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VERSATILE, FLEXIBLE AND BIOCOMPATIBLE ELASTOMERIC MICROTUBES 

RELATED APPLICATION 

[0001] 	This application claims the benefit of U.S. Provisional Application No. 

62/302,919 filed on March 3, 2016. The entire teachings of the above application are 

incorporated herein by reference. 

BACKGROUND 

[0002] 	Microfluidics devices made of elastomeric materials such as polydimethylsiloxane 

(PDMS) normally consist of microfluidic channels specifically designed to perform tasks 

such as microscale manipulation, analysis and sorting of micro and nanoscale entities such as 

biomolecules, cells and particles. However, the conventional fabrication of microfluidics 

always involves the complicated photolithography process which is expensive, limits 

microfluidic channel geometry to rectangular cross-section and is difficult to form complex 

three-dimensional (3D) microstructures. All these pose a barrier for the wider adoption of 

this technique. 

SUMMARY OF THE INVENTION 

[0003] 	Novel, inexpensive and efficient methods to fabricate microfluidic tubes 

(microtubes) from a variety of elastomeric materials are described. These microtubes have an 

inner diameter that can range from about 4µm to about 1000 p.m and an outer diameter that 

is variable and can be controlled depending on needs. The length of the microtubes can be 

varied depending on the end use. The microtubes can have any desired cross-sectional shape, 

for example, circular, rectangular, square, triangular, elliptical, star or irregular. Using these 

elastomeric microtubes as basic building blocks, it is now possible to design and produce 

microfluidic devices without the need for photolithography. This not only radically changes 

the way one designs and builds microfluidic devices, but also provides the versatility to alter 

the design of the microfluidic devices at will without the need to redesign and refabricate the 

whole microfluidic device again. Instead, these microtubes can be added or removed to make 

changes to the design of the microfluidic device which can be in two-dimensional (2D) or 

even 3D in configuration. The ability of these elastic microtubes to be assembled and 
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disassembled enables the fast patterning of microchannels into almost any architecture as 

needed and when desired. Consequently, significant reductions in costs have been seen, as 

well as a significant reduction in the time taken to design, build and test these microfluidic 

devices. In addition, the microtubes can be biocompatible, flexible, gas permeable and 

highly transparent and make for an excellent candidate for producing biomedical devices for 

various applications, e.g., flexible microfluidics, artificial skins, organs-on-chips, blood 

vessel and capillary network mimicking, opto-microfluidics and 3D bioreactors, among 

others. 

[0004] 	In a first aspect, the invention is a flexible microtube comprising a polymer, the 

microtube having an inner diameter of about 4 um to about 1000 um and a variable outer 

diameter. The cross-sectional shape of the microtube can be, for instance, circular, 

rectangular, square, triangular, elliptical, star or irregular. 

[0005] 	In an embodiment of the first aspect, the polymer is a silicone elastomer, an 

ultraviolet sensitive polymer, a conductive polymer, a thermoplastic polymer, a thermoset 

polymer, a polyimide, a conductive rubber, or a polyurethane. The silicone elastomer can be, 

for instance, polydimethylsiloxane, phenyl-vinyl silicone, methyl-siloxane, fluoro-siloxane or 

platinum cured silicone rubber. The ultraviolet sensitive polymer can be, for instance, 

MYpolymer® (a fluorinated resin with acrylate/methacrylate groups produced by MY 

Polymers Ltd.), styrene-acrylate-containing polymer, polyacrylate polyalkoxy silane, a 

positive photoresist (e.g., diazonaphthoquinone-based positive photoresist) or a negative 

photoresist (e.g., epoxy-based negative photoresist). 

[0006] 	In another embodiment of the first aspect, the microtube inner diameter is between 

about 10 um and about 800 µm. 

[0007] 	In another embodiment of the first aspect, the length of the microtube is about 10 

m or less. 

[0008] 	In another embodiment of the first aspect, the microtube is gas permeable. 

[0009] 	In another embodiment of the first aspect, the microtube is transparent. 

[0010] 	In another embodiment of the first aspect, the microtube is biocompatible. 

[0011] 	In a second aspect, the invention is a method of making a flexible microtube 

comprising a polymer, the method comprising immersing a wire into a pool comprising heat 

curable polymer; heating the wire for a first period of time, thereby initiating curing of the 

heat curable polymer at the surface of the wire; pulling the wire out of the pool; heating the 
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wire for a second period of time, thereby curing additional heat curable polymer and 

producing a polymer coated wire; immersing the polymer coated wire in a liquid bath with 

sonication, thereby loosening the polymer-wire contact; removing the wire from the polymer 

coated wire, thereby producing a polymeric microtube; and heating the polymeric microtube, 

thereby producing the flexible microtube of the first aspect. 

[0012] 	In an embodiment of the second aspect, the heating for a first period of time is 

performed via electric current along the wire, the heating for a second period of time is 

performed via a hot air heating element, the liquid bath is an acetone bath, and the heating of 

the polymeric microtube is performed via baking. 

[0013] 	In another embodiment of the second aspect, the method of making a flexible 

microtube comprises immersing a wire into a pool comprising a pre-cured ultraviolet-curable 

polymer, pulling the wire out of the pool and into an argon chamber, curing a layer of 

ultraviolet-curable polymer coated around the wire under an ultraviolet mercury lamp, 

thereby producing a polymer coated wire, immersing the polymer coated wire in a liquid bath 

with sonication, thereby loosening the polymer-wire contact, removing the wire from the 

polymer coated wire, thereby producing a polymeric microtube, and heating the polymeric 

microtube, thereby producing the flexible microtube of the first aspect. 

[0014] 	In a third aspect, the invention is a device comprising the microtube of the first 

aspect. 

