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Abstract

The micropump is one of the most important parts of micro Total Analysis Systems. In this
thesis, three types of pumps, (syringe pump, capillary pump and diffusion pump) are
utilized for microfluidic transport inside biomimetic and microfabricated devices. It’s
confirmed that syringe pump can be efficient access in fluidic transport for wide range of
microdevices, such as the 3D helical silicone tubing microreactor containing smooth
channel surface, the Y-structured microchannel containing grooved-shaped sidewall, and
PDMS/Polymer microchips microfabricated from photolithography, qualified for accurate
flow rate control, microdroplet formation and multi-phage flow, anticorrosive assay and
leakage test, etc. In addition, another two types of self-activated micropumps: the capillary
micropump and the diffusion micropump are also applied for liquid transport through
different microdevices in this thesis. It’s found here that, the capillary micropump can be
efficient approach for self-activated liquid transport inside 2.5D microchip for potential
Point of Care applications, while the diffusion micropump can produce much more
homogeneous flow than previously reported. The microfluidic transport properties of the
diffusion micropump in biomimetic microdevice and 3D helix tubing microdevice is also
characterized. Compared with the mainstream of traditional micropumps, | find diffusion
micropump displays unique superiority in integrating a lot of advantages altogether,
including much smaller size, dramatically simple structure, free of external power
consumption, simple fabricating procedure, strong micro fluidic transportation ability,
homogeneous flowing velocity over long distance, resistant to adverse external condition
like high temperature, easiness of microdevice integration and much lower price.



Abstrakt

Die Mikropumpe ist eines der wichtigsten Komponenten eines miniaturisierten totalen
Analysensystems. In dieser Arbeit werden drei Arten von Pumpen, Spritzenpumpe,
Kapillaritat und Diffusionspumpe beschrieben und angewandt fiir mikrofluidischen
Transport in biomimetischen und mikrofabrizierten Strukturen. Es wird gezeigt, dass
Spritzenpumpen fir verschiedenartige mikrofluidische Chips eingesetzt werden kénnen,
zum Beispiel fir den 3-dimensionalen verschlungenen Reaktor aus Silikonschlauch, fiir den
Y-férmigen Reaktor mit steilen Seitenwanden, und photolithographischen Mikrochips aus
PDMS-Polymer, mit kontrolliertem Durchfluss, fir die Formung von Trépfchen und fir
Mehrphasen-Fluss, fir Antikorrosions-Test und Leck-Test, etc. Ausserdem werden in dieser
Dissertation zwei weitere Typen von autonomen Pumpen eingesetzt: die Kapillaritat und
die Diffusions-Mikropumpe. Es stellte sich heraus, dass Pumpen durch Kapillarkraft in 2.5-
dimesnsionalen Mikrochips fiir zukinftige klinische Anwendungen verwendet werden
kénnen, wahrend die Diffusionspumpe einen weit gleichmaRigeren Fluss erzielt als bisher
beschrieben.  Mikrofluidische  Transporteigenschaften der Diffusionspumpe in
biomimetischen Strukturen und in 3-dimensionalen verschlungenen Strukturen werden
beschrieben. Ich denke, im Vergleich zu den meisten herkémmlichen Mikropumpen zeigt
die Diffusionspumpe klare Vorteile, sie ist klein, einfach gebaut, benétigt keine externe
Stromversorgung, ist einfach herzustellen, funktioniert einwandfrei tiber Iangere Strecken,
ist pulsationsfrei, ist unabhangig von dulleren Einflissen wie hohe Temperatur, kann
einfach integriert werden und zu niedrigerem Preis.
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1 Introduction

Micropumps play a crucial role in microfluidic transportation systems and have
been the interests of wide range research projects during last 20 years. In the 1980s,
Jan Smits and Harald Van Lintel developed the first genuine MEMS micropumps
driving fluid in the micro scale systems through piezoelectrics."> After that, lots of
micropumps have been developed based on different actuation mechanisms. A
summary of traditional micropumps developed during last twenty years will be
firstly clarified here. Traditional micropumps can be classified into two groups--

“mechanical micropumps” and “nonmechanical micropumps”.

1.1 Mechanical micropumps (State of the art)

The first so-called “mechanical micropumps” use the oscillatory or rotational
movement of mechanical parts to displace fluidic or gas. Mechanical pumps can be
further subdivided into several categories. Syringe pump is the mostly widely used
mechanical pump in “lab on chip” systems nowadays. It generally consists of a
piston to provide smooth flow.35 Rotary pump® and peristaltic pump? are another
two forms of mechanical pumps which sometimes may replace syringe pump for
transporting microfluidic. Besides these commercially available pumps, some
other mechanical pumps have also been developed over the last twenty years.
Piezoelectric micropumps®'" use piezoelectric actuation to drive the flowing of
microfluidic. During last several decades, even if extensive micropump research
has been done on piezo-driven micropumps with varying valve types, geometries
and fabrication technologies, all piezoelectric actuators are employed in a similar
manner.” Through the significant shape changes of certain piezoelectric materials
like lead zirconate titanate (PZT), piezoelectric pumping effect is realized. When
the PZT is deflected away from the channel, its inner pressure becomes lower and
thus fluid is drawn into it. Conversely, when the PZT disk is bent into the channel,

its inner pressure becomes higher and thus pushes fluid out.



Figure. 1 Mechanical micropumps. (a) - (d) Real photos of syringe pump, rotary
pump, peristaltic pump and piezoelectric pump. (e)- (h) Working mechanisms of
syringe pump, rotary pump, peristaltic pump and piezoelectric pump.

Besides aforementioned mechanical pumps, the pneumatic micropump is another
kind of micropump which has been intensively studied recently.3® Pneumatic
micropump is generally initiated and ceased based on sequentially vibrating elastic
microvalves mainly consisted of thin PDMS membrane, and can be applied to both
semicircular and rectangular channels. In contrast with other off-chip mechanical
pumps, the pneumatic micropump can be easily integrated into the microdevice,
and thus, has aroused big interest ever since it’s developed in 2000. As shown in
Figure 2, fluid volume displacement in the microchannel is produced, through
actuating these microvalves in series. Similarly, thermopneumatic micropumps
also relies in membrane motion to drive microfluidic, but a thermal expansion
mechanism is realized through the direct heating of secondary working fluid or air
in a separate chamber to cause an expansion pressure of gas.>93' The microdevice
integrating pneumatic or thermopneumatic pump is 3-layer, containing fluidic

channel and air channel.
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Figure. 2 a) Schematic mechanism of pneumatic pump automated by sequential
open and close of microvalve (redrawn from “Science, 2000, 288, 113”). b) The
image of 3-layer microdevice, with fluidic channel and air channel.

1.2 Nonmechanical micropumps

The second so-called ‘“nonmechanical micropumps” transport fluid without any
moving components. A variety of interaction phenomenon has been utilized to

generate motivation pressure of the flow.

1.2.1  External-power driven pump (State of the art)

Electroosmotic micropumps use the electroosmotic flow (EOF) 7' to obtain bulk
motion of electrolytic liquid immersing porous material, capillary, membrane or

microchannel with charged walls. When a DC electric potential is applied between



the electrodes, a high force will act on the electrical ions in the double electric layer
nearby microchannel walls, causing the movement of electrolyte fluid. So the
prerequisite for the electroosmotic pump is the presence of immobilized surface
charges in contact with liquid. Electrokinetic micropumps'2? and electrophoresis
pumps?>?4 use an electric field to move charged particles or molecules in
microchannels. Similar to the electroosmosis pump, the prerequisite for the
electrokinetic micropump and electrophoresis pump is the electronic constituents
inside the liquid, but this time the electronic constituents turn to the charged
particles or macromolecules. In addition to its wide application in capillary
electrophoresis, electrophoresis pump has been widely applied for DNA

separation through agarose gel to determine fragment size and intensity.
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Figure. 3 (a) Schematic diagram of capillary electrophoresis. (b) Agarose
Electrophoresis can be applied to separate DNA fragments depending on size
difference. Lane 1 shows DNA bands for 100 bp DNA size marker. Lanes 2-7 show
six amplification results obtained using plasmid vector, pGEM-3Zf(+), as templates.
Reprinted from (Wu et al, Analyst, 2011, 136, 2287) (c) Real photo of
electrophoresis device.



Magnetohydrodynamic (MHD) micropumps use Lorentz force to automate the
flow of electrolytic liquid or motion of charged molecules within the channel.?528
In the presence of a perpendicular magnetic field oriented in an angle of 90° to
current direction and microchannel axis, the Lorentz force is produced when an
electric current is applied across conducting solution in channel and act onto the
ionic current of the aqueous solution to induce a fluid flow.

The Lorentz force on charged molecule, particle or fluidic plug, can be calculated
to be:

F, = quvB
Wherein, Fis Lorentz force, B is the magnetic field, g and v are the electric quantity

and velocity of charged molecule, particle or fluidic plug.
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Figure. 4 Lorentz force on the charged particle or molecule.

Different from above several micropumps which are directly initiated by electric
field, evaporation micropumps use another driving force as the actuation power
of microfluidic in a microchannel. Through electrochemically generated bubbles
inside the primary working fluid as an actuation force, electrolyzation can be
applied to produce expansion pressure. Micropumps using this mechanism
sometimes are referred as the ‘bubble’ micropumps or ‘electrochemical’

micropumps.3?3> In addition, magnetic micropumps use magnetic force to simply



and quickly automate ferrofluidicliquids.3®37 An permanent magnetic or an
electromagnet can be used to produce the magnetic field on the microdevice.
Through current change of the electromagnet, the magnetic liquids or particles
will respond to the variable electromagnetic forces and move correspondingly.
Acoustic micropump is another form of nonmechanical micropumps developed
just about ten years ago.3%39 It uses external acoustic field to generate and excite
the bubbles inside the microdevice. Based on the growth and collapse of bubbles,
such acoustic actuation allows for directed pumping of fluid in simple
microchannels without any mechanical moving parts. All above micropumps are

initiated through consumption of external power.

1.2.2  Traditional self-activated pumps (State of the art)

In order to get rid of external power for fluidic transport, some other micropumps
have been developed, too. Capillary micropump is one typical representative of
self-activated micropumps. It utilizes capillary force to spontaneously transport
small volume of fluid that’s in contact with microchannel surface.4°4?
Capillary tension effect can be represented by the following equation,

h = 2y cos8/pgr
wherein h is liquid height inside vertical capillary tube, y is surface tension, 8 is
liquid contact angle, p is liquid density, g is gravity, r is radius of capillary tube.
As shown in Figure 5, for the three capillary tubes inserted inside the liquid, the
liquid heights are is different. Because ry <, <r3, the liquid height in three tubes are

hs <h, <hy, depending on above equation.



Figure. 5 Schematic diagram of capillary tension effect.

Above phenomenon explains the mechanism of capillary pump. The surface
tension results in pressure difference across the liquid-air interface, which is the
automation force of capillary micropump. Through the interplay between the
liquid’s surface tension and the microchannel surface, the spontaneous flow is
maintained in the direction that minimizes the free energies between the fluid and
solid interface. The capillary pressure Pc can be calculated by the following

equation:
Pc = 2y cos@/r

Depending on this equation, we can see the capillary pressure increases as channel
surface tension increases.

Several years ago, another kind of sucking effect is reported simply by putting the
PDMS microfluidic chip in one vacuumized container. Then spontaneous flow
inside PDMS capillary channel is easily caused and applied in one commercial
significant micro Total Analysis Systems (UTAS) to separate the plasma from the
blood.® “Paper-based microfluidics” can be another alternative capillary-pumping

method of traditional micropumps for transporting liquids without the existence



of external forces, and thus has attracted more and more interests recent years
for some commercial or clinic application purposes.4
In addition, hydrostatic pump has also been introduced by utilizing hydrostatic
pressure to automate the liquid flow. For such pump, a vertical tube is connected
to the microchannel, which can produce hydrostatic pressure on the liquid.
Hydrostatic pressure can be represented by the following equation:

Py, = pgh
Wherein, Py is hydrostatic pressure, p is liquid density, g is gravity, h is liquid height

inside the vertical tube.

Figure. 6 Schematic diagram of hydrostatic pump.

As shownin Figure 6, a controllable pressure can be produced on the microchannel,
by controlling liquid intensity and height. Despite the dramatic achievements in
developing different types of micropumps for fluidic transport, the commercial
significance of traditional micropumps has become one main bottleneck of this
whole area.#54® In 2003, commercial availability of micropump was announced

rely on piezoelectric actuation and incorporating passive check valves.#



1.2.3  Diffusion pump for single channel

In previous works,*49 a new nontraditional micropump (called as “diffusion
micropump’’) was raised and studied, without any fabricating step or any laborious
assembly operation. This new kind of micropump doesn’t belong to the framework
of any traditional micropumps as illustrated in previous dialogues.

Figure. 7 shows schematic illustrations for the sample injection mechanism
proposed in “diffusion micropump”. Briefly, air pressure throughout the entire
microfluidic conduit is the same before introducing sample plug into the
microdevice. After the sample introduction to the inlet tube of microchip, the
sample plug separates the fluidic conduit into two parts, wherein larger amounts
of air-molecules permeate through anterior part of sample plug which is the gas-
permeable surface of fluidic conduit, than the posterior part of sample plug which
is gas-impermeable plastic syringe, and thus, causes a relatively higher internal
pressure in the posterior end than the anterior part of sample plug, automating for

the sample movement.

(a) Hand-held syringe Vo, Pp
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Figure. 7 (a) A schematic illustration demonstrating a new concept for sample
injection employing a highly gas-permeable fluidic conduit coupled with a hand-
held plastic syringe filled with compressed air. Vs, Vp, and Va represent the
volumes of air contained in syringe, in the posterior end of the sample plug, and
the anterior end of the sample plug, respectively. Pp and Pa represent the air
pressures in the posterior and anterior ends of the sample plug, respectively. The
equation, dP = (dn/V) RT, is derived from the ideal gas law, PV = nRT. (b) A
schematic graph demonstrating a gradual reduction in the pressure gradient
formed by the pressure difference in the inlet and the outlet of the fluidic conduit.



