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INTRODUCTION 

 Endothelial cells exist in all organs as the inner-most layer of blood vessels and play critical roles 

in maintaining the homeostasis of the cardiovascular system and blood-tissue interfaces1, 2. Endothelial 

dysfunctions are involved in a myriad of pathologies such as the complications from diabetes, 

cardiovascular diseases (CVD), and stoke3-6. Therefore, the ability to model endothelial cells in vitro for 

pathophysiological and pharmaceutical studies has been a valuable research tool. Compared to static 

models (e.g., in culture flasks), microfluidic-based endothelial models are more physiological because the 

media flow can continuously provide nutrients and remove metabolic wastes7, 8. More importantly, 

microfluidics allows for the introduction of flow-based shear stress, which is known to mechanically 

couple blood-flow to endothelial function9, 10. Although numerous microfluidic designs for endothelial 

studies have been reported in the past two decades, most of them applied a 2D extracellular matrix (ECM; 

e.g., a coated layer of collagen and/or fibronectin) for the cells, without considering the possible 3D 

structures of the native ECM11-17. In vivo, endothelial cells rest on a 3D surface called the basement 

membrane (BM), which lines blood vessels18. As shown in Fig. 1A, Klee et al. showed that the arterial BM 

contains an aligned fibrous topography along the blood flow direction19. We also sliced longitudinally 

decellularized human artery specimens, imaged them, and found similar topographies with microfibers of 

1-3 µm thickness (Fig. 1B). A few studies reported that ECM microstructures (e.g., micropillars) might 

affect endothelial cell functions, but not on physiologically relevant topographies20-22. To better 

understand endothelial cell biology and model the cells in the future, the effects of the aligned 

microfibrous surface of BM on the cell functions will need to be understood.  

 To conduct such a study, it would be ideal to have a microfluidic device that enables simple 

integration and switching of various control ECM topographies (e.g., aligned fibrous and flat). However, 

such technology remains to be developed. In this paper, we present a new 3D-printed microfluidic system 

that can satisfy these criteria. Specifically, modular ECMs were prepared in a high throughput manner, 

which could be simply integrated into a 3D-printed microfluidic device within seconds. The device was 

remarkably robust, enabling flow rates of 0-4000 µL/min without leakage. These flow rates encompass 

the entire physiologically relevant shear stress (0-80 dyne/cm2) range that is experienced by endothelial 

cells in vivo23. In addition, this technology allowed for cell removal at any time to assess intracellular 

activities (e.g., metabolomics measurements). The device was also scaled up to run 12 experiments 

simultaneously. Facilitated by these unique features of the microfluidic setup, it was found that the 

aligned microfibrous topography could significantly enhance the production of nitric oxide (NO), a critical 



functional molecule released from endothelial cells which can control vasodilation and platelet activation, 

etc24-28. Further targeted metabolomics measurements by liquid chromatography-mass spectrometry (LC-

MS) and enzyme activity probing confirmed the NO results.  

EXPERIMENTAL 

Materials and chemicals 

Chemicals: tetrahydrofuran (THF, MilliporeSigma, MO, USA), dimethylformamide (DMF, 

MilliporeSigma, MO, USA), 70% (w/v) ethanol (Thermo Fisher Scientific, MA, USA), collagen Solution 

(MilliporeSigma, MO, USA), DMEM media (Thermo Fisher Scientific, MA, USA), fetal bovine serum (FBS, 

MilliporeSigma, MO, USA), penicillin-streptomycin (Thermo Fisher Scientific, MA, USA), DAF-FM 

(MilliporeSigma, MO, USA), adenosine triphosphate (MilliporeSigma, MO, USA), crystal violet (VWR, PA, 

USA), 13C-phenylalanine (Cambridge Isotope Laboratories, Inc., MA, USA), LC-MS grade isopropanol 

(Millipore-Sigma, MO, USA), LC-MS grade water (Millipore-Sigma, MO, USA), LC-MS grade methanol 

(Fisher Scientific, Hampton, NH, USA), nitric oxide, compressed gas (Airgas, PA, USA) 

Materials: polystyrene 192,000 MW (MilliporeSigma, MO, USA), polystyrene Sheets (Shrinky 

Dinks, MI, USA), Tygon tubing with ID 0.020” and OD 0.060” (Cole-Parmer, IL, USA), Ismatec Pump Tubing 

0.64 mm ID (Cole-Parmer, IL, USA). 