[0015] 	In an embodiment of the third aspect, the device is a biomedical device. 

[0016] 	In another embodiment of the third aspect, the biomedical device is an artificial 

skin, organ-on-chip, blood vessel mimicking device, capillary network mimicking device, 

opto-microfluidic device, a 3D bioreactor, drug delivery device, cell stretcher, tissue 

engineering scaffold, micro-pump or micro-valve. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] 	The foregoing will be apparent from the following more particular description of 

example embodiments of the invention, as illustrated in the accompanying drawings in which 

like reference characters refer to the same parts throughout the different views. The drawings 

are not necessarily to scale, emphasis instead being placed upon illustrating embodiments of 

the present invention. 
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[0018] 	FIG. 1A is a schematic view of the experimental set-up for PDMS microtube 

fabrication. 

[0019] 	FIG. 1B shows images of PDMS microtubes with circular cross-sections at 

different inner diameters (side-views, IDs are indicated by text at the top of each view, scale 

bars: 30 p.m for ID (T) = 10 p.m, 75 p.m for (to = 25 p.m and 1001.tm for the rest). 

[0020] 	FIG. 1C shows transverse planes of tubes with varying cross-sectional shapes 

(scale bar: 250[tm). 

[0021] 	FIG. 2A shows an SEM image showing a tungsten wire with a diameter of 10 p.m. 

[0022] 	FIG. 2B shows an AFM topography presenting the surface of the tungsten wire. 

[0023] 	FIG. 2C shows the smoothness of the microtubes' inner surface and inner 

diameter. 

[0024] 	FIG. 2D shows a comparison between the wire diameter and the inner diameter of 

the PDMS microtube manufactured from the wire. 

[0025] 	FIG. 3A shows PDMS microtubes with different diameters (25 p.m, 50 p.m, 100 

p.m, 250 p.m and 400 p.m from left to right). 

[0026] 	FIG. 3B shows a 50 cm long PDMS microtube with ID = 50 p.m. 

[0027] 	FIG. 4 shows optical images of MYpolymer microtubes with inner diameter of 

250 p.m (scale bar: 150 p.m). 

[0028] 	FIG. 5A is a graph showing the normalized expansion of inner diameters of 

various microtubes as a function of intraluminal pressure (the inner diameters of the 

microtubes are listed in the lower right corner, the OD/ID ratio is one main factor that 

influences the tubing expansion, for all the microtubes, OD/ID = 2:1). 

[0029] 	FIG. 5B shows optical images revealing the expansion of the inner diameter of 

one PDMS microtube (ID = 50 p.m and OD/ID = 2:1) as intraluminal pressure increases. 

Scale 50 p.m. 

[0030] 	FIG. 6A is a schematic presentation of an on-off valve using a PDMS microtube 

with ID = 100 p.m. 

[0031] 	FIG. 6B is a photo of an on-off valve using a PDMS microtube with ID = 100 p.m 

wherein the valve is realized by periodically pressing a PDMS microtube (indicated by the 

black arrow) with a pincher (0.5 mm wide, indicated by the white-only arrow in (FIG. 6B)) to 

interfere the flow (indicated by the black-outlined-white arrows) inside. 
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[0032] 	FIG. 6C shows fluorescent images representing the off-valve and on-valve, 

respectively, as realized in FIG. 6B. 

[0033] 	FIG. 6D is a graph of time response of opening and closing of the valve (100 p.m 

inner diameter) at different frequencies wherein the opening and closing of the valve are 

indicated by the intensity of the fluorescence inside the tube (FIG. 6C) and the normalized 

fluorescent intensity varying as a function of time is shown, and wherein the abrupt increase 

and decrease in the fluorescent signal indicate fast response of the microtube to the 

mechanical compression with minimum delay and the valve functions reasonably well up to 

75 Hz (the limit of the hardware). 

[0034] 	FIG. 7A is a schematic representation of a peristaltic pump compressing a PDMS 

microtube (indicated by the white-only arrow) with ID of 100 p.m, wherein the rotor 

(indicated by the black arrow) occludes the flexible microtube and forces the fluid to be 

pumped to move through (black-outlined-white arrows) the tube as it turns (circular arrow), 

and wherein the differences in pumping rate were achieved by rotating the rotor at various 

speeds. 

[0035] 	FIG. 7B is a photo of the device schematically presented in FIG. 7A, wherein a 

PDMS microtube with ID = 100 p.m (indicated by the black arrow) was bound around the 

motor and the white arrows indicate the flow direction inside the tube. 

[0036] 	FIG. 7C shows time lapse images of the advancing fluid front in a time period of 5 

minutes in the outlet of the peristaltic pump shown in FIG. 7B. 

[0037] 	FIG. 7D is a graph showing the pumping rate of the peristaltic pump versus 

rotating speed (with an ID = 100 p.m microtube) wherein a flow rate of —100 pL/s or below 

can be easily achieved which is one to two orders of magnitude lower than the same 

peristaltic pump using commercially available small size tubes (380 p.m ID tube, INSTECH 

pump user manual). 

[0038] 	FIG. 8A shows fluorescent images of nuclei of epithelial cells grown in PDMS 

microtubes (IDs: top, 50 p.m and bottom, 100 p.m) for 24 hours (left: side view; right: cross-

sectional view, scale bars: 50 p.m). 

[0039] 	FIG. 8B is a typical optical image showing margination effect in a circular 

microtube with ID = 25 p.m wherein epithelial cells were mixed with red blood cells at 40% 

hematocrit and the white arrow indicates the flow direction and the concentrated red blood 
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cells in the middle of the tube, and wherein a white blood cell flowing in the RBC-free zone 

(between the two white dash lines) near the tube walls is shown (scale bar: 25 gm). 

