES syringe filter. 15 µl of PDA solution was injected in each 

device through the side gel port–enough to completely fill the gel chamber—and the devices were 

incubated for 1 hour at room temperature or 37 °C. Subsequently, the PDA solution was aspirated 

from the ECM chamber followed by rigorously rinsing the ECM chamber with 1X PBS three 

times. To ensure proper washing, 15 µl of 1X PBS was injected through the side port swishing 10 

times via pipette. After washing, the devices were placed in 100 mm culture dishes, wrapped in 

parafilm, and stored overnight in the incubator at 37 °C. 
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2.3. Preparation of collagen-based matrices 

Polymerized type I collagen (Corning, 354249) matrices were prepared per manufacturer’s 

instructions. Briefly, rat-tail type I collagen (henceforth referred to simply as “collagen”) stored in 

acidic solution was neutralized to pH = 7.4 using sodium hydroxide in 10X phosphate-buffered 

saline. Sterilized water was then utilized to adjust the final concentration of collagen to 6 mg/ml. 

Collagen gels were preincubated at 4 °C for approximately 12 min prior to casting to enhance fiber 

formation.31 Upon neutralization and preincubation, collagen gels were pipetted into the ECM 

region of the microvessel-on-chip system and allowed to polymerize for 30 minutes.  

 

2.4. Microvessel-on-chip assembly using xurography 

The assembly for the microvessel-on-chip consists of the following components: a) a single 400-

µm PDMS sheet, b) three 250-µm PDMS sheets, c) a single glass slide and d) a ~260-µm diameter 

PDMS rod (Figure 1A, Supplementary Video 1). This assembly permitted the specification of a 

cell inlet and outlet port, a PDMS rod connecting these ports, and a central region housing the 

ECM. The 400-µm and 250-µm thick PDMS sheets were formed by spin coating (Specialty 

Coating Systems, 6812P) on silanized 10-cm diameter silicon wafers at 115 rpm and 170 rpm, 

respectively. The PDMS coated wafers were cured for at least 4 hours up to overnight in a 65 oC 

oven. Subsequently, the PDMS layers were peeled away from the wafer and cut into 7.5 cm x 4 

cm rectangular sheets. 

 A desktop and computer-controlled cutting plotter (Graphtec, CE7000) was used to etch 

an 8-mm-long and 800-μm-wide rectangular channel in the 400-µm PDMS layer (henceforth 

called the “channel layer”), with a plugin for Adobe Illustrator (Graphtec, Cutting Master Version 

5). The channel layer was irreversibly bonded to one of the 250-μm sheets (henceforth referred to 

as “membrane layer 1”) using plasma oxidation (Harrick Plasma, PDC-32G). A second membrane 

layer (membrane layer 2) was used and registered with the two-layer assembly. 1.5-mm and 4-mm 

diameter biopsy punches were used to create the inlet and outlet ports, respectively. Biopsy 

punches cored through the three layers and membrane layer 2 was peeled away and set aside for a 

later step. Subsequently, a third membrane layer (“membrane layer 3”) was irreversibly sealed to 

the channel layer with plasma oxidation. Thus, the three-layer assembly consisted of the channel 

layer sandwiched by membrane layer 1 and membrane layer 3. In between and equidistant to the 

https://doi.org/10.26434/chemrxiv-2024-bvslm ORCID: https://orcid.org/0000-0002-6991-5298 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bvslm
https://orcid.org/0000-0002-6991-5298
https://creativecommons.org/licenses/by-nc-nd/4.0/


inlet and outlet ports, a 4 mm biopsy punch was used to core through all three layers to form the 

ECM chamber. Finally, the previously punched membrane layer 2 was irreversibly plasma bonded 

against membrane layer 1 to yield a four-layer PDMS device assembly. Plasma bonding was aided 

by spraying 70% ethanol on the PDMS layers, which facilitated alignment of layers during device 

assembly. The final assembly step was using 1.5-mm biopsy punches to core side ports on the 

periphery of the ECM chamber for gel loading. Afterwards, a ~260-µm diameter PDMS rod was 

inserted in the microchannel layer from the inlet port through to the outlet port. The rod was 

suspended between membrane layers 1 and 3. PDMS rods were created by loading needles (BD, 

Precision Glide 25G) with PDMS and cured for at least 30 minutes. The PDMS rods were retrieved 

by breaking the needles with pliers, pulling with tweezers, and trimming the rod to the desired 

length. The devices were then irreversibly bonded to glass slides. The final assembly was sterilized 

with UV for 30 minutes.  