(c) A schematic illustration showing a spiral microchannel coupled with a hand-
held plastic syringe and a schematic graph comparing the sample residence time
inside a straight and spiral channels. Taken from (Wu et al., Analyst, 2012, 137, 983).

Air diffusion from inside the microdevice to ambient environment automate the
liquid flow. As a result, if the microdevice is placed inside water bath, more and air

bubbles can be seen on the device surface as the time passes, as shown in Figure

T=12 min T =25 min

Figure. 8 Series of photos demonstrating the generation of air bubbles taking place
simultaneously with the flow of the red ink plug inside a spiral microchannel at o,
12, and 25 min after the pressurization of the air inside the fluidic conduit. Taken
from (Wu et al., Analyst, 2012, 137, 983).

In order to reveal its superiority, the diffusion micropump is also utilized for micro
continuous PCR. The conditions of micro continuous PCR is more complicated than
most other chemical or biological process inside microfluidic chip. The complicated
and extreme reaction conditions of micro continuous PCR, include high denaturing
temperature of 95 degrees which requires a strong micropump resistant to high
temperature overcoming bubbles, total sample transporting channel length of
over 2 meters which require a powerful micropump with persistent motivating
ability, and homogeneous retention time for each amplification cycle which

requires one stable micropumping. For example, it’s impossible to inject PCR
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sample into PDMS-Glass microchannel just by syringe pump. As shown in Figure 9
d ~ e, a lot of air bubbles come out if syringe pump is applied for ink transport. In
contrast, the air bubbles can be eliminated if the mineral oil is utilized to sandwich

either the red ink (Figure 9 d ~ e) or the PCR sample (Figure 9 a ~ c).

Figure. 9 Bubble elimination when paraffin oil plugs are employed both in the
anterior and posterior of the ink plug. (d-e) Bubble generation when paraffin oil
plugs are not employed. (f) Bubble elimination when real sample was
encapsulated with paraffin oil plugs both in the anterior and posterior of the
sample. Green-colored buffer was utilized for visual effect.

But if diffusion pump is applied for sample transport through PDMS-Glass device,
as shown in Figure 10, there are very little air bubbles coming out without the
assistance of mineral oil. It verifies the diffusion micropump can provides not only
stable flow over long distance but also steady flow endurable to high temperature.

T =4 min T=12 min
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Figure. 10 Flow of the real sample solution inside a spiral microchannel in a time
dependent manner under a heated condition, measured at 4, 12, and 25 min.

Without external energy consumption or complicated constituent components,
the diffusion micropump makes the overall size much smaller than mechanical
pumps like syringe pump. Figure 11 compares the sizes of the overall systems
needed to operate the microdevice by diffusion micropump (a) and syringe pump
(b) for performing on-chip flow-through PCRs. The diffusion micropump system
requires neither tailor-made heating blocks nor expensive syringe pumps, but
simply requires a single hot plate and disposable plastic syringes, with simplified

operation and facile reactions.

i
H L
5 i
e ¢

Figure. 11 Overall systems needed to operate PDMS microdevices proposed by (a)
diffusion pump and (b) syringe pump. The automation mechanism of two-layer
microdevice (c) is indicated in (d). Taken from (Wu et al., Sensors and Actuators B:
Chemical, 2013, 181, 756) with modification.

The successful result of diffusion micropump in realizing PCR displays its
advantages on enduring high temperature, durable liquid driving strength and high
flowing stability. In contrast with aforementioned micropumps, the diffusion
pump displays a lot of advantages including much smaller size, free of external

energy driven, simple fabricating procedure, strong micro fluidic transportation

12



ability, homogeneous flowing velocity over long distance, resistant to adverse
external condition like high temperature, easiness of uTAS integration and much

lower price.

1.2.4 Diffusion pump for bio-inspired microvasculature (this work)

In previous works4849 49-44 the self-powered autonomous flow is applied to simple
topological microsystem: one-directional segmented-linear microchannel
connecting only one inlet and one outlet.

In contrast, leaf inspired microsystem is consisted of very complicated
microvascular networks interconnecting multiple inlets and outlets, which has
totally different microstructural topology with aforementioned microsystems.
Noticeably, water transport in real leaves totally depends on self-activated
micropumping without power consumption, similar to self-powered micropumps
as | introduced before. Inspired by these post, | innovate the biomimetic PDMS
leaves for self-powered autonomous flow in PDMS leaves, which can also prove
the successful manufacture of microchannels from real leaf without leakage.

As clarified by Figure 12a, “transpiration theory’”5*>" is the most widely accepted
theory to explain self-powered water-pumping inside plants. Transpiration is the
loss of water from a plant in the form of vapor. This theory believe that vapor-
molecules diffuse frominside the leaves into outside atmosphere through stomata,
reducing hydrodynamic potential in leaf. In contrast, few stomata are located in
stipe, and thus, vapor molecule’s diffusion in stipe is negligible as compared with
leaf. As a result, hydrodynamic potential can be considered as constant in stipe.
Because vapor diffusion only reduces hydrodynamic potential in leaf but doesn’t
decrease hydrodynamic potential in stipe, a pressure gradient forms between
stipe and leaf, and pushes liquid autonomously flowing from stipe to leaf after
vapor-molecules’ diffusion. Similarly, the air-molecules’ diffusion only occurs in

PDMS leaves and negligible in syringe.

13



Specialized to the self-powered flow inside PDMS leaves, both inlet tube and
disposable syringe can be considered as gas-impermeable because syringe
material is PP and impermeable to air molecules, but PDMS leaves are considered
to be gas-permeable. As a result, gas permeability in the posterior part of the
sample plug could be considered negligible, while air molecules could be rendered
to only diffuse from two surfaces of PDMS leaves to the atmosphere. Due to the
permeability of PDMS leaves, the pressurized air captured inside biomimetic
microvasculature diffused through the artificial leaves, causing decreased
pressure and continuous flow towards biomimetic micro-vascular network from
syringe. The ideal gas law is represented as follows:
PV=nRT

wherein P is the pressure of syringe, V is the volume, n is the amounts air molecules
inside syringe, T is the Kelvin temperature, and R is the gas constant.

Because syringe is impermeable to air molecules, n can be reckoned to maintain
constant in above equation. Because syringe volume was several hundred times of
the pipette combined with microvascular networks, air volume V inside gas-tight
syringe could also be considered constant. Besides, R and T are also constant in
above equation, so P is concluded to be constant during ink filling to PDMS leaves.
After the red ink flowed through the inlet tube and reaches the biomimetic
networks of the PDMS leaves, pressure of the posterior part is maintained (by
pushing the piston from the 4.3 mL mark to the 3.2 mL mark on the syringe) to be
2.57 atm, but pressure of the anterior part keeps decreasing due to continuous air-
molecules’ diffusion. As a result, red ink can finally fill in whole microvascular
networks of PDMS leaves, as shown in Figure 12b. From above discussion, | can see
air pressure throughout the entire PDMS leaves was the same before sample plug
flowing into the inlet tube. After sample is introduced to the inlet tube, the sample
plug separated the fluidic conduit into two parts, wherein air molecules only
permeated through anterior part (PDMS leaves) but not at the posterior part

(syringe), and thus, causes lower pressure at the anterior part than posterior part.
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It can be reckoned that only hydrodynamic potential of PDMS leaves reduces, and
hydrodynamic potential of syringe doesn’t decrease, similar to real leaf.
Based in aforementioned discussion, it can be seen that even if self-powered flow
through real leaf and PDMS leaf differ with specialized type of diffusional gas-
molecules (it is air-molecules’ diffusion in PDMS leaf, but vapor-molecules’
diffusion in real leaf), they share the same gas-molecules’ diffusion (from inside
PDMS/real leaf into atmosphere) mediated pumping mechanism on same
microvascular geometry. Mostly important, the liquid flux in both cases can be
represented by the following equation:

Q="Vq
wherein Qis liquid flux, while Vqis diffusion volume (per minute) of vapor-molecule
or gas-molecule through the real leaf or PDMS leaf.
As a result, gas-diffusion mediated overall hydraulic pressure gradient imposed on
same microvascular geometry in both PDMS leaves and real leaves result in similar
hydrodynamic flux through microvascular networks. So nature inspired PDMS
leaves as introduced here, can provide Lab-on-a-chip platform for hydrodynamic
flux analysis inside veinal microvasculature of natural leaf, as an alternative of
conventional approaches.
As also proofed by Figure 12b, after the fluid totally fill in the all microvascular
networks, lots of air bubbles are distributed evenly on the backside of PDMS leaf,
confirming air-molecule diffusing form pressured PDMS leaves into ambient

atmosphere after autonomous flow.

ad Mechanism of self-powered b Mechanism of self-powered
flow in real leaf ~flow in artificial leaf

Diffusion of vapour molecules from
leaf into ambient atmosphere r

reckoned as congfant) to leaf
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Figure. 12 The mechanism of self-pumped flow inside a real leaf and artificial leaf.
(a) The schematic of a self-pumped flowing mechanism in a real leaf. The brown
arrows under the schematic leaf represent the diffusion and evaporation of vapor
molecules from the leaf into the atmosphere. (b) The self-pumped flowing
mechanism in the artificial leaf. The brown arrows under the PDMS leaf represent
the diffusion and evaporation of air molecules from the leaf into the atmosphere,
with distribution of bubbles captured on the underside of the artificial leaf clearly
visual inside the water bath.

Depending on aforementioned discussion, it’s seen that diffusion micropump is
different with all traditional micropumps. Because of its unique superiority of
integrating so many advantages together, it can be widely applied in various types
of microdevices. No doubt this new micropump will have dramatic significance in
lots of different fields like biomedical fields and life sciences - not only in basic
research application, but also in commercial prospect accounting its simple
structure, easy fabrication, compact size, high precision, low power consumption,
and relatively fast response time. All these advantages are important issues of
modern micropump area. Nevertheless, there haven’t been any traditional
micropumps able of realizing all these advantages together, reflecting the great

prospect of the diffusion micropump.
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2 Aims and scopes

The aims of this thesis are

Choose the most appropriate mechanical micropumps (syringe pump)

and nonmechanical micropumps (capillary pump and diffusion pump)

for different applications inside leaf-inspired and other microdevices.

These aims can be realized into the following parts

a)

b)

d)

)

Choose syringe pump for application on multi-phage and micro-droplet fluidic
control inside Y-structural PDMS-glass microchip (article 1), leakage &
anticorrosive assay of PDMS-polymer device (article 2), and homogeneous

velocity control inside 3D helical microreactor (article 5)

Choose capillary pump for application on self-activated & programmable

velocity control inside 2.5D microstructures (article 1)

Choose diffusion pump for application on self-activated liquid transport inside

leaf-inspired microdevices (article 3)

Choose diffusion pump for application on self-activated & homogeneous

velocity control inside polymer device (article 4)

Choose diffusion pump for application on self-activated & inhomogeneous

velocity control (article 5)

Choose diffusion pump for application on culture medium injection to leaf-
inspired biomimetic microvasculature for cellular dynamic assay (article 6)
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3 Publications

The results of this work are based on six articles from 2015. Five of them are
published. One article has been submitted to journal.

(1) Wenming Wu and Andreas Manz, “Rapid manufacture of modifiable
2.5-dimensional (2.5D) microstructures for capillary force-driven fluidic
velocity control”, RSC Adv., 2015, 5, 70737 - 70742. (SCI indexed, IF =
3.840) (First author)

(2) Wenming Wu, Jing Wu, Jae-Heon Kim and Nae Yoon Lee,
“Instantaneous room temperature bonding of a wide range of non-
silicon substrates with poly(dimethylsiloxane) (PDMS) elastomer
mediated by a mercaptosilane”, Lab on a Chip, 2015, 15, 2819-2825. (SCI
indexed, IF = 6.112) (First author)

(3) Wenming Wu, Rosanne M. Guijt, Yuliya E. Silina, Marcus Koch, and
Andreas Manz, “Plant leaves as templates for soft lithography” RSC
Adv., 2016, 6, 22469-22475. (SCl indexed, IF = 3.840) (First author)

(4) Wenming Wu, Kieu The Loan Trinh; Yu Zhang and Nae Yoon Lee,
“Portable plastic syringe as a self-actuated pump for long-distance
uniform delivery of liquid inside a microchannel and its application for
flow-through polymerase chain reaction on chip”, RSC Adv., 2015, 5,
12071-12077. (SCl indexed, IF = 3.840) (First author)

(5) Wenming Wu, Kieu The Loan Trinh and Nae Yoon Lee, “Flow-through
polymerase chain reaction inside a seamless 3D helical microreactor
fabricated utilizing a silicone tube and a paraffin mold”, Analyst,
2015,140, 1416-1420. (SCl indexed, IF = 4.107) Hot article in Analyst (Jan.
2015). (First author)

(6) Wenming Wu and Andreas Manz, “The manufacture of chamber-
embedded microdevice from Tilia platyphyllos leaf, and the
biocompatibility assay at single cell level”, submitted. (First author)

The link of article (5) ~ (1) is as follows:
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%

Article 1: http://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra13407b#!divAbstract
Article 2: http://pubs.rsc.org/en/Content/ArticleLanding/2015/LC/C5LC00285K#!divAbstract
Article 3: http://pubs.rsc.org/en/content/articlelanding/2016/ra/c5ra25890at#!divAbstract
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Article 4: http://pubs.rsc.org/en/content/articlelanding/2015/ra/c4ral15473h#!divAbstract
Article 5: http://pubs.rsc.org/en/content/articlelanding/2015/an/c4an01675k#!divAbstract
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Reprinted with permission of the The Royal Society of Chemistry. All rights reserved.

The contributions of Wenming Wu to above six articles include three main sections:
1. design the article 2. do the experiment 3. write the manuscript. And other authors
also attend different sections of the articles.