[0040] 	FIG. 9A shows fluorescent images of 2D microchannels having circular, 

rectangular, square and pentagon shapes (from left to right), respectively, wherein the PDMS 

microtubes used have ID of 50 gm (scale bar: 400 gm). Microchannels of varying 2D 

geometries can be easily created by bending the PDMS microtubes, wherein the microtubes 

were filled with aqueous solutions of fluorescein, winded up using pre-manufactured (either 

by mechanical cutting or 3D printing) frameworks and imaged with a confocal microscope. 

[0041] 	FIG. 9B shows optical micrographs of pseudo-3D micro-structures having the 

shape of a figure-8 knot (left), a Carrick bend (middle) and a double spiral (right) (scale bars: 

150 gm). Microchannels of varying pseudo-3D geometries can be easily created by bending 

the PDMS microtubes, wherein the microtubes were filled with aqueous solutions of 

fluorescein, winded up using pre-manufactured (either by mechanical cutting or 3D printing) 

frameworks and imaged with a confocal microscope. 

[0042] 	FIG. 10A shows schematic views of a spiral microchannel made from the PDMS 

microtube (left is top view and right is side view). 

[0043] 	FIG. 10B is an optical image showing spiral microfluidic channels made from a 

PDMS microtube with inner diameter of 100gm. 

[0044] 	FIG. 11A shows four different configurations of microtubes forming microfluidic 

chips that realize particle focusing wherein the microtubes with 100 gm ID were configured 

into 2D spiral in a plane, 3D spiral around a cylinder, 3D twisting and 2D serpentine shape 

(black arrows indicate inlets and black text shows the outlets). The inserts are photos of the 

channels. 

[0045] 	FIG. 11B shows microparticles of different diameters (white text at the bottom of 

each image) were focused (indicated by the white arrows) after flowing through the devices 

shown in FIG. 11A, wherein the control shows particles flowing through a straight tube 

without any special patterns (the flow speeds were 800, 500 and 400 µI/min for particles of 

25, 20 and 15 gm in diameters, respectively, scale bar: 150 gm). 

[0046] 	FIG. 11C is an optical image that shows that particles of 10 and 25 gm in diameter 

flow in separate tracks in the outlet of a 3D spiral chip (the flow speed was 200 µI/min). 

[0047] 	FIG. 12A illustrates droplet generation using microtubes. A microtube (ID of 50 

gm) was inserted into a pre-made T-junction wherein oil was flowing through the horizontal 
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channel whereas water was flowing out of the microtube (indicated by the black arrow) such 

that this configuration enables generating monodisperse microdroplets (here, water droplets 

indicated by the white arrows) in a high-throughput mode (scale bar: 200 um). 

[0048] 	FIG. 12B illustrates droplet generation using microtubes. Optical images showing 

the water droplets of a uniform diameter in a continuous oil flow (left image) and water 

droplets of changing diameters in an interrupted oil flow (right image) wherein the white 

arrows indicate the flow direction (scale bar: 100 um). 

DETAILED DESCRIPTION OF THE INVENTION 

[0049] 	Commercially available silicone tubing is normally made by extrusion of 

compounded elastomers mixture, which is easily converted into 3D elastomers using a cross-

linking reaction (cure). Two reactions are preferred:' 1) peroxide initiated and 2) platinum 

catalysed. In both cases, the precursors are mixed at the point of use before extrusion at room 

temperature followed by continuous curing in high temperature ovens. Different dies and 

mandrels are used to produce single-lumen tubing of various size and wall thickness (defined 

by their outside diameter/inside diameter, or OD/ID). Remaining oligomers or byproducts 

must be eliminated by careful post-curing, which may require several hours in ventilated 

ovens at elevated temperatures. Furthermore, silicone tubing in the market is normally 

translucent and with an inner diameter larger than 300 um, and thus fails to meet the criteria 

for micro/cellular scale applications. In contrast, the present invention provides micro-size 

tubes of inner diameter down to about 4 um which is smaller than all of the silicon tubing 

available. 

[0050] 	Silicon microchannels and fused silica micro-tubing have been commercialized in 

the market for years. Although some of the earliest work in microfluidic systems did, in 

effect, use silicon and glass, these materials have largely been replaced by plastics. For bio-

related applications in aqueous solutions, the use of silicon and glass is usually unnecessary 

and inappropriate. For example, silicon is expensive and opaque to visible and ultraviolet 

light, and so cannot be used with conventional optical methods of detection. Furthermore, 

both materials are not permeable to gases and very rigid, thus no corresponding devices such 

as valving and actuation with peristaltic pumping is possible. In contrast, the present 

invention provides valving that can be easily realized with mechanical restriction and 
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deformation of the elastomeric microtubes presented herein due to the elastic deformability of 

these tubes. 

[0051] 	Researchers have developed several approaches to fabricate circular 

microchannels in PDMS as follows: 1) In a combination with standard soft-lithography,2  a 

coating of liquid PDMS is applied on the walls of rectangular microchannels, by introducing 

a pressurized air stream inside the PDMS filled microchannels. Surface tension of the liquid 

PDMS then forces the coating to take a circular cross-section which is preserved by baking 

the device under pressure until cured. This method was verified to work on microchannel 

networks as well as in straight channels and designed diameters can be achieved via proper 

curing conditions. However, as an extension of the lithography fabrication method, it 

requires complicated procedures and is hard to fabricate 3D-networked channels. 2) Kim et 

al. have reported a scheme to fabricate cylindrical microchannels in PDMS based on shaping, 

bonding and assembly of sucrose fibers.' It is simple, cleanroom-free, environmental 

friendly, and feasible to make complex 3D microchannel architectures. However, the pre-

shaped sucrose fiber templates are bonded piece by piece using individual fiber — a tedious 

and inefficient process. It also raises handling difficulties once the fiber diameter is smaller 

than 30 p.m. Other approaches, such as molding with a liquid cylinder formed on a 

hydrophilic/hydrophobic patterned surface,4  can only result in half-cylinder PDMS channels, 

which raises difficulties in precise alignment of two semi-channels to complete a circular 

channel. In contrast, the present invention provides a method that is simpler, cheaper and of 

much higher efficiency to produce microtubes as basic building blocks for microfluidic 

devices. 