Electrospinning to fabricate the aligned microfibrous topography 

An electrospinning polymer solution was prepared by dissolving 4.0000g of 192,000 MW 

polystyrene in an organic mixture of 60%/40% (v/v) THF/DMF with a total volume of 10 mL. The resulting 

solution was then placed on an orbital shaker at 37°C until homogenization. Then approximately 1mL of 

the polymer solution was loaded into a syringe affixed with a 20-gauge blunt needle (stainless steel) and 

placed in a syringe pump (New Era, NY, USA) of a custom-built electrospinning apparatus. A 10.16 x 6.35 

cm sheet of polystyrene (250 µm thick) was attached to a rotating mandrel inside of the electrospinning 

device, which was placed 20 cm from the tip of the needle. Then, a clamp connected to a power supply 

(Spellman High Voltage, model CZE1000R, NY, USA) was fastened to the blunt needle tip. A 15 x 15 cm 

copper plate was positioned 20 cm away from the rotating mandrel opposite the dispensing syringe. Two 

wires on both sides of the rotating mandrel were affixed to the grounded copper plate. Since the 

polystyrene sheet is not a conductive material, the copper plate functioned as a second grounding surface 

to direct the flow of generated fibers over the polystyrene surface. The mandrel was set to rotate at 4500 

rpm, with which, the fibers were observed to orient in a uniform direction on the polystyrene sheet.  



A flow rate of 1.5 mL/hr was applied to the syringe pump, and upon consistent flow through the 

needle tip, the power supply was turned on with a voltage of 22.5 kV. To ensure a uniform coating of the 

fibers across the polystyrene sheet, every 45 seconds, the mandrel was moved laterally by 1.25 cm for a 

total of 7 times. After the electrospinning, the polystyrene sheet covered with aligned fibers was removed 

for insert preparation.  

Insert preparation 

  The fiber-coated polystyrene sheet was placed inside a laser cutter (Full Spectrum Laser, NV, USA), 

and 3.3 x 15 mm rectangular inserts were cut out of the sheet. The power settings of the laser cutter were: 

raster power 1.1%, raster speed 1.1%, B/W threshold 165, and vector current 17%. In addition to the 

fibrous scaffold inserts, flat polystyrene inserts were also cut to serve as a reference for current cell culture 

methods. The inserts were then carefully snapped off the polystyrene sheet, and eight inserts were placed 

in a 3.5 cm petri dish. 

Insert sterilization and endothelial cell culture 

 The inserts were then washed with a 50% ethanol solution and deionized water to remove any 

contamination and then placed in a vacuum chamber to dry overnight. Next, 1 mL of 0.3 mg/ml collagen 

(in 0.01M HCl) was pipetted over the inserts and placed in a 37°C environment until dried. Once the 

surface was coated with collagen, the inserts underwent standard sterilization procedures in a biohood 

consisting of spraying the surface with 70% ethanol and air drying in UV. 

 Bovine pulmonary aortic endothelial cells (BPAECs, ATCC, VA, USA) with passage numbers 4-6 

were used. DMEM media containing 10% FBS and 1% penicillin-streptomycin was used for culturing the 

cells. Post sterilization, 1 mL of BPAECs suspension (in DMEM media, 750,000 cells/mL) was pipetted onto 

the inserts in a petri dish. After 1 hour, an additional 1 mL of DMEM was added into each petri dish. Media 

was changed every 24 hours. Cells were then cultured on the inserts until confluency, which was verified 

with an optical microscope. 

Device assembly and scaling up 

  The microfluidic system, providing biomimicry by introducing flow into a 3-dimensional cell 

culture model, consisted of 3 main parts: a peristaltic pump to provide flow, a microfluidic device designed 

to house the cell-inserts, and a reservoir to hold growth media. The microfluidic and reservoir devices 

were 3D-printed using a Projet MJP 5600 system (3DSystems, SC, USA). External to the components 



mentioned above, the microfluidic system was connected by Tygon tubing (0.02” inner diameter, 0.06” 

mm outer diameter). 