In addition, although not proposed in this thesis, there are another eight papers
published by the author, to provide his professional level to the area.

(1) Wu et al. Sens. Actuators B, 2014, 190, 177- 184. (SCl indexed, IF = 4.097)
(co-correspondence author)

(2) Wu et al. Microchim Acta, 2014, 181, 1697-1705. (SCl indexed, IF = 3.740)
(Second author)

(3) Wu et al. Sensors and Actuators B: Chemical, 2013, 181, 756. (SCl indexed,
IF = 4.097) (First author)

(4) Wu et al. Sensors and Actuators B: Chemical, 2013, 181, 955. (SCl indexed,
IF = 4.097, 18 citation) (co-correspondence author)

(5) Wu et al. Analyst, 2012, 137,2069. (SCl indexed, IF = 4.107, 22 citation). a)
Hot article in Analyst (Apr. 2012) b) Analyst Blog (Mar. 2012) ) Highlight
featured in <<Technology Review>> [German version] (2012. 03. 30). d)
Highlight featured in <<Chemistry World>> (2012. 05. 12). (First author)

(6) Wu et al. “Hand-held syringe as a portable plastic pump for on-chip
continuous-flow PCR: miniaturization of sample injection device”,
Analyst, 2012, 137, 983. (SCI indexed, IF = 4.107, 16 citation) (First
author)

(7) Wu et al. “Bubble-free on-chip continuous-flow polymerase chain
reaction: concept and application”, Analyst, 2011, 136, 2287. (SCI
indexed, IF = 4.107, 20 citation) (First author)

(8) Wu et al. “Three-dimensional on-chip continuous-flow polymerase

chain reaction employing a single heater”, Anal Bio analytical Chemistry,
2011, 400, 2053. (SClindexed, IF = 3.778 in 2011, 22 citation) (First author)
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3.1 Wu et al. (2015)
Wenming Wu and Andreas Manz, “Rapid manufacture of modifiable 2.5-
dimensional (2.5D) microstructures for capillary force-driven fluidic velocity

control”, RSC Adv., 2015, 5, 70737 - 70742. (SCl indexed, IF = 3.840) (First author)

Authorship Contributions

Wenming Wu: participate in research design, conduct experiments, perform data
analysis, and write the manuscript

Andreas Manz: participate in research design, data analysis and modify the
manuscript

This work affirms capillary pump as an efficient approach in self-activated &
programmable liquid delivery in 2.5D microchannel, while syringe pump as an
efficient approach in microdroplet formation and multi-phase flow control in Y-

structural PDMS-Glass chip fabricated from multilayer-tape lithography.

This paper reports rapid 2.5-dimensional (2.5D) lithography technique without the
use of any clean-room staff or photoresist. In traditional methods, multiple
exposures (e.g., photolithography), multiple etchings (e.g., dry etching), or
multiple printings (e.g., inkjet printing) is inevitable for fabricating 2.5D
microstructures containing a series of microchannels with different heights, which
is always a laborious and time-consuming process. In comparison, here a 2.5D
master mould can be structured in much less time simply by controlling the
multilayer-tape. Furthermore, the height, width, and length of microchannels of
the 2.5D master mold can be easily modified into various other structures, whereas,
master mold can’t afford any further modification once fabricated by traditional
fabrication techniques (e.g., photolithography, dry etching, and inkjet printing).
So for the case that a series of similar microstructures are required for parallel
experiments or various applications, one same master mold can be repeatedly used
after modification, without the necessity of fabricating a new master mould every
time as before. If | use a scalpel to manually cut the microchannels in the tape
mould, the smallest microchannel | fabricate is 50o0um in width. For higher
resolution (microchannel with width lower than 500um), more accurate access like
numerical control machine can be good candidate.

| test two kinds of pumping systems in three devices fabricated from multilayer-
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tape lithography. One is directly through the usage of syringe pump, which can
provide stable ink-droplets flow or multi-phase (oil-ink-oil) flow inside Y-structure
PDMS chip, just by controlling flow rate of ink and oil at different velocity (Fig. 2,
article 1). In addition, another portable energy free capillary pump is also applied to
2.5D microchip. | find microchannel-height can efficiently control sequential
capillary-force-driven flow. The flowing-out time of blue ink inside 55 mm long
microchannels are 4’35, 3’20”, and 2’20” when microchannel height are 200 um
(fmy layers of tape), 300 um (six layers of tape), and 400 um (eight layers of tape),
respectively.

Autonomous flowing distance --- channel height

TIME (min)

Figure 1. Capillary flow 2.5D chip. The height of the three channels are 200 um, 300 um, and 400 um
from top down, with a same channel length of 55 mm and channel width of 2.5 mm.

After detaching two, one, and one layer of tape from the three microchannels of
2.5D tape-master, the microchannel height changes to 100 um, 250 um and 300 um,
with flowing-out time changed to 7’50”, 3’55”, and 2’50”, correspondingly (Fig. 4,
article 1). Through further mathematical modeling, the relationship between
microchannel-height and autonomous capillary flow-rate is systemically studied,
verifying that autonomous capillary flow increases as the microchannel-height of
2.5D microchip increases. My model may initiate much easier methodology to
functionalize autonomous programmable capillary-force-driven flow than other
approaches depending on 2D microchip.
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A cost-effective, straightforward and modifiable 2.5D micro-
fabrication methodology, as we term multi-layer-tape lithography,
is presented here for the first time. It uses a commercial scalpel to
prototype 2.5D multilevel microchannels on commercial tape as
thin as 500 um in minutes. Three functional microfluidic devices are
applied with this methodology, and display high performance
regarding microdroplet formation, multiphase flux and self-
powered sequential fluid delivery. We find the microchannel
height of a 2.5D microchip can efficiently control capillary force-
driven flow velocity. The autonomous sample flow rates through
55 mm long microchannelsare 0.1 pLs™%,0.21 uLs tand 0.39 uLs?
when multilevel microchannel heights are 200 um, 300 pm, and
400 pm, respectively. After detachment of two, one, and one layers
of tape from the three microchannels of a 2.5D tape-master, the
microchannel heights are modified to 100 pm, 250 pm and 300 um,
with the autonomous sample flow rate changing to 0.03 uL s %,
0.15 pL st and 0.28 pL s, correspondingly. In contrast with 2D
microfabrication technology, we anticipate that multi-layer tape
lithography will pave the way for researchers, especially those
from resource-limited labs, to develop cost-effective, practical,
self-powered, and disposable 2.5D microfluidic devices.

1 Introduction

Ever since the micro Total Analysis System (UTAS) was intro-
duced by us in 1990, there has been an explosion of interest in
facilitating miniaturized pTAS-based devices as cost-effective,
portable, disposable and rapid lab-on-a-chip (LOC) systems
for diagnostic, chemical or bio-medical Point-Of-Care (POC)
analysis. An on-chip integrated self-powered micropump is a
key element in the ideal POC diagnostic chip, which should be
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‘affordable, user-friendly, rapid and equipment-free’, according
to the World Health Organization.” Since the early 2000s,
various promising self-powered pumping mechanisms have
been developed for autonomous sample delivery inside the
microsystem. In our previous works, several internally self-
powered micropumps were successfully introduced to activate
autonomous sample transport inside very long microchannels
of PDMS glass, PMMA-PMMA and silicon-tubing microchips.’>~
Other self-powered pumping mechanisms have also been
developed to automate self-powered fluidic transport inside
microchips, such as mechanical force-driven pumping,® capil-
lary force-driven pumping,” wicking force-driven pumping®®
vapour force-driven pumping,’® and degas-driven pumping,™
etc. Lately, Lee's group presented seminal work on an auto-
mated self-powered sample flow (red dye) through implement-
ing internally encapsulated working liquid plug (blue dye)
inside a 2D microchip, wherein autonomous sample flow can be
programmed to be 0.07 pL s~ %, 0.12 pL s~ ' and 0.17 puL s},
simply by adjusting circular section angles of on-chip fibrous
material by 20°, 40° and 60°, respectively.” This smart method,
exempt from external off-chip operations, improves internally
self-powered micropumping systems for potential POC appli-
cations. Yet besides the analytical channel functionalized for
sample transport and POC detection, a working liquid channel
and activation chamber (2.6 mm and 5 mm in width, respec-
tively) should be integrated inside the same device to increase
overall device size and systemic complexity. Nowadays, most
self-powered micropumps are applied to 2D microchips. We
estimate that if 2.5D microfluidic platforms are utilized for self-
powered liquid transport instead of 2D platforms, performance
regarding autonomously programmable liquid delivery may be
improved. Inspired by this idea, we innovated a truly cost-
effective, user-friendly, portable, disposable and rapid way to
realize self-powered programmable sample delivery inside 2.5D
microchips, integrating parallel multilevel analytical channels
for autonomous liquid delivery of different rates in each
channel. Simply by controlling the heights of analytical
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channels, a similar autonomous programmable flow rate can be
obtained as previously reported.”

The manufacturing efficiency of 2.5D microdevices is one key
factor determining how widely such autonomously program-
mable liquid delivery methodology may spread to potential
users. Currently speaking, rapid and inexpensive 2.5D micro-
fabrication methodology is still a major challenge in the micro-
fluidic field today. In classic 2.5D microfabrication methods,
repeated micro-patterning such as multi-exposures by photoli-
thography, multi-carvings by CNC micromachining, or multi-
etchings by chemical etching are the most popular approaches
in fabricating 2.5D microchannels with multiple heights, and are
laborious and time-consuming. For instance, the ‘stacking
method’ is one popular technique for fabricating 2.5D micro-
chips today, wherein a first layer of photoresist should be pre-
fabricated on substrate with accurate positioning, followed by
repeated exposure, aligning and stacking of photoresist for the
second, third, and fourth... layers, to finally form multiple-
height 2.5D microchannels.”>** Because of the operational diffi-
culty of accurate alignment on the micro-scale, very complicated
2.5D microstructures (i.e., multilevel microchannels with more
than five multi-level heights) are not eligible for the ‘stacking
method’. Lately, Cooksey and Atenciaab introduced a ‘folding
method’ for fabricating 2D and 3D microdevices.** Nevertheless,
this method is still inapplicable to multi-height 2.5D micro-
structures. A number of other 3D or 2.5D microfabrication
methodologies have been proposed by our group*™” and other
groups'®?° recently. However, most of these approaches require
expensive manufacturing equipment, time-consuming steps or
labour-intensive operations, and are thus inaccessible to
researchers from resource-limited laboratories. To solve the
challenges associated with 2.5D microfabrication, herein a
multiple-layer tape-based manufacturing methodology is intro-
duced for the first time, wholly depending on benchtop and
straightforward instruments. Microchannels as thin as 500 pum
in width can easily be carved on multi-layer tape in minutes by a
commercial scalpel. The number of tape layers can be calculated
as ‘microchannel height divided by the tape height’. After
different layers of tape are detached from the microchannels, a
2.5D tape master consisting of multi-level microchannels can
easily form, waiving the need for laborious alignment steps and
expensive machineries. Ever since Whitesides et al. introduced
PDMS for microfabrication in the late 1990s,2*> PDMS has
become the most widely used material for microfabrication
today. As a proof of concept, herein three PDMS microchips are
treated with this multi-layer-tape lithographical methodology. In
contrast to other microfabrication techniques,”*"' multi-layer-
tape lithography is more accessible to potential pTAS users
limited to expensive microfabrication instrumentation, and
displays further potential for application in a wide range of fields
such as chemistry, biology, pharmacy and medicine, etc. (ESI 17).

2 Experimental
2.1 Y-channel microchip

A schematic fabrication process of this 2.5D multi-layer-tape
lithography is shown in Fig. 1. The channel height is
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Fig. 1 Schematic steps of the multi-tape lithography for 2.5D
microstructure fabrication. (a) The glass slide. (b) Multi-layer tape
adheres to the glass slide. (c) Double-sided tape adheres to the
multi-layer tape. (d) Paper mask is attached to the double-sided tape.
(e) The multi-layer tape-master fabricated after removal of the paper
mask. (f) After curing at 80 °C, for 30 min, the PDMS structure is peeled
off. (g) A 2.5D master is made by detaching different layers of tape from
each channel, according to the channel height. (h) PDMS replica is
bonded with other substrates.

determined by the number of tape (tesa 57176-00 tesapack ultra-
strong tr. 66 m : 50 mm) layers attached to the glass slide, and
can be conveniently adapted. The height of the tape is measured

Oil phase
Ink phase
Oil phase

Fig. 2 (a) Three-layer tape-master, with a channel width of 500 um
and channel height of 150 um. (b) One layer of tape is peeled off from
the left channel of the tape-master in (a) to make a 2.5D tape-master.
(c) The Y-structure PDMS chip fabricated by multi-layer-tape lithog-
raphy. (d) Micro-droplet formation inside the Y-structure chip. The flow
rates of ink and oil are 50 puL h™ and 250 pL h™%, respectively. (e)
Multi-phase (oil-ink-oil) flow inside the Y-structure chip. The flow rates
of ink and oilare 100 pL h™*and 150 pL h~%, respectively. (f) Magnification
image of the multi-phase flow zone in (e), shown as a red rectangle.
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Fig. 3 The schematics for microchannel modification: 2D (channel
length or width) and 2.5D (channel height) modifications of micro-
structure are done after the micro-device is fabricated. (a) The three-
channel paper mask, with a channel length of 55 mm, channel distance
of 2 mm, and channel width of 2.5 mm. (b) Original 2.5D tape-master
with three parallel channel heights of 200 um, 300 um, and 400 um,
fabricated through multi-tape lithography. (c) One-time modifiable
2.5D tape-master, with three channel heights of 100 um, 250 um, and
350 pm, fabricated by directly modifying the multi-layer tape-master
in (b). (d) Two-times modifiable 2.5D tape-master, with the same
channel length of 45 mm, and three channel heights of 100 um,
250 pum, and 350 um, fabricated by directly modifying the tape-master
in (c). (e) Real photo of paper mask. (f) Real photo of original tape-
master. (g) Real photo of one-time modifiable tape-master. (h) Real
photo of two-times modifiable tape-master.

by a Vernier calliper (Mitutoyo absolute digital). First, multiple
layers of single-sided tape are attached to a paper mask (printed
on an office printer) through double-sided tape (tesa double-
sided tape 10 m: 15 mm) as shown in Fig. 1c. Second, the
microstructure is cut into the tapes, with the paper mask and
double-sided tape easily removed to leave a tape-glass hybrid
master (Fig. 1e). After PDMS is poured in the master and cured
(Fig. 1f), the PDMS replica can be taken off and bonded with a
wide range of materials® (Fig. 1h) to make a functional chip.
Tape layers in each channel can be detached depending on the
required channel height to make the appropriate 2.5D
structures (Fig. 1g).