[0052] 	Another alternative and competing approach to make 3D microfluidic channels is 

based on 3D printing technology.5' 7  Generally, 3D micro-cavity networks are formed by 

either printing 3D sacrificial filament templates that are later leached away after prototypine 

or polymerizing the walls of the channel cavities and subsequent drainage of the uncured 

photopolymer precursor.7c  Particularly, in one approach exploiting stereolithography, 

modular and reconfigurable components containing fluidic elements are manufactured to 

allow rapid assembly of 3D routing of channels.6  Though elegant, these techniques suffer 

from the limitation in low printing resolution as the dimension of the "printed" features is 

limited by the sizes of the nozzle and printing pressure, or by the laser beam diameters, which 

make it currently a main challenge to produce features smaller than 100 ilm.7a  The rough 
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surface of printed devices also raises a concern for high-resolution imaging in the channels.7a  

Furthermore, the use of rigid materials by 3D printing makes it troublesome to replicate the 

existing wide variety of PDMS microvalves and micropumps designs. In any case, 3D 

printing method rely on relatively expensive machines and the cost and time involved in 

fabricating a single design iteration is still high (about USD 200 per device).7a  In contrast, in 

the present invention the total fabrication and material expenses is less than USD 2, 

representing two orders of magnitudes cut-down in the production cost compared to 3D 

printing methods. 

[0053] 	Micro/nano-tubes can be formed (e.g., rolled up) from thin solid films of 

inorganic/organic materials at different positions once these films are released from their 

substrate.' These microtubes have been used as 3D cell culture scaffolds9  and optofluidic 

sensor.10 However, both the fabrication and the integration of the microtubes into 

microfluidic systems require complicated and expensive thermal deposition like Electron 

Beam deposition and photolithography facilities. In contrast, the present invention provides a 

simple method of production at a cost savings. 

[0054] 	Conventional microfluidic systems made from PDMS are normally fabricated by 

conventional soft lithography technique. They have been widely used in the study and 

manipulation of fluids at the submillimeter length scale. Certain properties of microfluidic 

technologies such as rapid sample processing and the precise control of fluids in an assay 

have made them attractive candidates to replace traditional experimental approaches in 

diagnostics and biology research. For example, the invention of 'Quake's valves' 11  among 

others has led to a plethora of microfluidic designs and publications including the in vitro 

models "organs-on-chips" 12  and disease-on-a-chip.13  In contrast, the present invention is not 

hindered by fabrication methods limited to conventional soft lithography techniques. 

[0055] 	Despite the recent increase in research and use of microfluidics, the development 

of transformative technologies to mitigate the cost of conventional fabrication protocols" has 

not materialized in the past few decades. The high cost is due to the need to use silicon wafer 

through the photolithography process. The fabrication, testing and redesign period is 

relatively long. Furthermore, complex multilayered chips require complicated processes 

involving highly skilled personnel to develop for flow control in lab-on-chip and organ-on-

chip systems,12' 15  thus posing a technology barrier for widely adoption in the biomedical field 

and industry. 
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[0056] 	A description of example embodiments of the invention follows. A description of 

distinctive characteristics that differentiate the present invention from existing technologies 

also follows. 

[0057] 	The PDMS microtubes of the present invention can be specifically used as 

elementary building blocks for microfluidic devices. The fabrication procedure involves 

simple mechanical apparatus and cheap common materials readily available in the lab. 

Except for the same advantages such as biocompatibility, unique mechanical elasticity and 

chemical inertness as that of silicone tubing, our PDMS microtubes are of micrometer to sub-

millimeter sizes and can be easily assembled into more complex devices. It is expected that 

the microtubes can help to dramatically cut down the cost and time for the design, fabrication 

and assembly of the microfluidics systems. Moreover, the merit of the versatility of the 

assembly capability of the elastic microtubes enables one to breakdown complicated 

microfluidics into organizable functional modules which can significantly lower or even 

eliminate the technology barrier for more end-users to participate in this microfluidics 

research as one no longer needs access to an expensive microfabrication lab. 

[0058] 	Despite their potential applications in cellular research,16 PDMS microchannels 

with circular cross-sectional shapes are currently scarce in the market. The inability to create 

vascular networks has hindered progress in cardiovascular tissue engineering and organs-on-

chip systems for years.' Current PDMS micro-channels usually have a rectangular cross-

section when fabricated using the conventional fabrication method. The fluid that moves 

inside such channels does not mimic that of the parabolic-flow profile seen in that of circular 

cross-section tubes such as that of blood vessels.'' In the low Reynolds number flow, the 

velocity and shear stress distribution is expected to be more isotropic in a circular tubular 

channel than a rectangular one with straight steep walls. The cells flowing inside the latter 

would experience different mechanical stress depending on their relative positions in the 

cross-section and due to the anisotropic flow field, leading to disparate cellular activities. 

The PDMS microtubes of the present invention can have a range of cross-sectional shapes 

including circular shapes with inner diameter ranging from about 101.tm to about 4001.tm. 