The ECM chamber was coated with 1 mg/ml PDA solution, incubated for 1 hour, rinsed 

with 1X PBS thrice and stored at 37 °C overnight. Subsequently, collagen-based solutions were 

added in the ECM chamber. After collagen gelation, the PDMS rod was removed using tweezers, 

leaving a hollow ductal lumen structure ~260-μm in diameter (Figure 1B). Before proceeding to 

cell seeding, the lumen was coated with 100 µg/ml fibronectin for at least 30 minutes and then 

flushed with cell culture media. Subsequently, 2 μl of HUVECs suspended at 50,000 cells/ul were 

seeded into the lumen to form an intact microvessel. Following this, the devices were rotated by 

placing upside down for 30 minutes, followed by 15-minute intervals on each side, and 20 minutes 

oriented normally. Afterwards, culture media was added to flush the devices, eliminating any 

extraneous suspended cells or cellular debris. Media was exchanged daily for all conditions. For 

devices treated with CXCL12-α, 100 ng/ml of the chemokine containing cell culture media was 

introduced inside the microvessel 1 day after seeding.  

2.5. Microfluidic vessel permeability measurement 

Apparent vessel permeability measurements were made on Day 3 by passively pumping 20 

kDa Fluorescein isothiocyanate (FITC)-Dextran added to HUVEC culture media (10 μM) into the 

cell-lined lumen. The change in intensity as the fluorescent dye diffused across the entire vessel 

lumen was tracked by using time-lapse microscopy. Images were recorded every 5 s for a total of 

5 minutes using a Nikon TS-100F microscope equipped with a Q-Imaging QIClick camera 
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controlled with the NIS-Elements software. A custom MATLAB algorithm was then developed to 

automatically estimate the vessel permeability from the time-lapse movies. The script tracks the 

changes in fluorescent intensity and estimates the vascular permeability by assuming a linear 

increase in the intensity as the FITC-Dextran extravasates to the surrounding ECM by diffusion. 

Permeability was measured as: 

P =  1
I0

× dI
dt

× r
2
, 

Where dI/dt describes the change of intensity as the dye permeates, I0 equals the instantaneous 

increase in intensity when the solute is introduced, and r is the radius of the vessel (assuming a 

cylindrical shape).32  

2.6. Fluorescence Microscopy 

We used methods to successfully stain the cells of blood and lymphatic microvessels in collagen 

hydrogels within our MPS.33 Briefly, at Day 3, cells of microvessels were fixed with 4% 

paraformaldehyde (PFA) for 30 min at room temperature (RT), permeabilized with 0.2% Triton 

X-100 for 30 min at RT, blocked with Blocking Buffer for 30 min at RT, and subsequently stained 

for either nuclei (DAPI, Sigma-Aldrich, D9542), VE-cadherin (monoclonal antibody, BD 

Biosciences, 561567), or F-actin (phalloidin, Fisher Scientific, A12379). Microvessels were 

washed three times between each step with Washing Buffer: 0.1% Tween 20 in 1X PBS. Blocking 

Buffer consisted of 1% BSA in Washing Buffer. VE-cadherin was stained overnight at 4°C, 

phalloidin was stained for 60 min at RT, and lastly DAPI was counterstained for 10 min. Images 

were taken using a Nikon A1R Live Cell Imaging Confocal Microscope controlled with NIS-

Elements Software. The same microscope was used for visualization of collagen fibers with 

confocal reflectance microscopy, which is an imaging modality that requires no staining.34 We 

used reflectance microscopy techniques previously described by our group.35   

 

2.7. Statistical Analysis  

Statistical analysis was conducted using Student’s t-test. All results shown are presented with error 

bars representing the standard error of the mean (SEM). Each experimental condition was run with 
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at least 4 biological replicates for statistical evaluation. A p-value of 0.05 was used as a threshold 

for statistical significance.  