We first fabricate one three-layer- tape-master (Fig. 2a)
through this multi-layer-tape lithography, with a channel width
of 500 um and channel height of 150 um. As shown in Fig. 2b,
the tape layer can easily be detached from the 2D tape channel

This journal is © The Royal Society of Chemistry 2015
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to fabricate a 2.5D tape-master. A Y-structure PDMS (Sylgard®
184) chip (Fig. 2¢) is also fabricated from the multi-layer tape-
master in Fig. 2a, with PDMS replica and glass substrate
bonded by oxygen plasma (Diener electronic: 0010915) at a
power of 75 W for 30 s. As shown in Fig. 2d and e, micro droplets
and multiphase flow can stably form in this chip, demon-
strating multi-layer tape lithography quantified for micro-
fabrication. The quantified stable micro-droplet formation
inside this chip is also provided in ESI 2,} promising a wide
range of microdroplet-applicant downstream fields such as
cultivation of mammalian cells,* controllable synthesis of
nanoplates,* and interactional assay of cell pairs,** etc.

2.2 Parallel channel microchip

Furthermore, a 2.5D master containing three parallel channels
with multi-level heights of 200 pm, 300 um, and 400 pm,
respectively, is fabricated by this 2.5D multi-layer tape lithog-
raphy. To reveal the feasibility of the microstructural modifi-
ability of this technique, modifications are realized to all three
channels of the 2.5D tape-master, both in channel height
(Fig. 3b, ¢, f and g) and in channel length (Fig. 3¢, d, g and h).
Tape layers of the three channels in Fig. 3b and f are four, six,
and eight, respectively, corresponding to 200 um, 300 pm, and
400 pm in channel height. Simply by detaching two, one, and
one layers of tape from these three channels, we can change the
multi-level channel heights to 100 pm, 250 um, and 300 pum,
finally. We also find that it is very easy to modify channels in the
2D level (width and length). As shown in Fig. 3c and d, after
modification on three channels, the length of all channels
changes from 55 mm to 45 mm. This proves that both 2D
(channel length or width) and 2.5D (channel height) modifica-
tion of the microstructure can be easily realized on the existing
master, without the necessity of fabricating a new master.

3 Results and discussion
3.1 Programmable capillary flow

Two 2.5D microchips are fabricated from two tape-masters
(Fig. 3f and g), with PDMS surface functionalized through
oxygen plasma at 35 W for 0.7 min. We found programmable
autonomous flow is easily produced in parallel 2.5D channels
after sample injection (ESI 3t).

It requires about 4'35”, 3'20”, and 2/20” for the ink flowing
through three parallel channels of the first capillary flow chip
(Fig. S1, ESI 4}), with multi-level heights of 200 pm, 300 um, and
400 pm, respectively. Correspondingly, the autonomous sample
flow rates through three 55 mm long microchannels are calcu-
lated to be 0.1 pL s, 0.21 pL s~ ' and 0.39 pL s, respectively.
Without the necessity of fabricating a new master, the second
capillary flow chip is fabricated simply by detaching two, one,
and one layers of tape from the three microchannels of the first
2.5D tape-master (Fig. 3f), with channel height changed to
100 pm, 250 pm, and 350 um (Fig. 3g). As a result, total flowing-
out time is changed to 750", 3'55”, and 250" (Fig. S2, ESI 47),
respectively. Correspondingly, autonomous sample flow rates

RSC Adv., 2015, 5, 70737-70742 | 70739
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through three 55 mm long parallel microchannels are calcu-
lated to be 0.03 uL s, 0.15 pL s~ " and 0.28 uL s, respectively.
Quantitative analysis of autonomous flow distance (mm) is
plotted against time (min), as indicated in Fig. 4. Because
channel length (55 mm), channel width (2 mm), and surface
functionalization (oxygen plasma at 35 W for 0.7 min) are all the
same for three parallel multi-level microchannels, except for
channel height, we can conclude that the sequential autono-
mous flow rate through these channels is dictated by channel
height. As shown in Fig. 4, as the channel height increases, the
flow rate becomes faster, and it displays the same trend in both
the first capillary flow chip (Fig. S1, ESI 4f) and the second
capillary flow chip (Fig. S2, ESI 41). On the basis of the afore-
mentioned analysis, we estimate a channel-height controlled
autonomous programmable chip can be realized in accordance
with the theoretical analysis, as illustrated in “Section 3.2”.

3.2 Mathematical modelling

To theoretically verify the relationship between capillary flow
rate and multi-level channel height, the fluidic hydrodynamic
inside the 2.5D microchip is further analysed, wherein flowing
velocity is determined by both the capillary driven force F. and
the capillary resistance force Fr. As shown in Fig. S3 of ESI 4,1 F,
is in the same direction with the capillary flow, whereas Fy, is in
the opposite flow direction. The flowing velocity can be derived
and calculated by the following equation,

Fc:FR

If the micro-channel is a column with a circular cross-
section, the flowing resistance force Fr can be calculated by
the Hagen-Poiseuille equation:

_dp_ 8

dz — 2
where 7 is the viscosity of the liquid, p, is the internal pressure
of the liquid medium which is proportional to the flowing
resistance force, u is flowing velocity, and r is radius.

Sequential autonomous flow through 2.5D microchip

Distance (mm)

Time (min)

height: 400 pm
-—height: 250 um

—eo—height: 350 um —e—height: 300 pm

—eo—height: 200 um —height: 100 um

Fig. 4 Quantitative analysis of sequential autonomous flow inside
2.5D microchips with multi-level channel height of 100 um (grey
dotted line), 200 um (green dotted line), 250 um (henna dotted line),
300 pm (deep blue dotted line), 350 um (light blue dotted line) and
400 um (brown dotted line), respectively. Channel length and width
are 2 mm and 55 mm, respectively.
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From this equation, we can estimate that the velocity is in
proportion to the square of the diameter of the column micro-
channel. In other words, the flowing-out time decreases as the
column microchannel diameter increases.

However, the cross-section of the channel here is rectangular
instead of circular. In previous work, we have systemically
analysed the relationship between the flowing resistance force
and the flowing velocity inside a channel with a rectangular
cross-section, which is the same channel type as used here, and
it can be represented by the following equation,*®

_dn_ i
dZ o 2dh

where 4 is a frictional coefficient of capillary-driven flow, p is
liquid density, u is flowing velocity, and d}, is the equivalent
diameter of the rectangular microchannel.

It is easily seen that, as the channel height increases, dy, will
increase, resulting in decreased resistance force. Therefore the
flowing velocity should increase if the channel height increases,
resulting in decreased flowing-out time.

3.3 Microchannel characterization

We further use a scanning electronic microscope (QUANTA
FEG250) and optical microscope (Zeiss axiovert S100) to
characterize the surface smoothness of 2.5D tape-masters.
Multi-level tape layers of 3, 5, 7 and 11, as well as intersec-
tional multiple tape layers of 11-10 and 4-3, are selected for
characterizing both the top surface and the cross-sectional
surface. As shown in Fig. 5a-c, the top surface of the tape-
master displays qualified smoothness, comparable to the
surface of a glass slide. At 16 000x magnification, dot-like
structure as little as 100 nm is found (Fig. S4, ESI 4%), proving
roughness at top surface of the multi-layer tape-master is
ignorable at micro-meter scale. However, the smoothness of the
boundary surfaces in the multi-layer tape-master depends on
the height of the tape in use. There are some curved grooves
between tape layers, which are around 10 pm in height, as
shown in Fig. 5a-c. To better reveal these curved grooves, the
cross-section of the multi-layer tape-master is further charac-
terized (Fig. 5d-f). Because the multi-layer 2.5D tape-master is
built up of a single layer of tape as a constructional unit, the
tape layer is visible and has about 10 um high curved grooves in
between, as shown in Fig. 5d and f. Intersectional height
decrease of 2.5D tape-master is also characterized in Fig. 5e and
f, wherein one layer of tape is detached in intersectional
locations to produce a reduction of channel height by 50 um
from left to right in both cases.

Similarly to photolithography-based master prototyping
wherein proper photoresist (e.g., SU-8 2005, SU-8 2007, SU-8
2010 or SU-8 2015, etc.) should be selected depending on the
specialized microchannel height, herein suitable tape (10 pum,
50 pm, 100 pm, in height etc.) should also be dependent on
microchannel height. In our case, the height of all micro-
channels (Fig. 2 and 3) are within 400 pm, so tape 50 um in
height (tesa 57176-00 tesapack ultra-strong tr. 66 m : 50 mm) is
appropriate for prototyping microchannels. Nevertheless, if a

This journal is © The Royal Society of Chemistry 2015
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Fig.5 The SEMimage of the tape-master. (a) The boundary of a three-
layer tape channel. (b) The boundary of a five-layer tape channel. (c)
The boundary of a seven-layer tape channel. (d) The cross-section of
an 11-layer tape channel. (e) The cross-section of the 11-layer and
10-layer tape channel. (f) The cross-section of the four-layer and
three-layer tape channel. Rule bars are 125 pm in (a—c); 100 pm in
(d and e); and 50 pm in (f).

master with channel height lower than 50 pm should be fabri-
cated, then the selected tape height should be less than 50 pm,
such as 10 um or 25 pm. The height of the tape also affects the
resolution of the channel height of the microchip. For example,
if two kinds of single-sided tape with heights of 10 um and
15 pm are selected, then a height resolution of 5 pm can be
realized, because a channel height of 10 pm, 15 um, 20 pm,
and 25 pm... etc., can be fabricated simply by arranging these
two kinds of tape.

4 Conclusion

This paper reports a multi-layer tape lithography for fabricating
2.5D microchips easily, rapidly and cheaply. Without any
expensive instruments or reagents, the total manufacturing cost
of a 2.5D master by multi-layer tape lithography is under
0.03 USS$, allowing convenient microstructural modification of
the tape-master in both 2D level (channel length is modified by
10 mm here) and 2.5D level (channel heights are modified by
50 um and 100 pm here). If we use a commercial scalpel to
manually cut microchannels in the multi-layer tape, the small-
est microchannel width is 500 pm. A Y-shaped microchannel as
thin as 500 pm in width is directly fabricated through a manual
knife-cut, quantified for microdroplet formation when the flow
rates of ink phage and oil phage are 50 uL h™" and 250 pL h™*,
respectively, and multi-phage flow when the flow rates of ink
and oil are 100 uL h™" and 150 uL h™?, respectively.
Sequential and programmable autonomous flow is realized
in 2.5D microchips fabricated through this multi-layer tape
lithography. Two 2.5D capillary force-driven flow chips are
fabricated, with channel heights controlled to be 200 pm,
300 um, and 400 pm for the first chip, and 100 um, 250 pm, 350
pum for the second chip. The flowing-out time of ink in 55 mm
long channels increases from 2'20” to 7'50” as the height of
channel decreases from 400 pm to 100 um, suggesting that the
channel height is an efficient approach for controlling the

This journal is © The Royal Society of Chemistry 2015
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capillary flow rate, as supplementary of previous methods
relying on a 2D microchip. Through mathematical modelling,
the relationship between microchannel height and autonomous
capillary flow rate is also systemically studied, verifying that
autonomous capillary flow rate increases as the multilevel
microchannel increases in height, in accordance with experi-
mental results.

Given the aforementioned advantages, we believe that multi-
layer tape lithography can dramatically decrease the micro-
fabrication expense of 2.5D microdevices and thus lower the
barrier to the widespread use of microfluidic POC chips in
non-engineering labs or automatic analysis labs, which may be
unable to afford expensive clean rooms, UV transmitters or
inkjet printer, etc.
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This work affirms syringe pump as an efficient approach in accurate liquid
injection in novel 2D PDMS/Polymer microdevice for anticorrosive assay and
leakage test.

PDMS is the most widely utilized material for microdevices today. Although PDMS
can readily bond with another silicon-based material (such as glass, silicon wafer,
and quartz) through simple surface oxidation, its ability to form irreversible
chemical bonds with non-silicon-based materials such as plastics, metals, alloys,
and ceramics is hampered. In this study, | introduce a concept for fabricating novel
hybrid microdevices by instantaneously bonding versatile non-silicon-based

substrates with PDMS at room temperature utilizing single silane coupling reagent,

28



3-mercaptopropyltrimethoxysilane (MPTMS). Over ten non-silicon substrates
including polycarbonate (PC), two types of poly(vinylchloride) (PVCQ),
poly(methylmethacrylate) (PMMA), polystyrene (PS), polyimide (PI), two types of
poly(ethylene terephthalate) (PET), polypropylene (PP), iron (Fe), aluminum (Al),
copper (Cu), brass, alumina (Al203), and zirconia (ZrO2) are bonded successfully
with PDMS using this method. In addition to a series of characterization including
contact angle measurement, XPS analysis, delamination and pull tests, | utilize two
kinds of leak tests to check this robust method, and two liquids are transported
through two different microdevices at controllable rate.