There is space for further scaling down or up. Cells in such a PDMS microtube will 

experience much more similar stress condition of a natural circulatory system than that of 

cuboid channels. Moreover, the velocity and vorticity fields in a circular microtube have no 

corner or singular regions due to the uniform circumferential wall effect. 
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[0059] 	The microchannels made from the conventional method are fixed in that the 

microchannels are molded onto PDMS blocks or layers and mounted on rigid glass 

substrates. The current state-of-the-art technique using the elasticity of PDMS for valving and 

actuation is represented by the 'Quake's valve' .11  The Quake's pneumatic valves control the 

opening and closing of a fluidic channel by an adjacent channel using pneumatic pressure. 

However, such a complex design requires expertise in high-level soft lithography fabrication, 

presenting challenges for end-users and the fabrication process is very difficult to automate 

for mass production. 

[0060] 	The PDMS microtube of the present invention provides a unique solution for the 

valving and actuation in microfluidic devices. The PDMS microtubes are natural self-

sustained channels with excellent mechanical elasticity. Flows in PDMS microtubes can be 

easily turned on or off merely by mechanical deformation. The thickness of the tubular wall 

is controllable, optically transparent for observation and gas-permeable for oxygen/carbon 

dioxide. These advantages make it an excellent candidate as scaffolds for realizing "organ-

on-chips" and tissue engineering applications. 

[0061] 	It is believed that the present invention can meet the urgent need for highly 

scalable manufacturing of biocompatible microtubes that can be used for microfluidic 

systems. As the current dominant soft lithography technology in the field of microfluidics not 

only poses a bottleneck for the industrial adoption due to high cost and time needed, using the 

present invention as the basic building blocks for PDMS microfluidic systems, one can 

significantly reduce the cost of fabrication as well as period of manufacture from weeks and 

days to hours. Thus, the elastomeric microtubes of the present invention can meet the 

demand for tubular micro-channels in the market. 

[0062] 	Finally, there is currently no transparent silicone tubing smaller than 3001.tm 

available in the market. 

[0063] 	The greatest advantages of the present invention are, for example, ease-of-use, 

cost effectiveness, various cross-sectional shapes, reconfigurability, and ease in assembling 

complex 2D and 3D microfluidic systems. 

[0064] 	Potential applications of the microtubes of the present invention include the 

following. 

[0065] 	Cell sorting. The margination effect of the metastatic cancer cells in 

microcirculatory blood flow has been well investigated. The inventors have observed similar 
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margination of white blood cell inside the circular and flexible microtubes. The present 

inventors have thus proposed to take advantage of the margination effect inside the 

microtubes to separate diseased cells such as circulating tumor cells (CTCs), bacteria, sickle 

cell anemia as well as malaria infected red blood cells from blood. This application will open 

up a great opportunity in the biomedical field such as diseased diagnosis, prognosis, therapy 

and treatment. 

[0066] 	Basic building components for complex 2D and 3D microfluidic systems. 

Functional microfluidic systems can be made up of microtubes using a pre-designed template 

with relative ease. 

[0067] 	Composite microtubes that can either comprise different materials or are 

multilayered, e.g., core-shell microtubes which can allow coating of these microtubes 

depending on the needs of the users. 

[0068] 	Additional potential applications of the microtubes of the present invention 

include, but are not limited to, opto-microfluidics devices, organs-on-chips systems, micro-

pumps/valves for fluidic controls, controlled drug delivery systems, cell stretchers and tissue 

engineering scaffolds. 

[0069] 	EXAMPLE 1 — Method of Making Silicone Elastomer Based Microtube 

[0070] 	The method involves immersing a metal wire (normally made of copper or 

tungsten) vertically into a freshly mixed PDMS (mixture of Sylgard 184 silicone elastomer 

base and Sylgard 184 silicone elastomer curing agent, 10:1 by weight) or a UV sensitive 

polymer (MYpolymer, MY-134-XP8, MY Polymers Ltd.) pool, as depicted in FIG. 1A. To 

fabricate PDMS microtubes, the metal wire was then connected to a variable power supply 

and heated up to —100 °C by electricity for 3 — 5 minutes. This generates a heat field close to 

the metal wire that initiate PDMS curing. A thin layer of cured PDMS forms on the surface of 

the wire and its thickness depends on the heating period. The metal wire was then pulled out 

of the PDMS pool at a speed of ca. 200µm/s vertically above the fluid level by a linear 

stepping motor, and a second thin layer of viscous uncured PDMS will form around the wire, 

which is further cured by hot air at ca. 90 — 100 °C in a cylindrical heating unit of 10 cm in 

length and 2cm in diameter (FIG. 1A). The beading tendency of PDMS'8  during the pulling-

out was effectively suppressed by this in situ thermal solidification (FIG. 1A), enabling the 

production of PDMS microtubes with uniform outer diameters (ODs) (FIG. 1B). The 

thickness of this second layer is then determined by the pulling speed of the wire and the 
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viscosity and surface tension of the liquid PDMS. The inner diameters (IDs) and cross-

sectional shapes of the PDMS microtubes are set by the embedded metal wire diameters and 

cross-sections (FIGS. 1B and 1C) while the outer diameter can be controlled via changing the 

pulling speed, the viscosity of the PDMS as well as the heat-up period. The PDMS coated 

metal wire was cut once it was pulled out to about several tens of centimeters and immersed 

completely into an acetone solution with sonication for 20 minutes — a process that would 

extract any unreacted elastomer curing agent and cause slight swelling in the polymer, 

loosening the PDSM-metal contact. The PDMS microtubes were then detach easily from the 

metal wires after the acetone treatment. This was followed by baking in a 100 °C oven for 

one hour to remove any acetone remnant. 