 

3. Results and Discussion 

3.1 Xurography enabled fabrication of an endothelialized single open lumen microvessel  

Figure 1A shows detailed or “IKEA-like” assembly instructions for fabricating a single vessel-on-

a-chip model, further visualized by Supplementary Video 1. We used a PDMS rod of diameter 

260-µm to obtain the cylindrical structure, as shown in Figure 1B. Notably, the entire fabrication 

process requires a spin-coater, a low-cost benchtop plotter, biopsy punches and a plasma oxidizer, 

all of which do not require a cleanroom facility. We confirmed the barrier integrity and circular 

cross-section of the endothelialized microvessel through staining of VE-cadherin and nuclei as 

shown in Figure 1C, D. Subsequently, the barrier function of the vessel-on-a-chip model was 

validated by assessing the extravasation of a fluorescent molecule (20 kDa FITC-Dextran) across 

the vessel wall and into the ECM in the presence and absence of CXCL12, as shown in Figure 1E, 

F. The single vessel was subjected to EGM-2 media supplemented with 100 ng/ml CXCL12 and 

EGM-2 alone as control for 3 days. CXCL12 exists as several isoforms, is secreted by cancer-

associated fibroblasts (CAFs), and is known to stimulate cancer growth and intravasation, as well 

as regulate vessel permeability through paracrine signaling.3,36,37 We have also previously shown 

that CXCL12 mediates blood vessel sprouting and permeability in a microvessel analogue.3, 38 As 

shown in Figure 1G, microvessels exposed to the alpha isoform of CXCL12 (CXCL12-α) 

demonstrated a statistically significant increase in permeability compared to control conditions. 

While determining vessel responses to CXCL12 is not novel,3, 38 the validation of the assay 

promotes the feasibility to further interrogate the endothelial lumen with other angiogenic agents, 

most notably vascular endothelial growth factor (VEGF), or with molecular therapies serving to 

combat angiogenesis. 

3.2 Engineered T-shaped and opposing close-ended vessel configurations  

Next, we demonstrated the modularity of our xurography fabricated vessels-on-a-chip technique 

by incorporating closed or blind ended vessels to the vascular arrangements. Current strategies for 

templating straight cylindrical vessels typically require the lumen structure to be both continuous 
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and open to both the inlet and outlet. One such example is viscous finger patterning where a 

continuous tubular lumen structure is formed along a single microchannel by displacing viscous 

ECM gel with less viscous fluid without needing to insert an external mold.39 Moreover, several 

vessel-on-a-chip systems have templated multiple open lumen vessels.40 These vessels are 

typically arranged in parallel to each other. However, closed-, or blind-ended vessels are also 

present in physiological vascular systems. The microanatomy of closed or blind ended vessels are 

typically attributed to initial lymphatics (or lymphatic capillaries).41 Yet, closed vessels also occur 

in the blood microcirculation, such as during wound repair and prior to successful tissue 

restoration.42  

A close-ended microvessel was engineered using xurography by modifying the placement of the 

cylindrical template used in the fabrication process, such that one end of the template is located 

within the ECM chamber. To achieve this microanatomy, either a PDMS rod or nitinol wire (both 

~260µm in diameter) can be used as a template. Unlike the single open vessel configuration where 

the cylindrical template can be secured or anchored at two opposing ends (Figure 1A, step 9), the 

cylindrical template for a close-ended vessel is secured only at one end (Figure 2A, Supplementary 

Figure 1, step 9). Thus, one of the benefits of using the nitinol wire for a close-ended vessel is that 

its rigidity facilitates its stable placement as a cylindrical template while the unsecured end is 

suspended in the ECM gel (Supplementary Figure 1, step 11). Moreover, unlike that of PDMS 

rods which need to be recovered manually with tweezers, nitinol wires can be removed post 

gelation of collagen with a vacuum aspirator.  