For the first test, PDMS slide containing a serpentine microchannel with width,
depth, and total length of 2 mm, 200 um, and 115 mm, respectively, is bonded on
flat PVC. As shown in Fig. 6a-b, no leakage happens even if tetrahydrofuran (THF)
is transported to the microchannel at a flow rate of 1 mL/min for 25 min by syringe
pump and further kept inside the microchannel for up to 8 h, although noticeable
swelling of PDMS takes place. The second microdevice is PDMS-PMMA microchip,
engraved with a dense serpentine microchannel network whose width, depth,
microchannel distance and total length are 300 um, 100 um, 100 um and 1.8 m,
respectively. To produce high pressure on the microchannel during liquid transport,
the red ink is controlled to flow out of the 1.8 m-long serpentine microchannel
within 3 min. As shown in Fig. 6, no leakage occurs inside the microchannel,
confirming the instantaneous and robust bonding between PDMS and PMMA.

So I affirm that syringe pump is qualified to provide accurate flow rate during liquid
transport, and thus, can be efficient approach in anticorrosive assay and leakage

test of novel PDMS/Polymer microdevice.
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This paper introduces an instantaneous and robust strategy for bonding a variety of non-silicon substrates
such as thermoplastics, metals, an alloy, and ceramics to poly(dimethylsiloxane) (PDMS) irreversibly, medi-
ated by one-step chemical modification using a mercaptosilane at room temperature followed by corona
treatment to realize heterogeneous assembly also at room temperature. The mercapto functional group is
one of the strongest nucleophiles, and it can instantaneously react with electrophiles of substrates,
resulting in an alkoxysilane-terminated substrate at room temperature. In this way, prior oxidation of the
substrate is dispensed with, and the alkoxysilane-terminated substrate can be readily oxidized and irrevers-
ibly bonded with oxidized PDMS at room temperature. A commercially available Tesla coil was used for
surface oxidation, replacing a bulky and expensive plasma generator. Surface characterization was
conducted by water contact angle measurement and X-ray photoelectron spectroscopy (XPS) analysis. A
total of fifteen non-silicon substrates including polycarbonate (PC), two types of poly(vinylchloride) (PVC),
poly(methylmethacrylate) (PMMA), polystyrene (PS), polyimide (PI), two types of poly(ethylene terephthalate)
(PET), polypropylene (PP), iron (Fe), aluminum (Al), copper (Cu), brass, alumina (Al,O3), and zirconia (ZrO,)
were bonded successfully with PDMS using this method, and the bond strengths of PDMS-PMMA, PDMS-
PC, PDMS-PVC, PDMS-PET, PDMS-Al, and PDMS-Cu assemblies were measured to be approximately
335.9, 5114, 467.3, 476.4, 282.2, and 236.7 kPa, respectively. The overall processes including surface modi-
fication followed by surface oxidation using corona treatment for bonding were realized within 12 to 17
min for most of the substrates tested except for ceramics which required 1 h for the bonding. In addition,
large area (10 x 10 cm?) bonding was also successfully realized, ensuring the high reliability and stability of
the introduced method.
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choice for fabricating microdevices particularly in the fields
of microfluidics, Lab-on-a-Chip, and micro total analysis sys-
tems (uTAS)."™ Substrate bonding is indispensable not just

Introduction

The first introduction of a transparent elastomer,

poly(dimethylsiloxane) (PDMS), as a casting material for soft
lithography has opened a new horizon for microfabrication
and brought extensive repertoire of PDMS as a material of
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for the construction of miniaturized fluidic devices that are
applicable to microscale biological experiments, but also for
numerous fields of applications such as microelectronics and
packaging. Although PDMS can readily bond substantially
with another silicon-based material such as glass, silicon
wafer, and quartz through simple surface oxidation and ther-
mal curing,””” its ability to form robust and irreversible chem-
ical bonds with non-silicon-based materials such as plastics,
metals, alloys, and ceramics in the assembly process is ham-
pered.® Considering that hybrid microstructures constructed
with PDMS and non-silicon-based materials have potential
benefits when fabricating microvalves” " and when assem-
bling heterogeneous substrates in microelectronics and pack-
aging areas, researchers began to show great interest

Lab Chip, 2015, 15, 2819-2825 | 2819
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concerning the bonding of silicon-based PDMS with non-
silicon-based substrates.">**

Im et al'® grafted an epoxy-containing polymer, poly(-
glycidyl methacrylate) (PGMA), via an initiated chemical
deposition (iCVD) method and reacted it with a partner sub-
strate activated with plasma polymerized polyallylamine
(PAAm) to realize bonding at 70 °C. Xu and Gleason™® depos-
ited glycidyl methacrylate and 4-aminostyrene on substrates
via iCVD and bonded them at 50 °C for 24 h. Several
researchers employed either an amine-functionalized silane
reagent'>'”'®  or a methacrylate-functionalized silane
reagent'® as an adhesion promoter on thermoplastic surfaces
and bonded it with PDMS after surface oxidation of both sub-
strates. In our previous studies,"®*" we demonstrated room
temperature bonding of various thermoplastics with PDMS
by forming a robust amine-epoxy bond employing amino-
silane and epoxysilane.”> Most of the previous studies men-
tioned above, however, require prior surface oxidation
followed by surface functionalization with silane coupling
reagents having diverse terminal functionalities. Besides,
these methods generally take more than an hour altogether
for surface modification and subsequent bonding and
require the use of multiple reagents for surface modification,
or harsh environment such as high temperature and high
pressure for bonding, not to mention the use of expensive
and bulky apparatus.

To simplify the surface coating procedures prior to bond-
ing, Lee and Ram" demonstrated hydrolytically stable coat-
ing of amine-containing silane reagents on polycarbonate
(PC) by reacting the amine functionality with PC, but

View Article Online
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required heating at 70 °C for 24 h for bonding. We also
employed either an amine-functionalized silane coupling
reagent®>?® or amine-functionalized PDMS>* as a linker for
coating thermoplastics which can undergo urethane bond
formation®” at room temperature by the reaction of the
amine functionality with the carbonyl backbone of thermo-
plastics, and bonded the coated substrates with PDMS after
surface oxidation of both substrates. Nevertheless, each
bonding method is limited to certain types of substrates, and
no reports were made to date on a universally applicable
method for bonding PDMS with a wide range of non-silicon
substrates.

In this study, we introduce a novel concept for instanta-
neously bonding versatile non-silicon-based substrates with
PDMS at room temperature without requiring prior surface
oxidation and utilizing a single silane coupling reagent,
3-mercaptopropyltrimethoxysilane (MPTMS). Fig. 1 shows the
schematics for room temperature modification of non-
silicon-based substrates employing MPTMS. Fig. 1a shows a
substrate containing electrophilic groups on the surface. 5+
and &- represent the electrophilic and nucleophilic sites,
respectively. Fig. 1b shows the reaction of the substrate with
an aqueous solution of MPTMS. Hydrolysis occurs in the alk-
oxy terminal of MPTMS, while nucleophilic reaction takes
place between the mercapto functional group of MPTMS and
the substrate. Fig. 1c shows the hydrolysis of the alkoxy ter-
minal of MPTMS, producing alcohol and resulting in the
cross-linking of adjacent MPTMS molecules. Fig. 1d shows
the nucleophilic reaction between the mercapto functional
group of MPTMS and the substrate, resulting in the grafting

{ "} Hydrolysis "% Hydrolysis
(a) © @
& L6 ® L0 & SN S S D S
C Teigs Tegle Ibo ;i’,w § 0
LT e e e B S
23’7 " 2'S';H " b
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Fig. 1 Schematics illustrating procedures for (a—f) surface modification with 2% MPTMS at room temperature on a non-silicon substrate, and (g-i)
bonding of an oxidized non-silicon substrate with oxidized PDMS realized at room temperature for 10 min.

2820 | Lab Chip, 2015, 15, 2819-2825

31

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5lc00285k

Published on 08 May 2015. Downloaded by Universitat des Saarlandes on 22/06/2015 13:40:04.

Lab on a Chip

of MPTMS on the substrate. Fig. 1e shows the formation of
the alkoxysilane-terminated substrate as a result of the reac-
tion with MPTMS, the simplified schematic of which is
shown in Fig. 1f. Fig. 1g shows the oxidation of the alkoxy
terminal of the substrate at room temperature for 2 min, and
Fig. 1h shows the conformal contact of the two substrates at
room temperature for 10 min.

Although the use of aminosilane can also facilitate bond-
ing between several thermoplastics and PDMS, the number
of substrates reported so far was limited to a few. #7927
Since it is well-known that the mercapto functionality has
stronger nucleophilic properties than the amino functional-
ity, we chose mercaptosilane as a linker for surface modifica-
tion in this study. The bonding performance of fifteen non-
silicon-based materials was examined including several ther-
moplastics, metals, an alloy, and ceramics.

Experimental
Materials

3-Mercaptopropyltrimethoxysilane (MPTMS) was purchased
from Sigma-Aldrich. The PDMS prepolymer (Sylgard 184) and
curing agent were purchased from Dow Corning. Polycarbon-
ate (PC), poly(methylmethacrylate) (PMMA), polystyrene (PS),
poly(ethylene terephthalate) (PET), polypropylene (PP),
poly(vinylchloride) (PVC), aluminum (Al), copper (Cu), and
brass were purchased from Goodfellow. PI (Kapton) was pur-
chased from DuPont. A Tesla coil (BD-10ASV, Electro-Technic
Products) was used for the corona discharge.”®

Surface modification and bonding

The thermoplastics, metals, and alloy were treated with a 2%
(v/v) aqueous solution of MPTMS at room temperature
instantaneously in the case of the thermoplastics, and for 1-
5 min for the metals and the alloy. After rinsing with distilled
water and drying, the abovementioned substrates and PDMS
were treated by corona discharge for 2 min, and immediately
after surface oxidation, they came into conformal contact
with each other for 10 min to realize irreversible bonding at
room temperature. The percentages of MPTMS could be var-
ied within the range between 1 and 10%. Due to the strong
reactivity of the mercapto-terminated silane coupling reagent,
the solution was freshly prepared immediately before the
experiment and discarded after approximately 30 to 60 min.
In the case of the ceramics, MPTMS was used without dilu-
tion, and bonded with PDMS at 80 °C for 30 min. Movie S1
in the ESIf demonstrates the overall procedures including
surface modification of PMMA with MPTMS and subsequent
bonding with PDMS. In this movie, an oxygen plasma genera-
tor was used instead of the Tesla coil, which resulted in a
much faster and instantaneous bonding.

Surface characterization

Contact angle measurement. Water contact angles were
measured on pristine substrates, MPTMS(2%)-treated

This journal is © The Royal Society of Chemistry 2015
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substrates, MPTMS(2%)-coated substrates further treated
with corona discharge, and corona-treated pristine sub-
strates, by the sessile drop technique using a Phoenix 300
contact angle measuring system (Surface Electro Optics,
Korea). The contact angles were further analysed with Image
Pro 300 software.

XPS analysis. XPS analyses were conducted using an Axis-
Hsi (Kratos Analytical, UK) equipped with a magnesium X-ray
radiation source of dual gun (1253.6 eV) and a pass energy of
20 eV. The pressure in the chamber was below 5 x 107 Torr
before the data were taken, and the voltage and current of
the anode were 15 kV and 10 mA, respectively. The take-off
angle was set at 45°. The binding energy of Cl1s (284.5 eV)
was used as the reference. The resolution for the measure-
ment of the binding energy was about 0.1 eV.

Bond strength analysis

Delamination and pull tests. A delamination test was
performed on all fifteen substrates. The bond strength was
measured using a texture analyser (QTS 25, Brookfield,
Middleboro, MA, USA). First, a hole was punched on the non-
silicon substrate and a thick twine was inserted. Next,
another twine was inserted into the PDMS prepolymer and
cured simultaneously with PDMS. After bonding the two sub-
strates, the assembly was pulled apart at a speed of 100 mm
min~'. The experiments were repeated three times for
reproducibility.

Leak test. Two kinds of leak tests were performed. For the
first test, a thick and short serpentine microchannel whose
width, depth, and total length were 2 mm, 200 um, and 115
mm, respectively, was made on the PDMS side and bonded
with flat PVC according to the method mentioned above.
Afterward, tetrahydrofuran (THF) was introduced into the
microchannel at a flow rate of 1 mL min~"' for 25 min and
kept inside the microchannel for 8 h to observe whether
swelling of the PDMS affected the bonding. For the second
test, a relatively narrower and longer serpentine micro-
channel whose width, depth, and total length were 300 pm,
100 um, and 1.8 m, respectively, was made on the PDMS side
and bonded with flat PMMA. The distance between each par-
allel microchannel was 100 pum. This was performed to
observe whether the narrow space between each channel
affected the bonding.

Results and discussion
Contact angle measurement

To confirm the success of surface modification, water contact
angles were measured at various stages of surface modifica-
tion as shown in Fig. 2. Among the fifteen non-silicon sub-
strates examined in this study, we selected four candidates -
PVC, PET, Al, and Cu.

As shown in Fig. 2, the water contact angles of pristine
PVC, PET, Al, and Cu were measured to be approximately
72.0°, 75.0°, 85.4°, and 74.7°, respectively. After instanta-
neous treatment with 2% MPTMS on pristine PVC, PET, Al,
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Fig. 2 Measurements of water contact angles of PVC, PET, Al, and Cu
at various stages of surface modification. Water contact angles were
measured on pristine substrates, MPTMS-treated substrates, MPTMS-
coated substrates further treated with corona discharge, and corona-
treated pristine substrates.

and Cu at room temperature, the corresponding water con-
tact angles increased to 81.5°, 83.5°, 93.2°, and 77.0°, respec-
tively, presumably because of the formation of hydrophobic
alkoxy groups on the surface. Since the alkoxy group can be
easily oxidized, the MPTMS treated surface displayed less
than 10° in the water contact angles of all four substrates,
after corona treatment. As a reference, we also measured the
water contact angles after corona treatment of the pristine
substrates. As shown in Fig. 2, the water contact angles
decreased to 52.3° and 36.7° for PVC and PET, respectively.
The decrease in the water contact angle values was not as sig-
nificant as those with MPTMS coating step added, which
implies that MPTMS coating is responsible for the successful
hydroxylation of the substrate.