[0071] 	The process is simpler, cleaner and faster than those requiring dissolvable 

templates.3' 19  PDMS replicates the contour of the metal wire templates accurately, forming 

microtubes with the same cross-sections (FIGS. 1C and 2). Thus, the smoothness of inner 

surface of the microtubes can be evaluated by the contour of the metal wires. FIGS. 2A and 

2B are a SEM image and an AFM topography of a 0 = 10 p.m tungsten wire, respectively, 

showing the surface of the wire which renders PDMS microtubes of inner roughness of 

approximately 20 — 25 nm (FIG. 2C), and of the same ID (FIG. 2D) with good optical 

transparency (FIGS. 1B and 3A). For circular tubes, typical IDs ranges from 10 to 400 p.m 

(FIG. 1B) and their ODs are controllable by varying certain experimental parameters (see 

above). Circular microtubes with OD/ID = 3:1, 2:1 and 1:1 were repeatedly produced. 

Despite their high aspect-ratios (up to 4000) and thin walls, the microtubes do not sag or 

collapse in the middle, showing good self-sustainability. This versatile technique permits the 

manufacture of self-sustaining microchannels with adequate length (at least half a metre 

using our laboratory set-ups, FIG. 3B) and various inner diameters and distinct cross-

sectional geometries (FIG. 1C). 

[0072] 	Notably, this method is readily applied to fabricate microtubes of other polymers. 

[0073] 	EXAMPLE 2 — UV Sensitive Polymer Based Microtube 

[0074] 	To fabricate MYpolymer microtubes, the metal wire was pulled out of a pre-cured 

UV-curable MYpolymer pool into an Ar chamber. The thin MYpolymer layer coated around 

the metal wire was then cured on-site under a UV mercury lamp (350-460 nm, Newport Oriel 

Product Line System) operating at 300W with an illumination power of 0.2 W/cm2. The 

MYpolymer coated metal wire was then transferred into a pure ethanol bath and sonicated for 
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30 minutes to remove the diffusing photoinitiator. The MYpolymer microtubes (FIG. 4) can 

then detach from the metal wires after the ethanol treatment, followed by baking in a 100 °C 

oven for one hour to remove any ethanol remnant. 

[0075] 	The mechanical properties of the PDMS microtubes are characterized and listed 

below when compared with commercially available silicone tubing: 

Property Unit Silicone PDMS microtubes 
Tensile strength IVIPa 6.8 — 8.7 5 — 10 
Elongation at break % 570 - 795 200 - 400 
Hardness Shore A: 50 - 80 A: 43 
Brittle temperature °C - 80 - 45 
Max. operating 
temperature 

°C + 215 + 200 

Color Translucent Clear 

[0076] 	Though much smaller in the diameters, the PDMS microtubes show similar 

properties as commercial available silicon tubings with slightly better tensile strength. The 

properties of self-sustaining allow the hollow microtubes to convey substances that can flow 

— liquids and gases. Notably, when the intraluminal pressure is increased to more than 10 

bar, the PDMS microtubes (OD/ID = 2:1) expanse about two folds in the IDs (FIG. 5) 

without bursting and can return to their original shape reversibly after being deformed —

indicating excellent elasticity. 

[0077] 	For demonstration of application, the PDMS microtubes were used as an example. 

In principle, MYpolymer microtubes will have similar application as that of PDMS 

microtubes. 

[0078] 	EXAMPLE 3 - PDMS Microtubes as Basic Microfluidic Components (pipe, valve 

and pump) 

[0079] 	The PDMS cured under our experimental condition normally has a Young's 

modulus of 1.5 — 2.0 NIPa, allowing significant deflections with moderate actuation forces. 

This property then provides a unique solution for the valving and actuation for microtube-

based microfluidic devices. Flows in these microtubes can be easily controlled merely via 

mechanical compression and release on them by a commercially available mechanical 

pincher on the pipeline (FIGS. 6A and 6B). Microtubes with circular cross-section were used 

for the implementation of valving due to the fact that the rounded channels close from edges 

to center by external compressional force and thus seal completely at lower pressure in 

comparison to rectangular and square channels." The control of flows with an on-off valve 
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is demonstrated in FIG. 6A. The mechanical pinch point that crosses over the microtubes is 

normally 0.5 mm in the width and for a microtube with an ID = 100 um, the switching valve 

has a dead volume of about n x 50 um x 50 um x 500 um = 3950 pl — comparable to PDMS 

valves fabricated by soft-lithography method " and about four orders of magnitude smaller 

than 3D printed valves.20  The valve responds instantaneously to the on and off of the 

mechanical switch without any lag behind the control signal that is endemic to pneumatic 

valves."' 20  This advantage enables it to be operated at nearly 75 Hz — the limit of the 

hardware and no signs of rupture or fatigue after more than 20000 cycles of actuations were 

observed. The typical pressure that drives the valve to close is on the order of 100 kPa and 

higher back pressure can be countered by simply increasing the applied pincher pressure. 

[0080] 	Similarly, a peristaltic pump was realized by replacing the pumping tube with a 

single circular PDMS microtube with ID = 100 um (FIGS. 7A and 7B). The motion of a 

column of water in the outlet tubing (0.5 mm ID) was used to calculate the pumping rate and 

a maximum pumping rate of 100 pl/s was achieved, which is comparable to microfluidic 

pumps published in the literature previously." The greatest advantage of the system of the 

present invention is its ease of production. In contrast to the complicated and multiple layered 

microvalve and micropump systems fabricated by soft-lithography" 21 and 

stereolithography,20' 22  the valve and pump of the present invention have much simpler 

structure and can be easily assembled with commercial available mechanical switches. 