We fabricated endothelialized “T-shaped vessels” by incorporating an open lumen perpendicular 

to a close-ended lumen (Figure 2A). To achieve this configuration, as shown in Supplementary 

Figure 1, step 2 is modified to cut two perpendicular channels instead of a single channel and a 

second 1.5mm biopsy punch is cored in step 4. In addition, a PDMS rod and a nitinol wire were 

added and removed in steps 9 and 12, respectively, to obtain the microvessels. As shown in Figure 

2B, this vessel-on-a-chip model affords the capability to control the inter-vessel distance (i.e., the 

distance between the close-ended and the open microvessels, δ). An important design feature due 

to the xurography fabrication process is that the PDMS rod and nitinol wire are placed on the same 

layer (step 9 in Supplementary Figure 1). This arrangement ensures that the resultant open vessel 

and closed vessel of the T-shape are in plane with each other, which is crucial for concurrent 
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imaging of both vessel structures with high resolution 3D imaging (e.g., laser scanning confocal 

microscopy).  

Similarly, we used the close-ended vessel fabrication technique to engineer two opposing vessels 

or double close-ended lumen vessels as shown in Figure 3A. To achieve this arrangement, two 

260-µm diameter nitinol wires were added from opposite ports in step 10 of the multi-step 

fabrication process (Supplementary Figure 2A). The rigidity of the nitinol wire affords the 

capability to control the distance (δ) between the two close-ended lumens, which were seeded with 

HDLECs. This configuration mimics two opposing blind-ended capillary lymphatics, which can 

be used to probe vascular dynamics and crosstalk between these structures. Since the two vessels 

are in the same layer of the multi-layer PDMS device, they are on the same imaging plane and 

amenable to concurrent imaging with confocal microscopy (Supplementary Figure 2B).  

3.3 Engineered single open lumen vessel with multiple distinct ECM regions  

In addition to modifying the vascular arrangements, our xurography fabricated microvessel 

construct is amenable to spatially distinct ECM compartments along the same open vessel lumen 

(Figure 4 A, B). The “single vessel-multiple ECM regions” configuration models heterogeneous 

tissue environments by specifying two distinct ECM compositions. One approach for conferring 

heterogeneous environments along a single microvessel-like structure was shown previously using 

a multi-layer membrane microdevice.43 However, one challenge, especially for those without 

microsystems engineering training, is that membrane microdevices often require several PDMS 

stamping and bonding steps to ensure proper sealing of layers.44, 45 Moreover, the membranes used 

for these microdevices are flat, which restricts the endothelia integrated in these microdevices to 

be planar (i.e., non-circular cross-section). The single vessel-multiple ECM regions arrangement 

presented here was created by a simple modification to the fabrication of a single open vessel 

(Figure 1A). As shown in Supplementary Figure 3, two localized ECM environments were 

obtained by punching two 2-mm biopsy punches in step 6 rather than using one single 4-mm biopsy 

punch. Figure 4B shows two distinct localized ECM chambers containing 3 mg/ml and 6 mg/ml 

collagen embedded with fluorescent microspheres of different colors. The viscosity of the pre-

polymerized ECM gel imparts the ability to control the space that is filled by the ECM being 

injected. Moreover, the sequence of ECM injection plays a crucial role in minimizing overflow of 

pre-polymerized ECM gel to the neighboring ECM chamber. The 6 mg/ml collagen pre-polymer 
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was injected first since this gel is denser and more viscous than the 3 mg/ml collagen (Figure 4B). 

This stepwise procedure ensures the formation of a distinct boundary between the two ECM 

chambers.  