XPS analysis

Fig. 3 shows the results of XPS analyses performed on
PVC,**7! PET,* Al, and Cu.**

Fig. 3a, ¢, e, and g show the elemental peaks of the pris-
tine substrates, all of which basically contain C1s and O1s
peaks. Cl peaks, which are characteristic of PVC, appeared as
shown in Fig. 3a. Al and Cu peaks appeared for Al and Cu
substrates, respectively, as shown in Fig. 3e and g. After sur-
face modification with MPTMS, additional peaks of silicon
and sulfur atoms such as Si2p, Si2s, S2p, and S2s, character-
istic of mercaptosilane, appeared at approximately 101, 152,
164, and 242 eV, respectively, representing successful modifi-
cation of the various non-silicon-based substrates with
MPTMS.** ¢ These values corresponded well with previous
references reporting the binding energies of each element
peak. Besides these four substrates, XPS analyses were also
performed on PMMA, PC, PS, PI, and PP, and the results are
shown in Fig. S1 in the ESLf In addition to performing XPS
analyses, we also measured the surface roughness before and
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Fig. 3 Results of XPS analyses performed on PVC, PET, Al, and Cu. (a)
Pristine PVC. (b) MPTMS-modified PVC. (c) Pristine PET. (d) MPTMS-
modified PET. (e) Pristine Al. (f) MPTMS-modified Al. (g) Pristine Cu. (h)
MPTMS-modified Cu.

after coating PMMA with mercaptosilane, using an atomic
force microscope (AFM). As shown in Fig. S2 in the ESLj the
surface roughness of PMMA increased relatively homoge-
neously to approximately 30 to 50 nm, over the entire surface
of the scanned area, which was 10 um. Nevertheless, the
measured height of the coated mercaptosilane was incompa-
rably low so as not to disturb the bonding of the micro-
channel with small dimensions.

Bond strength analysis (1): delamination and pull tests

Fig. 4 shows the results of delamination tests performed on
thirteen substrates including PET, urethane functionalized
PET (U-PET), PVC, PP, PS, aluminum foil, brass, Cu, Fe, PI,
PVC copolymer, alumina (a-Al,O3), and zirconia (3Y-ZrO,).
MPTMS can easily undergo nucleophilic reaction not just
with thermoplastics, but also with metals containing unsatu-
rated outer electrons such as Al, Cu, and Fe, as well as alloys
such as brass, and even ceramics such as alumina (a-Al,03)
and zirconia (3Y-ZrO,). As shown in Fig. 4, all thirteen sub-
strates were successfully bonded with PDMS using the
method introduced in this study. The water contact angles of
pristine Al and Cu both decreased to less than 10° even with-
out MPTMS coating step added because metals can be readily
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PVC copolymer

Fig. 4 Results of delamination tests performed on thirteen substrates
including PET, U-PET, PVC, PP, PS, aluminum foil, brass, Cu, Fe, PI,
PVC copolymer, alumina (a.-Al,O3), and zirconia (3Y-ZrO,).

hydroxylated (Fig. 2). Nevertheless, the hydroxylated sub-
strates failed to directly react with the corona-treated PDMS,
which was confirmed by the complete detachment of the two
substrates (data not shown).

Pull tests were performed on four thermoplastics (PMMA,
PET, PVC, and PC) and two metals (Al and Cu). The bond
strength of PDMS-PMMA, PDMS-PET, PDMS-PVC, PDMS-
PC, PDMS-Al, and PDMS-Cu assemblies were measured to
be approximately 335.9, 476.4, 467.3, 511.4, 282.2, and 236.7
kPa, respectively. These values were higher than previously
reported methods, which displayed 180 kPa and 178 kPa for
PDMS-PMMA and PDMS-PC assemblies, respectively.'®
Fig. 5a shows the photo of the experimental procedure for
performing the pull test. Fig. 5b—-g show the results of pull
tests performed on PMMA, PET, PVC, PC, Al, and Cu, respec-
tively, bonded with PDMS, indicating that permanent bonds
were realized. Using this method, miniaturized electronic
components such as the membrane, microelectrode, or
microheater can be permanently assembled readily and rap-
idly into a microfluidic system.

Fig. 5 (@) A photo showing the experimental procedure for
performing the pull test. (b—g) Results of pull tests: (b) PDMS-PMMA,
(c) PDMS-PET, (d) PDMS-PVC, (e) PDMS-PC, (f) PDMS-AL, and (g)
PDMS-Cu.

This journal is © The Royal Society of Chemistry 2015
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All the non-silicon substrates used in this study contain
electrophilic groups as their components. For example, pris-
tine thermoplastics contain electrophilic carbonate or car-
bonyl groups. The pristine metals, alloy, and ceramics have
electrophilic unsaturated outer electrons or transition metals.
Since these electrophilic groups have common chemical
properties, they can all react with the same reactive group,
the mercapto functionality, during the surface modification
process using MPTMS, and the resulting terminal alkoxy
groups can be readily oxidized to bond with oxidized PDMS
by forming a robust siloxane (Si-O-Si) bond at the interface.
This method was tested over two-year time courses to elimi-
nate the effect of ambient temperature and humidity which
vary seasonally. The results turned out to be highly reproduc-
ible irrespective of the atmospheric conditions. The wide
range of the applied concentration of the mercaptosilane
solution such as between 1 and 10% verifies the high reliabil-
ity and stability of the coating method introduced in this
study.

Bond strength analysis (2): leak test

Fig. 6 shows the results of the two kinds of leak tests
performed in this study. Fig. 6a and b show the results of
THF introduction into the PDMS-PVC assembly. We chose
THF since it can swell PDMS, so that the volume of the PDMS
could change which could possibly lead to leakage if the
bonding is not robust. For better visualization of THF flow
inside the microchannel, it was colored with black ink. When
THF was kept inside the microchannel for 25 min, neither
noticeable swelling of the PDMS nor leakage was observed
(Fig. 6a). However, after keeping THF inside the micro-
channel for up to 8 h without taking out THF from the micro-
channel, noticeable swelling of PDMS took place (Fig. 6b).

Fig. 6 Results of the two kinds of leak tests. (a-b) Introduction of THF,
which was colored with black ink, into the PDMS-PVC assembly and
observation of channel leakage for (@) 25 min and (b) 8 h. (c—g)
Introduction of red ink solution into the PDMS-PMMA assembly and
observation of channel leakage at (c) 5s, (d) 40 s, (e) 80 s, and (f) 115 s.
(g) shows the enlarged image of the rectangle shown in (f).
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Fig. 7 Results of large area bonding between PDMS and PMMA.

Nevertheless, leakage did not take place, confirming the
robust bonding between PVC and PDMS. The deformed
PDMS did not return back to its original shape when we
observed the bonded assembly for several months. This is
probably because the THF molecules were trapped inside the
PDMS without being released.

Fig. 6¢c-g show the results of red ink introduction into the
PDMS-PMMA assembly, engraved with a dense serpentine
microchannel network, immediately after bonding PDMS and
PMMA. The flow rate was relatively fast so that the red ink
flowed out of the 1.8 m-long serpentine microchannel within
3 min. No leakage occurred inside the microchannel,
confirming the instantaneous and robust bonding between
PDMS and PMMA. A 6-fold fast-mode movie clip demonstrat-
ing this experiment is demonstrated in Movie S2 in the ESL}

Large area bonding

The feasibility and robustness of the introduced bonding
strategy were further examined by preparing relatively large
sizes of the substrates as shown in Fig. 7. We examined the
bonding between PMMA and PDMS by cutting one PMMA
into 5 x 5 cm® and its partner PDMS into 3.5 x 4 cm?, and
another PMMA into 11 x 11 ecm? and its partner PDMS into
10 x 10 cm”. As shown in Fig. 7, both assemblies were perma-
nently bonded on the entire surface after surface modifica-
tion of PMMA with 2% (v/v) MPTMS at room temperature for
1 min followed by corona treatment for 2 min and then
bonding at room temperature for 10 min, which was exactly
the same condition for bonding small sized substrates, only
that the chemical treatment time was increased to 1 min to
ensure homogeneous coating. These results revealed once
again the high reliability of the bonding strategy introduced
in this study.

Conclusion

The mercaptosilane-mediated chemical modification method
introduced in this study can become a facile and robust
approach for bonding elastomeric PDMS with various non-
silicon substrates, which is intrinsically difficult to realize
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simply by surface oxidation followed by thermal bonding.
This method is fast, requires a room temperature process for
both surface modification and bonding, and universally
applicable to a wide range of non-silicon materials such as
thermoplastics, metals, alloys, and ceramics, drawing a lot of
attention also from the experts in electronics, materials sci-
ence, and mechanical engineering. To the best of our knowl-
edge, this is the first study reporting instantaneous and
highly stable bonding of PDMS with a wide range of non-
silicon substrates, with total process time within 12 to 17
min.
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Fig. S1 Results of XPS analyses performed on PMMA, PC, PS, PI, and PP.
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Pristine PMMA Mercaptosilane-coated PMMA

Fig. S2 Results of surface roughness measurement before and after coating PMMA with
mercaptosilane, using atomic force microscope (AFM). The scanned area was 10 um,

and one scale of the Y-axis represents 30 nm.
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This work affirms diffusion pump as an efficient approach in liquid injection in novel
leaf-inspired microdevice for self-pumped flow analogy of biomimetic
microvasculature.

Here | introduce a simple approach to fabricate bio-inspired microdevices
depending on direct replication from plant leaves. By simply selecting different
venations, my method can easily fabricate different microstructural categories,
without the use of any costly reagent, clean room or expensive machine
indispensable in photolithography and inkjet printing. With respect to conventional
manufacturing techniques, an artificial mask or master mold must be predesigned
before fabrication of the microchips. In contrast, my method detracts from this
traditional framework because the microstructure can be directly fabricated here
based on various natural templates such as plant leaves, insect wings, fish scales,

etc. By waiving the fabrication step of the artificial mask and master mold, this
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method can dramatically decrease the cost, time, and labor required in fabricating
microchips, and thus, is a practical project that can be undertaken in ordinary

chemistry or biology labs.

This is the first time that highly consistent micro-structures from a natural template
can be so quickly and easily replicated into a microdevice. Because a natural leaf
template is directly utilized for microstructural definition, herein truly 3D (varied
microchannel height all through the network) vascular structure is reproduced with
the surface topography of the leaves also replicated, resulting in complex
structured channel surfaces that may offer a much more realistic
microenvironment for Lab-on-a-Chip based cell assays. The natural leaves utilized

can be used over 50 times without dramatic decline in structure.

It is known that the diffusion- and evaporation-based gas-molecules’ exchange
between the stomata (CO2, 02, and H20, etc.) and atmosphere facilitates the self-
powered hydraulic flux of leaves. To investigate this mechanism, | further
fabricated three PDMS leaves containing different networks of characteristic
spacing and ordered hierarchy. Through the usage of diffusion pump, | analogize
molecule-diffusion resulted self-pumped hydraulic flow in leaves, monitored in real
time and takes into account both factors: “evaporation-induced liquid flow” and
“hydraulic behavior in microvascular networks”. There are two key attributes of
vascular design within leaves: one is to ensure that all portions of the leaf are
adequately supplied by the long-term optimized microvascular geometry and
properly distributed stomata; while the other is to ensure the hydraulic
conductance or liquid potential inside the microvascular channels is as high as
possible by a highly ordered network hierarchy. As shown in Fig. 6, through real-
time monitoring of the hydraulic flow inside the microvascular networks, I can
evaluate the dynamic conductance in real time, covering all bifurcating channels
ranging from highest order to lowest order. It is observed that in all three artificial
leaves in Fig. 7, if the bifurcating channels share the same order, the flowing-out

time is always the same. The average flow rate in the 15-ordered microchannels and
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2"d-ordered microchannels are 0.08 mm/sec (n=1) and 0.04 mm/sec (STDV, n=16) for
Carpinus betulus, 0.16 mm/sec (STDV, n=5) and 0.11 mm/sec (STDV, n=7) for
Aegopodium podagraia, and 0.45 cm/sec (STDV, n=5) and 0.22 cm/sec (STDV, n=10)
for Tilia platyphyllos. Based on such flow analysis inside PDMS leaves using the
same method, | can see average flow rate through first-ordered microchannels is
1.5-2.2 times faster than average flow rate in the second order channels, ranging
from Aegopodium podagraia, Carpinus betulus and Tilia platyphyllos leaves. This
indicates that the hydraulic potential and conductivity are directly correlated with
the order of the microchannel, which ensures that all bifurcating channels of the
same order gain identical liquid transportation ability in order to avoid the under-
support or over-supply of any cells in leaves.

Due to the direct structure replication method | posit, my method can provide a
solid foundation for understanding various natural microvascular networks in
plants, animals, and microorganisms using a “micro Total Analysis System”. Even if
| only show one application example for the analogy of hydraulic transportation in
the venation system, | nevertheless believe my method can initiate many
microvascular-related research through the “micro Total Analysis System”.
Furthermore, many additional advantages associated with my method may emerge
because the microchannels fabricated here are based on direct structural
replication and modification from natural leaves in the “micro Total Analysis
System”, but not from the traditional technique which is cost-ineffective, time-

consuming, labor-intensive, and financially impractical to ordinary labs.
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We report a simple fast, practical and effective method for the
replication of the complex venation patterns of natural leaves into
PDMS with accuracy down to a lateral size of 500 nm. Optimising the
amount of crosslinker enabled the replication and sealing of the
microvascular structures to yield enclosed microfluidic networks.
The use of plant leaves as templates for soft lithography was
demonstrated across over ten species and included reticulate,
arcuate, pinnate, parallel and palmate venation patterns. SEM
imaging revealed replication of the plants microscopic and sub-
microscopic topography into the PDMS structures, making this
method especially attractive for mimicking biological structures for
in vitro assays. Flow analysis revealed that the autonomous liquid
transport velocity in 1°*-order microchannel was 1.5-2.2 times faster
than that in the 2"%-order microchannels across three leaf types,
with the sorptivity rule surprisingly preserved during self-powered
flow through leaf-inspired vascularity from Carpinus betulus.