Furthermore, they require no significant engineering expertise and extra hydromantic 

pressure system to function. 

[0081] 	EXAMPLE 4 - PDMS Microtubes as 3D Cell Culture Scaffolds and to Mimic in 

vivo Flow Profile of Blood 

[0082] 	The PDMS microtubes are biocompatible and permeable to gases and thus can be 

used as in vitro 3D culture scaffolds. The inner surface of circular microtubes (ID = 50 and 

100 um) were coated with fibronectin and grow adherent epithelial cells inside. FIG. 8A 

shows fluorescent images of the cells attached to the inner surface of the microtubes, forming 

a tubular cell sheet. The merits of transparency, biocompatibility and flexibility of the 

microtubes further allow the investigation of detailed cellular processes under stress and in 

vivo similar microenvironments — a step forwards tissue engineered microfluidic organ-on-a-

chip. 
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[0083] 	The advantage of using microfluidics as a platform for tissue engineering and drug 

screening is its ability to finely regulate fluid flow conditions, including flow rate, shear 

stress and pulsatile flow, while also providing means for modifying the networks of vessels, 

the type of surface of inner walls, and for patterning cells in 3D tissue-like architecture, 

including generation of lumen walls lined with cells. With the microtubes of different cross-

sectional shapes, the present invention is able to mimic cardiovascular flow conditions. By 

flowing whole blood into flexible circular microtubes of the present invention, the flow 

profile of cells through small size blood capillaries is able to be mimicked (FIG. 8B). The 

margination of bigger cells (herein, white blood cells) toward walls in the flow (FIG. 8B) was 

clearly observed — a phenomenon similar to in vivo conditions.23  Particle margination is 

mediated by red blood cells (RCBs), which tend to migrate to the vessel centre due to 

hydrodynamic interactions with the walls (lift force), resulting in a RCB-free layer near the 

walls.24  In brief, margination is a consequence of the competition between lift forces on 

RBCs and suspended particles and their interactions in flow25  and understanding its 

characteristics has important implication in efficient drug delivery. With the flexible and 

circular microtube, it now allows one to accurately mimic the flow of cells through the blood 

capillaries and to study the behavior of individual cells and cell suspensions under dynamic 

conditions. 

[0084] 	EXAMPLE 5 - Fast Assembly of 2D and 3D Functional Microfluidic Channels 

Using Flexible PDMS Microtubes 

[0085] 	The good elasticity of the present invention allows one to bend the PDMS 

microtubes into almost any 2D and 3D geometries (FIG. 9). FIG. 9A presents the 2D 

microchannels (circular cross-section, ID = 50 um) with circular, triangular, square and 

pentagon shapes. In addition, the approach of the present invention enables the fast 

patterning of 3D microchannels with pre-manufactured (through mechanical cutting or 3D 

printing) frameworks. FIB. 9B demonstrates the formation of pseudo-3D channels with the 

microtubes by simply bending and fixing a microtube into a 3D shape. FIG. 9B left shows 

channels made from an ID = 50 um tube tied in the shape of a figure-eight knot. The size of 

the smallest knot was determined by the actual size of the microtubes (the OD) and the knot 

in FIG. 9B occupied a volume of 0.5 x 0.85 x 0.3 mm3. Other pseudo-3D channels such as 

Carrick bend and double spiral (FIG. 9B) can be produced by similar method with or without 

a template. The use of a template can assist in positioning microtubes in specific 3D 
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orientations and a collapse or sag in the middle of the tubes due to the bending was not 

observed. 

[0086] 	As a proof-of-concept on the applications of the microtubes, a spiral microchannel 

device with potential applications for microparticles or cells sorting was produced (FIGS. 10 

and 11). Spiral channel microfluidics were first introduced by Professor Lim Chwee Teck's 

group, one of the inventors, to successfully separate a handful of circulating tumor cells 

(CTCs) from billions of blood cells.26  They further improved the spiral chips by changing the 

cross-section of the channel from cuboid to slanted for better sorting efficiency.27  

Nevertheless, according to Kalpakli et al.,28  a curved channel with circular cross-section has 

the highest through-put with apparent different vorticity regions which is much more efficient 

in sorting than rectangular or slanted shape microchannels. 

[0087] 	By carefully balancing the shear/wall-induced lift forces and the lateral Dean drag 

force in circular curvilinear channels,29  several microfluidic chips using PDMS microtubes of 

ID = 100 p.m (FIG. 11A) were designed and fabricated, which show the capability of 

microparticles (ranging from 15 to 25 um in diameter) focusing in flow rates of 200 — 1200 

ill/min (FIG. 11B). The designs (IDs and the radius of curvature of the channels) of the 

asymmetric channels satisfies the preconditions of a/Dh > 0.07 and D e > 20, where a being 

the particle diameter, Dh, the hydraulic diameter, and De, the Dean number.29  In a cylindrical 

tube, particles were observed to migrate away from the tube center and walls to form a focus 

annulus, however in asymmetric curvilinear channels a lateral Dean drag flow results in the 

reduction of the annulus to single particle streams29  (FIG. 11B). Although the assembly of 

the spiral chips is currently manual, it normally takes less than 20 min to produce one chip. It 

is emphasized here that these chips that cover an area of ca. 2 cm2  were fabricated completely 

outside a cleanroom with much less cost in time and resources. Furthermore, it was possible 

to focus particles of various diameters to particular streamline in the same flow (FIG. 11C), 

and thus it allows different pure fractions to be collected through the use of multiple outlets. 