 The microfluidic device consisted of three 3D-printed pieces, an enclosure designed to hold the 

inserts and form a microfluidic channel, and two adapters that could screw into each end of the enclosure. 

Modeled in Autodesk Inventor, the enclosure device was fabricated by extruding two slots through, with 

dimensions matching the inserts, to slide the inserts into the device with minimal effort. The slots were 

separated by a 300 µm spacer that developed into a microfluidic channel. On each end of the fluidic 

channel, a circular slot was designed to accommodate a commercially available O-ring for leakage-proof 

flows. At each end of the device, ports with standard 10x32 threading were incorporated so that the 

adapters could be easily screwed in. Tygon tubing (0.02” i.d.; 0.06”o.d.) was sealed through the 1.35 mm 

holes in the center of each adapter to connect the insert device.  

 Fig. 2 discerns the flow path of media throughout the device. First, cell-laden inserts were 

inserted into the insert device (Figs. 2A & 2B). Using the Tygon tubing, the circulatory flow path was built. 

Driven by a peristaltic pump, the media circulated through the tubing and into one end of the microfluidic 

device where media flowed over the cell-laden inserts to provide nutrients, any detection 

molecules/stimulants spiked into the media, and introduce shear stress. Media then exited the device and 

flowed to the reservoir (Fig. 2C). After the flow-based experiment, inserts were removed from the 

microfluidic device (Fig. 2D), and the cells were lysed to quantitate the number of cells on the inserts and 

analyze intracellular molecules of interest (Fig. 2D).  

Using a 12-channel peristaltic pump, 12 flow-based studies were conducted simultaneously. The 

reservoir device was designed to increase the modular functions of the system. The device was 3D printed 

to contain 12 individual compartments, one for each flow channel. The top of the reservoir was fitted with 

a removable cap with two holes over each well. The smaller hole (800 µm diameter) was designed to 

accept the tubing coming from the microfluidic device, and the second (3.5 mm diameter hole) fit a 

standard 12-channel pipette for simultaneous sampling from or adding reagents to the flow channels.  

Characterization of cell morphologies on flat and on the aligned fibers  

Cell inserts were fixed in methanol for 10 min in a -20°C environment and then stained with a 0.5 % 

(w/v) crystal violet solution in 25% (v/v) methanol to analyze the aspect ratios of the cells in ImageJ, a free 

image processing program. The alignment of the cells was also determined through observation of the 



angle of the cell elongation path (length) against the direction of the fibers. A live/dead staining kit 

(Thermo Fisher Scientific, MA, USA) was used along with fluorescent imaging to detect viability. 

NO release measurement 

  The release of nitric oxide (NO) from BPAECs on the fibrous topography was compared to that 

from cells on a flat surface. The 12 flow experiments were divided into 3 groups: 4 channels contained 

inserts without cells to serve as analytical blanks; 4 channels contained cells cultured on flat inserts; and 

4 channels had cells on the aligned fibrous scaffold. A total of 10 mL DMEM media (without phenol red) 

was supplemented DAF-FM and ATP to final concentrations of 5 µM and 10 µM, respectively. Two 

confluent cell-laden inserts of each condition were carefully placed in each microfluidic device with the 

cells contacting the flow channel. Then, 400 µL of the spiked DMEM was pipetted into each well in the 

reservoir device. The whole setup was placed in an incubator (37°C, 5% CO2, humid) at a flow rate of 1.5 

mL/min for 2 hours.  

 After 2 hours, 150 µL of the DMEM was pipetted out of the reservoir device and loaded into a 96 

well plate. Next, the fluorescence emission of DAF-FM was measured (ex. 485 nm; em. 520 nm). 

Concurrently, the inserts were quickly removed from the microfluidic devices and washed thoroughly with 

10mM HEPES buffer, followed by lysis in 400 µL RIPA buffer using an ultrasonic homogenizer for 1 min. 

The protein amount in each lysate was measured by the BCA assay as a measurement of cell numbers for 

data normalization.  