Biological microstructures have long been a source of inspira-
tion for artists and scientists." In engineering, biomimetic
approaches have enabled the systematic study of nature-
derived nano-, micro- and macroscopic structures. Perhaps
most famous 1is the discovery of superhydrophobicity
mimicking® the nano-microscopic surface morphology of the
natural-leaf templates, such as Strelitzia reginae,>* taro,® lotus
and rice leaves.*” Superhydrophobic surfaces have been
utilized in a myriad of technological applications including
anti-wetting®® bubble bursting," organic-proofing,'* direc-
tional transportation,' antifogging,"® superhydrophobicity-
superhydrophilicity transition,"*** self-cleaning,"**® self-
repairing interfaces.'>?°
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Plant leaves as templates for soft lithography

Wenming Wu,?® Rosanne M. Guijt,¢ Yuliya E. Silina,” Marcus Koch®

The diversity and organization of microvascular structures
from plants has drawn significant attention, inspiring solutions
in engineering modeling,> paleoecology hindcasting,*
low-noise microelectronics,* thermal distribution,** the design
of durable wind turbines,* green energy,* etc. Recent research
revealed that both radius tapering and the ratio of daughter to
parent branch areas in leaf veins are in strong agreement with
Murray's law, and hence resemble the circulatory and respira-
tory systems.?” In both cases, the sum of the cubes of each-order
veins is conserved throughout the flow network.”® This corre-
lation provides great opportunities for leaf-inspired micro-
fluidic devices in the creation of bio-realistic in vitro models. By
selecting different venation types including reticulate, arcuate,
parallel, pinnate and palmate, we foresee leaf-inspired micro-
fluidic devices can be utilized for various applications, e.g.,
cancer metastasis, microparticle separation, capillary electro-
phoresis and 3D microvessel engineering, etc.

Almost twenty years ago, microfluidic fabrication was revo-
lutionised by the introduction of polydimethylsiloxane (PDMS)
for casting from microstructured templates.” PDMS has
become the most widely adopted material in fabricating
microdevices®*** thanks to its ease of use, optical transparency
and biocompatibility. The templates used for casting have
ranged from structures made in multilayer tape,* SU-8 or other
photoresists like Norland Optical Adhesive (NOA),* 3D printed
resin,* printed circuit boards, or by simply gluing capillaries
and other structures onto a substrate (e.g., PMMA).>*%”

Traditional fabrication techniques including inkjet printing,
photolithography and chemical etching have all been used to
produce “leaf inspired” microchannels.®**® Prof. A. Lewis'
group printed a fugitive organic ink according to the micro-
vasculature of ivy leaves.*® After casting epoxy matrices, the ink
could be removed at 80 °C under light vacuum, leaving
a microvascular fluidic network. Other reports were based on
traditional photolithography and soft lithography technologies
to produce an SU-8 master for further replication into gel*® or
PDMS.* Photomasks were created by depositing chromium
onto a leaf skeleton obtained by alkaline removal of the soft
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tissue,*® which was then used to transfer the microvascular
network onto a silicon wafer.

Here we introduce a simpler alternative approach where
microfluidic structures are directly replicated from plant leaves.
In contrast with other microfabrication techniques, this highly
economical approach only utilizes PDMS elastomer for micro-
chip fabrication and eliminates the reliance for costly reagents,
e.g., fugitive ink,*® photoresist,*® developer*®** and corrosive
chemicals.***® Furthermore, clean room facilities and micro-
fabrication equipment including inkjet printer,** mask
aligners,***° CNC milling,* or laser ablation are also waived here.
Because a natural leaf template is directly utilized for micro-
structural definition, herein truly 3D (varied microchannel height
all through the network) vascular structure is reproduced instead
of 2D (same microchannel height all through the network)
vascular structure as in previous reports.>*****° Unlike other “leaf
inspired” microfabrication techniques,®**° the surface topog-
raphy of the leaves is also replicated, resulting in complex
structured channel surfaces that may offer a much more realistic
microenvironment for Lab-on-a-Chip based cell assays.*™** We
anticipate this nature-inspired manufacturing methodology may
open new opportunities by leading microfluidic based micro-
vascular engineering towards more bio-realistic assays.

Experimental
Microchip fabrication

A schematic overview of the main steps in the use of plant leaves
as templates for soft lithography is schematically depicted in
Fig. 1. Leaves were removed from plants and rinsed under
running water for one minute, and gently wiped using labora-
tory paper and blow dried using a N,. On the same day, the leaf
was attached to single-sided tape (Tesa 57176-00 Tesapack
ultra-strong tr. 66 m: 50 mm wide) and then to a disposable
Petri dish (Mit 3 Nocken @ 90 mm, 391-0247) using double-
sided tape (Tesa double side tape 10 m: 15 mm wide). PDMS
(SYLGARD 184; Dow Corning, USA) was prepared by carefully
mixing the PDMS prepolymer and cross linker in a 20 : 1 ratio,
and degassed for 1 h in a vacuum desiccator to remove air
bubbles. When pouring the PDMS into the Petri dish containing
the leaf, any possible bubbles formed could automatically
disappear after few minutes. The PDMS was cured in an oven
(Binder, US PATS 4585923) at 45 °C for 24 h (Fig. 1f).

Next, the PDMS replica was cut using a box cutter and peeled
off the template. The template was again covered with PDMS to
protect it for further structure replication. An oxygen plasma
system (Diener electronic: 0010915) was used to activate the
surfaces of both PDMS replica and glass or PDMS substrates
before bonding. Finally, the assembled devices were placed in
the oven at 80 °C for two hours to increase bonding strength.
Images of leaves templates were taken using a consumer CCD
camera (Canon ED560D with macro-lens).

Pressure-driven flow

A 5 mL disposable syringe was utilized to fill the microfluidic
network. The syringe was filled with 2.5 mL of red ink
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Fig. 1 Schematic steps of the direct replication of microvascular
networks from natural leaves into a microfluidic PDMS device. The
natural leaf (a) attached to single-sided tape (b) is mounted onto
a Petridish (d) using double sided tape (c). The PDMS pre-polymer is
poured over the leaf and cured (e) before the PDMS replica is removed
(f). An enclosed microchannel is formed by sealing the PDMS replica
with a glass or PDMS substrate after oxygen plasma treatment (g). The
biomimetic chip is placed in an oven at 80 °C for 2 hours in order to
stabilize bonding strength (g).

(WATERMAN Fountain Pen Ink, Audacious Red S0110730)
before the piston was withdrawn to the 4.3 mL mark. A 2 mm
diameter inlet was punched in the PDMS replica of a leaf to
connect with the central vein and connected with silicone
tubing, sealed in place using uncured PDMS. A pipette tip
(1-200 pL, UltraFine™, graduiert, VWR International GmBH)
was used to connect the filled syringe with the microfluidic
network. The system was pressurized by pushing the piston
from the 4.3 mL mark to the 3.2 mL mark on the syringe, and
fixed in this position using a metal wire (Fig. S6, ESI 17).

Scanning electron microscopy (SEM)

For correlative SEM analysis of the positive leaf and the negative
PDMS replica, a FEI (Hilsboro, OR, USA) Quanta 400 FEG was
used. Samples were investigated in low vacuum mode (p =
100 Pa water vapor) at an accelerating voltage of 10 kV using the
secondary electron (large field) detector (30 um final lens
aperture size; spot size 3; pixel dwell time 30 ps, image size
1024 x 884 pixels).

Atomic force microscopy (AFM)

For AFM measurements 20 nm gold was sputtered on the PDMS
replica to eliminate charging during investigation. A Nano-
wizard 3 (JPK Instruments, Berlin, Germany) operating in
tapping mode was used to reveal the 3D structure of the repli-
cated leaf surface. AFM tips from NANOSENSORS (Neuchatel,
Switzerland), type PPP-NCLR were wused for height
measurements.

This journal is © The Royal Society of Chemistry 2016
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Elastic modulus (E-modulus) of PDMS templates

Varying the degree of crosslinking in the polymer network
allows tuning its mechanical properties in a wide range. To
estimate mechanical properties of PDMS produced with
different amount of crosslinking from the each of flat templates
a cylinder with a 3 mm diameter was cut for the subsequent
compression test performed under 25 °C with a TA DMA Q 800
instrument (TAINSTRUMENT, Eschborn, Germany).

Head-space gas chromatography mass spectrometry

(HS-GC-MS). To verify the chemical stability of the produced
PDMS templates HS-GC-MS analysis was performed. A gas
sample of 500 pL at 50, 70 and 100 °C from the headspace above
the sample (0.15 g) (5 min incubation time; agitator speed, 500
rpm; fill speed, 100 pL s~ '; injection speed, 500 uL s ') was
injected by a PAL auto sampler (CTC Analytics, Zwingen, Swit-
zerland) into the QP5050 (Shimadzu, Japan) GC-MS system. A
Phenomenex (Torrance, CA, USA) ZB-WAX-plus column (30 m x
0.25 mm; film thickness 0.25 pm) was utilized for separation.
An injection temperature of 200 °C (split ratio 1 : 35) was used,
with the temperature program kept at 50 °C for 1 min, then
raised to 200 °C at 20 K min " and held at the final temperature
250 °C for 5 min. The column inlet pressure was adjusted to
100 kPa, giving a flow rate of 1.7 mL min~". The transfer line to
the mass spectrometer and the source temperatures were 230 °C
and 200 °C, respectively. Electron ionization (70 eV) mass
spectra were recorded in the m/z range of 40-920.

Results and discussion
Leaf-inspired microfluidic devices

There is a large variation in the size, geometry and venation
between leaves from different plant species, and in this work,
leaves from Tilia platyphyllos, Prunus cerasifera, Viburnum davi-
dii, Prunus avium, Plantago lanceolate, Carpinus betulus, Fraxinus
excelsior, Glechoma hederacea, Acer pseudoplatanus and Aegopo-
dium podagraia were all successfully replicated in PDMS.

Examples of leaves and their replicates of a reticulate,
arcuate, parallel, pinnate and palmate venation are given in
Fig. 2a-j, with close-up images of the microvascular channels in
Fig. 2k-o0. More information about microchip fabrication from
other leaves is also added to Fig. S1 (ESI 1}). The widths of the
first ordered channels were measured to be 0.54 mm, 0.81 mm,
1.20 mm, 0.82 mm and 0.43 mm for Tilia platyphylios, Aegopo-
dium podagraia, Plantago lanceolate, Frangula alnus and Acer
pseudoplatanus leaves, respectively. Remarkably that, the 1%
ordered channel in Plantago lanceolate was 2.8 times wider than
in Acer pseudoplatanus. Across all species, the smallest veins
were around 8 um wide (Fig. S2, ESI 1}), much smaller than
previous reports.***® As the replicated vascular structures were
copied from the outside of the leaf, internal structures like the
phloem and xylem cannot be replicated by means of this
method. The vascular geometry and size distribution across the
bifurcating channels, however, was maintained as demon-
strated by the reduction in channel width moving down from
the first order or main vein as shown in Fig. 2k-o.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Diversity in shape and venation in plant leaves. (a—e) Photo-
graphs of the fresh leaves; (f—j) photographs of PDMS replicates and
(k—o0) close-ups of the first order vein of Tilia platyphyllos, Aegopodium
podagraia, Plantago lanceolate, Frangula alnus and Acer pseudopla-
tanus. Scale bar images (k—o) corresponds to 2.5 mm.

Optimization of crosslinker : monomer ratio

Initially, the soft lithography experiment was carried out using
the standard 1:10 crosslinker : monomer ratio, but the ob-
tained structures could not be sealed in a leakage-tight manner
to glass or PDMS substrates. This was hypothesized to be due to
the stiffness of the PDMS preventing the textured leaf replica
from sealing with the flat substrate. It is known that the stiff-
ness of PDMS can be reduced when the amount of initiator
reaches 1:20 ratio.*»* The soft lithography process was
repeated using PDMS mixed in 1:15, 1:20 and 1: 30 cross-
linker : monomer ratios. The templates obtained using over
1: 30 PDMS ratio were sticky to touch and left residues, indi-
cating that PDMS was not be fully cured even when extending
the curing time to days. For this reason PDMS template
synthesized with 1 :30 crosslinker : monomer ratio has been
eliminated from the further experiments. The 1:20 ratio
provided a PDMS template that was softer than the PDMS ob-
tained using the 1: 10 or 1 : 15 ratio (Table 1).

In addition, PDMS template mixed in 1:20 cross-
linker : monomer ratio was not sticky and did not leave resi-
dues. Moreover, it was important for microfluidic applications
because it enabled leakage-tight sealing to flat glass and
PDMS substrates.

Whilst a softer PDMS can also be obtained by partially curing
the PDMS in a shorter curing time, this is not recommended as
it increases the variability. Inspection of incompletely cured

Table 1 E-Modulus of PDMS templates with different amount of
crosslinking

Crosslinker : monomer ratios

1:10 (RSD, %)  1:15(RSD, %)  1:20 (RSD, %)

E-Modulus,
N mm >

1.1 (2.1%) 0.6 (0.8%) 0.1 (1.2%)

RSC Adv., 2016, 6, 22469-22475 | 22471
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structures by SEM (data are not shown) revealed a highly
heterogeneous replication, randomly distributed smooth areas
amongst highly structured regions.

Next, PDMS prepared in 1:10; 1: 15 and 1 : 20 ratios were
inspected by SEM (Fig. 3). The microscopic images showed that
structures obtained under 1 : 20 ratio PDMS have been repli-
cated in greater detail versus templates synthesized in 1 : 15 or
1:10 ratios. Sub-micron scale structures of Aegopodium poda-

graia leaf (Fig. 3d-f) showed the replication of the hair-like

appendages also known as trichomes.