The xurography fabrication process also affords the ability to modify the length of the razor cut in 

step 2 (Supplementary Figure 3). While we show two distinct and localized ECM chambers, we 

envision that more than two of these chambers can be readily incorporated by extending the length 

of the microvessel and biopsy punching multiple ECM chambers (Supplementary Figure 3, Step 

6). Each of these chambers can be used to generate organ- or tissue-specific microenvironments 

conferred by non-cellular (e.g., ECM proteins) and cellular (e.g., stromal fibroblasts) components 

encapsulated within the ECM chambers along a single microvessel.38 Such capabilities would be 

beneficial to organs-on-a-chip and/or body-on-a-chip studies, which need to mimic ECM 

environments of several organs on a single MPS. The multiple ECM configuration can also be 

reconfigured to change the sizes of the ECM chambers and specify the order in which they are 

perfused. Both size and compartmental arrangement have been attributed to be of great importance 

in organs-on-a-chip systems.46 

 

4. Summary and Conclusions 

Xurography-based approaches have enabled researchers to fabricate microfluidic devices and MPS 

made from PDMS without the need for cleanroom facilities and lithographic expertise. Thus, 

xurography has emerged as an attractive and cost-effective rapid prototyping method with 

pathways for automated batch processing of microdevices.25 The mechanical properties of PDMS 

are well-suited for cutting plotter machines to pattern and cut distinct geometries for assembly of 

multi-layer devices. Hence, these devices retain the positive attributes of PDMS, such as optical 

transparency, biocompatibility, and gas permeability. In this proof-of-concept work, we report a 

novel implementation of xurography-based fabrication in the engineering of a modular vessel-on-

a-chip system. We demonstrate the robustness of the modular approach by fabricating four distinct 

configurations of the vessel-on-a-chip model, which were obtained by simply modulating one or 

a few fabrication steps. We believe that several of these configurations are novel geometries (e.g., 

T-shaped vessels, opposing close-ended vessels, and single vessel with multiple ECM regions) for 

the xurography approach.  
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Our fabrication process has high throughput and enables batch production, with batches consisting 

of up to 20 devices containing cylindrical microvessels. A typical turnaround time for one batch 

of 20 devices is ~7 hours prior to the hydrogel step (see Supplementary Table 1). This time can be 

subdivided into “work time” (~2 hours) and “wait time” (~5 hours). In this sense, 20 open lumen 

devices can be made in approximately 2 hours of labor, which results in a rate of about 6 minutes 

of labor per device. Furthermore, inter-batch steps can be performed in parallel during wait times 

to significantly increase throughput. Additionally, total turnaround time can be further optimized: 

“wait time” can be decreased by increasing the curing temperature and reducing curing time of the 

spin coated PDMS layers.47 For instance, Kwak et al. reduced the curing time of PDMS from 4 

hours to 2 hours by increasing the curing temperature from 65 oC to 80 oC.48 Alternatively, 

prefabricated PDMS sheets can be acquired from several commercial vendors worldwide (e.g., 

SiMPore, DiagnoCine, etc.), thereby eliminating the PDMS spin coating step from the workflow.   

In addition to reducing the cost and increasing accessibility of vessel-on-a-chip systems for 

researchers with limited microsystems engineering expertise, we foresee that the xurography-

based fabrication techniques presented in this paper will augment current research workflows. 

During any research project, new questions of interest unfailingly arise, which prompt requests for 

new microfabricated designs with unique geometries and capabilities. With soft 

lithography/photolithography-based approaches, a new microfabricated design would require 

acquisition of a photomask and production of new silicon masters. This process requires many 

intricate steps with several potential bottlenecks. These bottlenecks may include external factors 

that are beyond the researcher’s control, such as disruptions in reagent supply chains and restricted 

access to specialized facilities, such as cleanrooms. Both obstacles were heightened to 

unprecedented levels during the COVID-19 pandemic. Here we replicate a workflow of 

microvessel designs with increasing complexity, ranging from a single vessel, T-shaped vessels, 

opposing vessels, and single vessel-multiple ECM regions. Importantly, all the fabrication steps 

can be conducted in-house within the same laboratory without reliance on external entities or 

specialized facilities. Thus, while the expected turnaround time for a new microfabricated design 

using established techniques can be on the order of >1 week, one can realistically expect a new 

design using xurography-based microfabrication conducted in-house within 1 day.  
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The relative ease of control for geometry of both the lumen and the microdevice due to xurography 

enables the addition of other factors like tumor cells, stromal cells, and perfusion resulting in shear 

stress and interstitial flow.49 This work also builds upon previous research using templating 

methods for engineering lumen structures with opportunities to expand this technique. For 