A standard curve was created to determine the NO concentration present in the media. A PBS 

solution was degassed first with argon gas to remove any lingering oxygen, and then saturated with 

compressed NO gas to reach a final concentration of 1.9 mM. Then in degassed PBS, a series of NO 

dilutions were made and reacted with DAF-FM in a nitrogenous environment, followed by fluorescence 

detection. 

Intracellular metabolomics measurements (arginine, citrulline, and ornithine) 

An aliquot of 200 µL of LCMS grade water with 4 µM 13C-phenylalanine (internal standard for 

LCMS analyses) was added to each lysate vial. Cell lysates were then lyophilized and reconstituted in LCMS 

grade isopropanol to precipitate excess salts and proteins. Then samples were then centrifuged at 14,000 

rpm (Eppendorf, Centrifuge 5424R, NY, USA) at 4 °C for 15 min. The supernatant was transferred to 

another clean vial, followed by lyophilization. Finally, the dry extracts were reconstituted in 15 µL LCMS 

grade water with 0.1% formic acid and transferred to LC-MS instrument. 



The Agilent G6530C LC QTOF system equipped with the capillary HPLC 1260 Infinity series were 

used for the analyses. For both positive detection mode, a full scan range of 50 to 1000 m/z with a mass 

accuracy of 2 ppm was performed. For the positive mode, ESI ion source parameters were: gas 

temperature 320 °C, drying gas 10 L/min, nebulizer 30 psi, and capillary voltage 3500 V. The fragmentor, 

skimmer, and OCT1 RF Vpp were set to 110, 65 and 750 volts, respectively. 

A C18 column (Luna® Omega 1.6 µm, PS 100 Å with an inner diameter of 100 ×  2.1 mm, 

Phenomenex, CA, USA) was used with the following gradient: mobile phase A was 0.1 % formic acid in 

water; mobile phase B was LC-MS grade methanol. At positive mode, the gradient started with 100% A at 

0 min, and decreased to 0% A at 15 min. The A phase was remained at 0% till 25 min, followed by being 

increased to 100% at 30 min and held until 45 min. The flow rate was set at 30 µL/min. An aliquot of 5 µL 

of samples was injected into the column by an autosampler for each run.  

Peak areas of arginine, ornithine and citrulline were analyzed by MassHunter Qualitative Analysis 

Version B.10, which were then normalized to the internal standard (13C-Phenylalanine) and then the cell 

number obtained from the protein assay. 

eNOS activity probing 

  The activity of the eNOS in each ECM condition was quantitated by a commercially available assay 

kit (Abcam, Cambridge, UK). The cells were washed and lysed according to the user manual. The substrate 

molecule in the kit could be converted by eNOS in the cell lysates to a fluorescent product, based on which, 

the activity of eNOS could be quantitated.  

Statistics 

 Replicate numbers were indicated in the captions of the data figures. We applied the two-sample 

t-test for significance determination, except for the normalized eNOS activity data, where a one-sample 

t-test was performed. Significant differences were valid only when p values were smaller than 0.05.  

  

 

 

 

 



RESULTS AND DISCUSSION 

 Current dynamic endothelial models applied the cells on a 2D flat surface—either a wall of a 

microchannel, the bottom of a reservoir, or a sealed porous membrane. However, some recent studies 

have shown that the biophysical cues of an ECM can affect cellular activities13, 29-31. Therefore, we 

hypothesized that the aligned fibrous topography (Fig. 1) on native endothelial ECM could affect the 

functions of endothelial cell. However, with PDMS (polydimethylsiloxane)-based microfluidic technology, 

the incorporation of additional microstructures (e.g., fibrous ECMs) will significantly increase the difficulty 

of fabrication and maintenance. Therefore, we developed a new microfluidic system with easy ECM 

inclusion, which was also robust enough to perform simultaneous parallel experiments.  

 Fig. 2 overviews the general concept of the microfluidic design. First, instead of incorporating 

ECMs in a fully integrated microfluidic device, ECMs of desired topographies were prepared separately as 

rectangular inserts, where endothelial cells were seeded. A microfluidic device was 3D-printed with slots 

that fit the cell-laden inserts. 3D-printing has emerged as a powerful tool to fabricate robust and 

standardized microfluidic devices with intricate inner microstructures30, 32, 33. During a flow-based 

experiment, stimulants could be added, and samples could be taken via the openings on top of the 

reservoir. After a study, the cell inserts could be removed for further analyses such as lysate extraction. 