For an operational flow rate of 200 µl/min of 1% particle solution a mass sorting rate of 

0.125 g/hr is achieved for one hand-made spiral chip, while for typical of most microfluidic 

systems, a throughput of 30 mg/hr was described for deterministic displacement.3°  The 

increase of one order of magnitude in throughput by the devices of the invention shows 

promising applications in diagnostic separation and filtration of our PDMS microtubes. 
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[0088] 	Furthermore, the ability to rapidly assemble and modify a common microfluidic 

circuit topology — T junction31  used to generate droplets has been demonstrated. An 

important subcategory of microfluidics is droplet-based microfluidics. 32  Unlike continuous 

flow systems, droplet-based devices focus on creating discrete volumes in an immiscible 

phase. Applications where droplet based microfluidics are used include chemical reaction, 

therapeutic agent delivery, chemical analysis and diagnostic testing.31  T-junction can be 

implemented simply by connecting two PDMS tubes to a commercial available plastic T-

shape connector, but for imaging convenience, two ID = 100 lam microtubes were inserted 

into a millimeter size PDMS T-junction that was made by single-step molding with metal 

rods as templates (FIG. 12A). Two syringe pumps were used to drive carrier oil and water 

streams into the circuit. The circuit operated well at aqueous flow rate above 1 µl/min and 

carrier flow rate higher than 500 ill/min, and generated water microdroplets ranging from 200 

to 500 p.m in diameter in a range of frequency (30 to 500 Hz, FIG. 12A). In addition, by 

controlling the oil flow, discrete water droplets of a uniform diameter or of diverse diameters 

(FIG. 12B) can be produced with this simple set-up. 

[0089] 	It is believed that the elastomeric microtube of the present invention is going to 

make a significant impact and radically changes how microfluidic systems can be designed, 

fabricated and used. Also, currently there is no transparent silicone tubing smaller than 300 

[tm available in the market. It is expected that there will be immediate demand for these 

microtubes from researchers and developers of microfluidic devices. In fact, these 

microtubes will provide new avenues in the study of microfluid dynamics and new 

applications in lab-on-chips and organs-on-chips as well as flexible microfluidics. 
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[00123] 	While this invention has been particularly shown and described with references 

example embodiments thereof, it will be understood by those skilled in the art that various 

changes in form and details may be made therein without departing from the scope of the 

invention encompassed by the appended claims. 
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CLAIMS 

What is claimed is: 

1.  A flexible microtube comprising a polymer, the microtube having an inner diameter 

of about 4µm to about 1000 p.m, and a variable outer diameter. 

2.  The microtube of claim 1, wherein the polymer is a silicone elastomer, an ultraviolet 

sensitive polymer, a conductive polymer, polyurethane, a thermoplastic polymer, a 

thermoset polymer, a polyimide, or a conductive rubber. 

3.  The microtube of claim 2, wherein the silicone elastomer is polydimethylsiloxane, 

phenyl-vinyl silicone, methyl-siloxane, platinum cured silicone rubber or fluoro-

siloxane. 

4.  The microtube of claim 2, wherein the ultraviolet sensitive polymer is MYpolymer, 

styrene-acrylate-containing polymer, polyacrylate polyalkoxy silane, a positive 

photoresist or a negative photoresist. 

5.  The microtube of claim 1, wherein the microtube inner diameter is between about 10 

p.m and about 800 p.m. 

6.  The microtube of claim 1, wherein the length of the microtube is about 10 m or less. 

7.  The microtube of claim 1, wherein the microtube is gas permeable. 

8.  The microtube of claim 1, wherein the microtube is transparent. 

9.  The microtube of claim 1, wherein the microtube is biocompatible. 

10.  A method of making a flexible microtube comprising a polymer, the method 

comprising: 

immersing a wire into a pool comprising heat curable polymer; 

heating the wire for a first period of time, thereby initiating curing of the heat 

curable polymer at the surface of the wire; 

pulling the wire out of the pool; 
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heating the wire for a second period of time, thereby curing additional heat 

curable polymer and producing a polymer coated wire; 

immersing the polymer coated wire in a liquid bath with sonication, thereby 

loosening the polymer-wire contact; 

removing the wire from the polymer coated wire, thereby producing a 

polymeric microtube; and 

heating the polymeric microtube, thereby producing the flexible microtube of 

claim 1. 

11. The method of claim 10, wherein 

the heating for a first period of time is performed via electric current along the 

wire, 

the heating for a second period of time is performed via a hot air heating 

element, 

the liquid bath is an acetone bath, and 

the heating of the polymeric microtube is performed via baking. 

12. A method of making a flexible microtube comprising a polymer, the method 

comprising: 

immersing a wire into a pool comprising a pre-cured ultraviolet-curable 

polymer; 

pulling the wire out of the pool and into an argon chamber; 

curing a layer of ultraviolet-curable polymer coated around the wire under an 

ultraviolet mercury lamp, thereby producing a polymer coated wire; 

immersing the polymer coated wire in a liquid bath with sonication, thereby 

loosening the polymer-wire contact; 

removing the wire from the polymer coated wire, thereby producing a 

polymeric microtube; and 

heating the polymeric microtube, thereby producing the flexible microtube of 

claim 1. 

13. A device comprising the microtube of claim 1. 

14. The device of claim 13, wherein the device is a biomedical device. 
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15.  The device of claim 14, wherein the biomedical device is an artificial skin, organ-on-

chip, blood vessel mimicking device, capillary network mimicking device, opto-

microfluidic device, a 3D bioreactor, drug delivery device, cell stretcher, tissue 

engineering scaffold, micro-pump or micro-valve. 

16.  The microtube of one of claims 1-9, wherein the microtube has a circular, 

square, triangular, elliptical, star or irregular cross-sectional shape. 

rectangular, 