instance, the PDMS rod templating approach augments the robustness as several PDMS rods can 

be joined to mimic bifurcated vessel configuration or engineering microvessels with a non-uniform 

diameter.22 The latter can be achieved by bonding a higher diameter PDMS rod with a relatively 

smaller diameter PDMS rod. Furthermore, xurography can also enable microfabrication of parallel 

vessels by cutting two or more rectangles in the channel layer. Moreover, while our studies focused 

on engineered microvessels, many other tubular structures besides blood and lymphatic vessels 

exist in physiology, such as mammary ducts and kidney tubules. Several studies have emphasized 

the importance of 3-D lumen tissue geometry and spatial organization in mediating phenotypic 

behavior of several cell types,50,51,52,53 such as cancer, endothelial, and kidney epithelial. Thus, our 

approach for microfabricated microvessels can be readily adapted for studying other tubular 

structures in physiologic-like environments, with improved accessibility for all researchers.  
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Figure 1: Engineered cylindrical microvessel model with benchtop xurography. A) Detailed 
and stepwise fabrication of the open lumen microdevice model. Step 1 begins with three 250-
μm sheets (a) and one 400-μm sheet (b). This assembly permits the specification of an inlet and 
outlet port, a central hydrogel chamber, and a 260-um PDMS rod that stretches from port to port 
across the gel region. B) Confocal reflectance microscopy image of 6 mg/ml fibrillar type I 
collagen that is contained within the gel chamber of the model and encases an open lumen 
structure approximately 260μm in diameter. C) Confocal Z-projection of an intact cylindrical 
microvessel fully lined with HUVECs and stained for adherens junction protein VE-cadherin 
(monoclonal antibody, yellow) and nuclei counterstain (DAPI, blue). D) 3D render from 
confocal z-stack of cylindrical microvessel stained for F-actin (phalloidin, red) and nuclei 
(DAPI, blue). E) and F) Changes in fluorescent intensity tracer molecule (20-kDa FITC-
conjugated Dextran), within the surrounding ECM that has been extravasated from the 
microvessel was used to calculate apparent vascular permeability after 5 minutes. G) Validation 
of the functionality of the microvessel by quantifying vessel permeability in the presence and 
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absence of 100 ng/mL CXCL12-α. CXCL12-α led to an increase in permeability of the HUVEC 
microvessel. Scale bars are 200 µm. 
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Figure 2: Engineered close-ended blood vessel oriented perpendicular to a perfusable open blood 
vessel. A) A PDMS rod and a nitinol wire are inserted from perpendicular directions, one of which 
is inserted near the center of the ECM chamber to constitute a terminated blood vessel. B) Phase 
contrast image of perpendicularly oriented microvessels fully lined with human umbilical vascular 
endothelial cells (HUVECs). The distance between the blind-end of the terminated vessel and the 
wall of the perfusable vessel (δ) can be specified based on the placement of the rod/wire. Scale bar 
is 500 µm. 
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Figure 3: Two engineered, opposing, close-ended microvessels lined with human dermal 
lymphatic endothelial cells (HDLECs). A) Two nitinol wires are inserted from opposite ends near 
the center of the ECM chamber to achieve the cylindrical close-ended structures. After wire 
removal, the back channel is plugged using liquid PDMS, which is subsequently cured once 
returned to the 37°C incubator. B) Phase contrast image of the double close-ended microvessels 
fully lined with HDLECs. The distance between the closed ends of the vessels (δ) can be specified 
based on the placement of the wires in A). Scale bar is 500 µm. 
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Figure 4: Engineered single open microvessel exposed to two distinct localized ECM 
microenvironments. A) The ECM localization is achieved by accommodating two separate 
central gel chambers and filling them with different hydrogels. After polymerization, the PDMS 
rod is removed to reveal the single lumen across both ECM compartments, which is then ready 
for seeding with endothelial cells. B) Fluorescent image of vessel-on-a-chip with distinct ECM 
environments, which are indicated by incorporating 1 μm fluorescent beads (red or green) prior 
to casting the two ECM gels. Scale bar is 500 µm. 
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