This microfluidic technology has several advantages: 1) the modularity allowed for a failed module to be 

quickly replaced without sacrificing the whole setup; 2) the quality of cell cultures (e.g., contamination) 

could be checked before a flow study to ensure reliable cell assays; 3) the prepared culture surface could 

be easily manipulated to simulate different ECM topographies, e.g., allowing users to study cellular 

functions on a damaged and healthy ECM concurrently. The design, characterization, and performance of 

each part of the system are thoroughly discussed below. 

The cell-laden inserts with desired ECMs 

 We applied electrospinning to produce microfibers to mimic the aligned fibrous topography of 

the native basement membrane. Electrospinning is a technique that uses a high voltage (typically on a 

syringe needle) to convert a polymer solution into fibers34-36. By varying the concentration of the polymer 

solution, the delivery rate, the syringe needle size, and the voltage, the fiber size is tunable. As shown in 

Fig. 3A, we pumped a polystyrene (PS) solution at 1.5 mL/hr through a 20-gauge blunt syringe needle 

connected to a 22.5 kV power supply. By collecting the generated fibers on a polystyrene sheet taped on 

a steel rotating mandrel (4500 rpm), a single layer of aligned microfibers was obtained. Next, the fiber-



coated PS sheet was laser cut into rectangular inserts. The PS sheet was used as a rigid support structure 

to immobilize the flexible fibers. These fibrous inserts could be prepared in high throughput. Fig. 3B 

demonstrates a small portion of an array of inserts prepared at a time. The material polystyrene was 

chosen because of its biocompatibility37. With this protocol, aligned fibers with an average diameter of 

2.14 ± 0.37 µm, which was within the physiological range of conduit arteries (Fig. 1B; 1-3 µm) were 

generated (Fig. 3C). We also prepared inserts with a flat topography (Fig. 3D) for control experiments. All 

the inserts were coated with collagen before endothelial cell culturing. 

The laser cutting process served two critical functions in the 3D scaffold manufacturing process: 

1) it ensured the surface area of the insert was consistent, and 2) as the edges were cut, the fibers were 

fused onto the surface of the polystyrene support. To avoid the shrinkage associated with excess heat to 

the polystyrene sheet, the edges of the inserts were etched into the sheet so that they could easily be 

snapped off by tweezers. This ensured the accuracy of the insert dimensions. 

The microfluidic device 

 The microfluidic device was 3D-printed in a cylindrical shape with threaded ports and O-ring 

notches at both ends, and a channel through (Figs. 4A and 4B). Design details of the pieces can be found 

in the SI. Fig. 4C shows an assembled device after O-rings and the rectangular inserts were integrated. As 

shown in Fig. 4D, the two inserts were secured tightly in the slots with a fluidic channel of 310 µm formed 

in between. Standard 10x32 threads were 3D-printed along with the threaded ports on the devices, where 

customized (Fig. 5A) or commercially available fittings could be applied to connect tubing for flow-based 

investigations. With the robustness of the device (hard material), the inclusion of O-rings, and the 

standardized threads, we could flow media at high rates up to 4000 µL/min without leakage, which 

covered the whole physiological shear stress range in human blood vessels (0-80 dyne/cm2). This wide 

adoptability of shear stress on our device is critically important for endothelial studies especially when 

modeling diseases with increased shear stress (e.g., hypertension). There has not been a microfluidic 

device that could handle such high flow rates/shear stress.  

Throughput enhancement 

 Compared to static cell cultures in a multi-well plate, a drawback of conventional microfluidics is 

the low throughput (typically one device per experiment), which is likely caused by the high facility and 

personnel requirements to fabricate and maintain the devices. With 3D-printing, however, robust devices 

of the same geometry can be massively produced, making it possible to scale up parallelized studies. As 



shown in Fig. 5B, on a multi-channel peristaltic pump, we set up 12 flow experiments conducted 

simultaneously to improve throughput. Moreover, studying various treatments on cells under the same 

environment helped reduce result variances. We also created a reservoir device as an interfacing window 

for the studies, which contained 12 compartments for each of the flows (Fig. 5C). This device acted as a 

transfer station for the flowing media—using a 12-channel pipette, molecules (e.g., fluorescent probes) 

can be added, and samples can be taken at the same time with ease (Fig. 5D). All the 3D-printed parts 

were reusable after being bleached, rinsed, and autoclaved. The number of parallel experiments was only 

limited by the available slots on the peristaltic pump (in our case 12); however, with a larger pump (24 

and 36 channels are commercially available), more flow channels can be tested.  

The role of the aligned fibrous topography on endothelial cells 

 We cultured endothelial cells on inserts with aligned fibers or a flat surface and found that the 

topographic cue could guide cell morphology. As shown in Fig. 6, endothelial cells were organized along 

the fibers with enhanced aspect ratios, while both surfaces supported cell viability. Next, the cell-laden 

inserts (with fibers or flat) were integrated into the 3D-printed microfluidic device (Fig. 5A) and scaled up 

(Fig. 5B) for flow-based explorations. A flow rate of 1.5 mL/min with the corresponding shear stress of 7.8 

dyne/cm2 was applied to mimic the conduit arteries in vivo, which is the main site for the pathogenesis of 

endothelial cell-involved CVDs38, 39. We investigated the release of nitric oxide (NO) from endothelial cells, 

one of the most important signaling molecules produced by the cells to maintain the homeostasis of blood 

and surrounding tissues. To measure the levels of extra cellular NO, we spiked into each flow chamber via 

the reservoir device (Fig. 5C) the DAF-FM solution, a commonly used fluorescent probe for extracellular 

NO—after binding specifically to NO, the quantum yield of the probe is significantly increased with bright 

fluorescent emission at 520 nm40. Compared to its diacetate derivative (DAF-FM-DA), which can polarize 

cell membranes, the DAF-FM cannot diffuse into cells. The circulating media (with DAF-FM) was collected 

from the reservoir device after 2 hr, followed by fluorescence measurements. As shown in Fig. 7A, 

endothelial cells cultured on the aligned fibrous topography released significantly more NO than those on 

the flat surface. Because NO is produced intracellularly by arginine breakdown to citrulline, which can also 

be metabolized via an alternative way through ornithine (Fig. 7B), we took the cell-laden inserts out of 

the fluidic devices, lysed the cells immediately, and detected the three amino acids in the lysates using 

LC-MS. Fig. 7C demonstrates that the ornithine/citrulline ratio in cells cultured on flat was higher than 

cells on the fibers, suggesting more alternative arginine metabolism occurred, thus decreasing NO. The 

levels of arginine, the biological precursor of NO was also found to be lower in the cells on fiber (Fig. 7D), 



which is consistent with higher arginine conversion rates in the cells on fiber. Subsequent evaluation of 

endothelial nitric oxide synthase (eNOS) revealed that this enzyme was more active in cells on the fibers, 

which explained the lower arginine level. Collectively, these data strongly demonstrated that the aligned 

fibrous topography on the ECM altered NO release from endothelial cells by increasing the overall 

metabolism of arginine to NO and thereby reducing its diversion to the ornithine metabolism route. 

 

CONCLUSION 

 In this paper, we present a modular microfluidic-based endothelial model fabricated by 3D-

printing and electrospinning, which enabled integration of desired ECM topographies, physiologically 

relevant shear stress, and cellular analyses in a parallel manner. To the best of our knowledge, our system 

is the most versatile endothelial model that has been reported. We also included the design details of the 

devices in the SI to promote technology translation. By mimicking the microstructure on the inner wall of 

human arteries, we found that the aligned fibrous topography enhanced endothelial cell-derived NO 

production via controlling arginine metabolism pathways. This is first time to include the physiologically-

relevant ECM topography for endothelial cells in a microfluidic device, and to report the effects of the 

ECM on endothelial functions. These results enhanced our understanding of endothelial biology, and 

indicated the necessity to consider relevant surface topography in future endothelial modeling.  

 

 

 

 

 

 

 

 

 

 

 

 



FIGURES AND CAPTIONS 

 

Figure 1. (A) A cross-sectional view of an artery showing that the basement membrane is not a 
flat matrix. Instead, a topography with microfibers/ridges along the blood vessel can be seen. 
Image reprinted from SpringerNature with permission (license number 4914881025532). (B) A 
longitudinal view of the interior of a piece of decellularized human conduit artery. Various artery 
specimens were measured, and the diameter of the aligned fibers was found to be in the range 
of 1-3 µm. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Overview of the microfluidic system. (A) ECMs of desired topographies were fabricated 
on rectangular inserts, where cells were seeded. (B) The device where the inserts could be 
assembled to form a microfluidic channel. (C) After the device was assembled, tubing was 
connected to both ends for media to circulate via a reservoir device. (D) After a flow-based study, 
the cell-laden inserts were removed for further investigations of intracellular metabolites. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) Polystyrene fibers were electrospun onto a polystyrene sheet taped on a rotating 
mandrel (4500 rpm). Once the electrospinning was complete, the fibrous sheet was placed in a 
laser cutter, and inserts of 3.3 mm x 15 mm were cut out of the sheet. (B) The fibrous inserts were 
then easily removed from the polystyrene sheet for cell culture. (C) An SEM image of the 
microfibrous topography on inserts. The average fiber diameter was 2.14 ± 0.37 µm, which was 
within the physiological range. (D) An SEM image of the flat topography used to model a 
conventional endothelial cell culture surface. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (A) Cross view of the CAD design of the microfluidic device. (B) The actual view of the 
printed device. (C) An assembled device with inserts and O-ring. (D) An SEM image of the cross-
view of an assembled device. The two inserts were secured firmly with a microfluidic channel of 
310 µm formed in between.  

 

  

 

 

 

 

 

 

 

 



 

Figure 5. (A) Customized threaded fitting that could be connected to the threaded ports at the 
ends of the fluidic device. The hole was smaller than the diameter of the flexible Tygon tubing, 
and thus the tubing was sealed tightly without leakage.  (B) Twelve flow experiments were 
conducted simultaneously on one peristaltic pump. For each of the flows, two fittings connected 
to Tygon tubing were fastened at both ends of the fluidic device, and media was circulated. (C) 
The 12-compartment reservoir device with a removable lid. Arrows show the flow into and out 
from one compartment. (D) The bigger holes (3.5mm diameter) on the cap fit a standard 12-
channel pipette for a simple and simultaneous reagent addition and sample removal.  

 

 

 

 

 

 

  



 

Figure 6. To easily visualize sharp cell edges, instead of using fully confluent inserts, we stained 
cells at ~60% confluency by crystal violet and fluorescent probes for morphology and viability 
assessments. (A, B) Cells on the fibrous scaffold were more aligned along the fiber direction than 
those on the flat surface. (C) Distribution of angles between the major (longer) axis of the cells 
and the fiber/flow direction. For cells on the fibers, the angles were within ± 30o from the fibers, 
while cells on the flat surface showed completely random orientations. (D) Cells on the aligned 
fibers had a significantly larger aspect ratio(P<0.05), indicating that the fibers increased cell 
elongation. (E, F) Live/dead staining of cells cultured on the aligned fibers and on flat, respectively. 
Minimal dead cells were observed on both substrates.  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (A) Cells cultured on the fibrous scaffold exhibited a 4.88-fold (P<0.01) increase in NO 
released than those grown on a flat surface (N=10, error=S.E.M.). (B) The arginine pathway in 
endothelial cells that produces citrulline either by eNOS that generates NO, or through ornithine 
without NO production. (C) LC-MS quantitation revealed that the ornithine/citrulline ratio was 
significantly higher (P<0.05) in cells cultured on flat than those on the aligned fibers, indicating 
more arginine was metabolized via the ornithine pathway (N=15, error=S.E.M.). (D) LC-MS results 
showed less intracellular arginine in cells on the aligned fibers vs. cells on flat (N=15, error=S.E.M.). 
(E) Cells on the fibers demonstrated a significantly higher (P<0.05) eNOS activity than cells 
cultured on the flat surface (N= 4, error= S.E.M.). 
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