Because both vascularit***® and surface topography®>°
can play important role for downstream applications, it was
considered to be important to not only preserve the vascu-
larity, but also the microscopic topography of the leaf. To
reveal the accuracy of the replicated templates (1 : 20 ratio),
a stoma of the back side of Tilia platyphyllos was chosen. As
shown in Fig. 4, the line structure next to the stoma can be
replicated with high accuracy down to a lateral size of 500
nm. A penetration depth of 90 pm was also found for Tilia

platyphyllos replica (Fig. 4d and h). In contrast to this, the

nanostructures inside the stoma unfortunately were not
replicated into the PDMS using this technique.

On the next step, AFM measurements revealed 3D structure
of the replicated leaf of Tilia platyphyllos on PDMS. The liner
structure next to the stoma was transformed into the PDMS up
to a height variation of several hundreds of nanometer (see
Fig. S3, ESI 1%}). For the depth of a hole of a stoma that was
replicated into the PDMS a height of more than 1 pm was found
(see Fig. S3, ESI 17).

Remarkably that produced PDMS replicates (1 : 20 ratio)
showed also an excellent chemical stability estimated by
HS-GC-MS versus pure PDMS matrix that maybe important in
the future for bio-applications (for more information see
Fig. S4, ESI 1;7 HS-GC-MS chromatograms showed for
pure PDMS matrix, natural Tilia platyphyllos leaf after contact
with PDMS and PDMS template after contact with a Tilia

platyphyllos respectively).

Fig. 3 SEM images of PDMS replica from Aegopodium podagraia leaf.
(a) PDMS elastomer prepared at 1:10. (b) 1: 15, and (c) at 1: 20 ini-
tiator : monomer ratios. (d) Image of micro-hole in (a). (e) Enlarged
image of micro-hole in (b). (f) Enlarged image of micro-hole in (c).
Purple arrows represent the position of microholes replicated from
trichomes. Scale bars (a)—(c) 100 um, (d)—(f) 10 um.
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Fig. 4 SEM images of Tilia platyphyllos leaf and corresponding PDMS
replica. (a)—-(d) image of Tilia platyphyllos leaf. (e)—(f) PDMS replica
from Tilia platyphyllos leaf with the same microvascular position in (a)—
(d). Scale bars (a), (b), (e) and (f) 10 um, (c) and (g) 5 um, (d) and (h) 100
pum.

Influence of the storage conditions of leaves templates on the
soft lithography efficiency

Having optimized the casting conditions using Aegopodium poda-
grai and Tilia platyphyllos (see above), the fidelity of replication and
structural diversity between plant species were studied using
Plantago lanceolate, Viburnum davidii, and Glechoma hederacea.
SEM images of the original leaves (Fig. 5a-c) confirmed the
diversity in surface morphology between the species. The SEM
images at low magnification revealed a variety of surface features.
Fig. 5d-i confirmed this diversity is transferred into the PDMS
replica, with biodiversity in both vascularity and surface topology
preserved using plant leaves directly as template in soft lithog-
raphy. The 800x images showed the stoma, the mouth-like
features used for gas exchange, was also replicated well into
PDMS. It is well known that cells culture in a more biologically
realistic manner on structures that are not smooth but structured.
Studies using the PDMS plant replicas in our laboratory have
confirmed a more in vivo-like migration pattern for human mela-
noma cells (in submission — LC-TIN-01-2016-000076).

Fig. 5 SEM images of PDMS replica (1:20) and real leaf. (a) Leaf-
template Viburnum davidii. (b) Leaf of Plantago lanceolate (c) Gle-
choma hederacea leaf. Scale bars in (a)—(f) 200 pm, (g)—(i) 50 um.

This journal is © The Royal Society of Chemistry 2016
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Whist the biodiversity between leaves provides a wide variety
of structures, this means the optimal leaf for a certain bioassay
may have to be identified experimentally. Additionally, the
precise size and geometry between leaves will vary, which may
introduce an unwanted variability between studies conducted
with PDMS replicates from different leaves.

To avoid this issue, and the seasonal dependence, the
longevity of the templates was investigated. Initially, fresh
leaves (processed on the same day they were picked) were used
as templates for replication in PDMS to avoid the structural
changes as the leaf dehydrates. The template was then again
covered with PDMS and stored for up to a year. The Tilia pla-
typhyllos template (Fig. 6a) has been replicated into PDMS for at
least thirty times over a one year period. The discoloration of the
leaves (Fig. 6d) indicates oxidative processes as well as the loss
of water through the permeable PDMS. When comparing ‘b’
and ‘e’, some shriveling and loss of microscale features can be
observed after a year storage, but a surprisingly high level of
detail of the microstructures is preserved, as indicated by the
SEM images of the stomata (Fig. 6f).

As aforementioned, low heated temperature of 45 °C was
required for the curing of PDMS on fresh leaf template to
preserve the microscopic structure. In the other case, the
template would change color from green to black and micro-
structures were found to have collapsed. Interestingly, it was
found that for aged templates stored over three months, the use
of higher temperatures like 70 °C or 80°C could be used for
curing PDMS without damaging the template. Whilst creating
a daughter template from the first PDMS replica, for example
NOA 63 resist,* will guarantee uniformity across the replicated
structures, the ability to store the templates over an extended
period of time adds to the versatility of the approach.
Longevity of the Carpinus betulus leaf template was also
investigated, indicating similar endurance results as Tilia

platyphyllos leaf (Fig. S5, ESI 17).

Fig. 6 Tilia platyphyllos leaf stored in PDMS for one year, utilized for
microfabrication of over thirty times during this period. (a) Photograph
of freshly prepared Tilia platyphyllos leaf. (b) PDMS replica from fresh
Tilia platyphyllos leaf showing microvascular structure. (c) Imprint of
stomata in PDMS replica from fresh Tilia platyphyllos leaf. (d) Photo-
graph of Tilia platyphyllos leaf after one year. (e) PDMS replica from 1
year old Tilia platyphyllos leaf showing microvascular structure (f) SEM
image of PDMS replica of stomata from one year old Tilia platyphyllos
leaf. Scale bars (b) and (e) 100 um, (c) and (f) 10 pm.
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Flow through vascular network

Water transport is one of the most important function of
natural leaves. Noticeably, such complicated process totally
depends on self-activated pumping with only one stiped inlet.
Inspired by this post, we innovated self-powered autonomous
flow inside biomimetic PDMS leaves without the need for access
holes other than the inlet, to visually reveal how autonomous
flow behaves inside leaves' microvasculature. Similar to real
leaves, herein fluidic filling into PDMS leaves was totally self-
activated, and thus, requiring very low energy**** consumption.

Assuming the air in the syringe behaves as an ideal gas,
Boyles law P,V; = P,V, can be used to predict the pressure***
applied at the inlet of the microvascular network by compress-
ing the air in the syringe to be approximately 2.6 atm (260 kPa).
This pressure can be used to fill the microfluidic network with
the ink, using the gas-permeability of PDMS to squeeze the air
out. Altogether three PDMS leaves (Fig. 7) were directly repli-
cated from natural leaves (Tilia platyphyllos, Aegopodium poda-
graia and Carpinus betulus) for flow studies, with significant
differences in their microvascular networks. The flow studies
were used to compare the hydrodynamic resistance of the 1**
and 2"%ordered channels branching off the main vein
(Fig. S6, ESI 11). Image analysis revealed the average flow rate
in the 1%-ordered microchannels and 2"%-ordered
microchannels were 0.08 mm s ' (n = 1) and 0.04 mm s
(STDV, n = 16) for Carpinus betulus, 0.16 mm s~ (STDV, n =
5) and 0.11 mm s~ (STDV, n = 7) for Aegopodium podagraia,
and 0.45 cm s~ (STDV, n = 5) and 0.22 cm s * (STDV, n =
10) for Tilia platyphyllios (Fig. S7, ESI 1}). Based on flow
analysis inside PDMS leaves, average flow rate through first-
ordered microchannels was 1.5-2.2 times faster than flow rate
in the second order channels (ESI 2, 31), ranging from Aegopo-
dium podagraia, Carpinus betulus and Tilia platyphylios leaves.
The higher flow rate in 1°* microchannel than 2™ ordered
microchannels, indicates geometrical microvascular configu-
ration in leaves obtained higher overall hydraulic conductivity
in first-ordered microchannels. The flow hierarchy used in plant
leaves to ensure equal distribution of nutrients was preserved in
the PDMS leaves with replicated fluidic structure.

Fig. 7 Hydrodynamic filling of PDMS leaves: (a)-(d) Carpinus betulus,
(e)—(h) Aegopodium podagraia, and (i)-(l) Tilia platyphyllos, images
were obtained at 2 min, 1 min, and 4 min intervals, respectively.

RSC Adv., 2016, 6, 22469-22475 | 22473
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Self-powered flow analogy inside PDMS leaf
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Fig. 8 Quantitative flow analogy inside PDMS leaf containing parallel networks replicated from Carpinus betulus, with flowing distance plotted

versus square root of time.

Total filling time of all three PDMS leaves was less than 10
minutes, indicating suitability for loading medium for static
cell culture. Accounting that both plant leaves and animal
circulatory systems are nature evolved microfluidic channels®
obeying Murray's law,” plant leaves may become attractive
templates to fabricate biomimetic microvascular devices for
further animal cell studies.

Further analysis of the flow rate in both the 1* microchannel
(no. 17) and 2" ordered microchannels (no. 2, 4, 6, 8, 10) of
PDMS leaf from Carpinus betulus (Fig. S8, ESI 17), also surpris-
ingly showed that the flow in leaf-inspired microvascular
channel obeys sorptivity rule,"** which is mostly found in
capillary absorption, and can be represented by the following
equation,

I1=5V1

where I is the cumulative flow amount, S is sorptivity constant,
and ¢ is time.

It's seen from Fig. 8, the flowing distance (amount) in both
the 1% microchannel and the 2™ ordered microchannels of
PDMS leaf from Carpinus betulus, were linearly correlate with
the square root of time, obeying sorptivity rule.

Conclusion

A simple method for the replication the venation pattern and
microscopic surface morphology — down to a lateral size of

22474 | RSC Adv., 2016, 6, 22469-22475

500 nm of plant leaves into PDMS is presented by directly using
the leaves as template. The method was applied to leaves from
over ten different species, covering the most common reticu-
late, arcuate, pinnate, parallel and palmate venation patterns.
The soft lithography process was optimised by reducing the
initiator to monomer ratio from 1 : 10 to 1 : 20 to make a softer
PDMS, which allows for a leakage-tight seal with a flat substrate
despite the surface topography. Using reversibly bound PDMS
on glass devices, no leakages were observed when filling the
microfluidic network with pressures up to 260 kPa. Evaluation
of the linear flow velocities in 1°° and 2" order microchannels
revealed the linear flow rate in the 2"¢ order channels was about
half of that in the 1% order structure, facilitating ordered filling
of the leaf. It's surprisingly found here that flow in both 1°‘ and
2" ordered microchannels of PDMS leaf from Carpinus betulus,
obeys sorptivity rule that's believed mainly applied to capillary
absorption in conventional views. We'll make a deeper study
on this discovery in our future work.

With a demonstrated ability to replicate from a wide variety
of vascular structures, this methodology provides access to
a variety of fluidic structures, with an even larger variety in
functionality provided by presence, location and structure of
micro- and nanometer scaled structures caused by structures
like stomata and trichomes. The surface of leaf-replicated
channels is not smooth and may be more bioequivalent than
lithographically fabricated structures, with preliminary studies
confirming a more in vivo-like migration pattern for human

This journal is © The Royal Society of Chemistry 2016
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melanoma cells. The variety in three dimensional vascularity
and inhomogeneous surfaces offered by this new, simple and
affordable approach for biomimetic microfabrication may
benefit many in vitro cell-based assays.
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1 Biodiversity

As shown in Fig. S1r ~ s, the large variety of natural microvascular networks can be transferred to PDMS microfluidic devices
with high fidelity. As shown in Fig. Slr, hair like trichomes feature like holes in the PDMS replicas. Fig. S1s, shows the
replication of wrinkles of 400 nm ~ 1.2 pm in width

Fig. S1 Diverse biomimetic microchips directly fabricated from various natural leaves. Examples of leaves and their replicates. (a) Leaf of
Carpinus betulus. (b) Leaf-template (Glechoma hederacea) immersed with PDMS inside Petridish. (c) Leaf-template (Viburnum davidii)
immersed with PDMS inside Petridish. d) Leaf of Prunus cerasifera. (¢) Leaf of Prunus avium. (f) Leaf-template (Prunus avium) attached to
single-side tape. (g) Simple Leaf of Aegopodium podagraia. (h) ~ (m) Nature inspired microchips fabricated from Carpinus betulus, Glechoma
hederacea, Viburnum davidii, Prunus cerasifera, Prunus avium and Fraxinus excelsior. (n) PDMS replica from Aegopodium podagraia leaf. (o) ~

(p) Enlarged microvascular image of biomimetic microchip replicated from Carpinus betulus and (Glechoma hederacea) leaf. (q) SEM image of
Aegopodium podagraia leaf. (r) ~ (s) SEM images of biomimetic PDMS mould (prepared at 1:20) replicated from Aegopodium podagraia leaf.
Scale bars in (0) ~ (s) are 0.25 cm, 0.25 cm, 200 pm, 100 um and 10 pm, respectively.

51



1

wN

2 Microchannel characterization

Fig. S2 Microvascular channel of PDMS leaf fabricated from Glechoma hederacea. Scale bars (a) - (f)
500 pm, (9) - (i) 50 pm.

As shown in Fig. S2, the smallest channel width from (a) ~ (f) was found to be 22.3 pm, 8.1 pm, 18.2 m, 8
pm, 9.7 pm and 9.2 pm, respectively.

As shown in Fig. S2g-i, the biomimetic microvascular channel has varied widths and heights, with micro-
scaled topography replicated from the leaves surface onto channel.
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3 AFM characterization
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Fig. S3 AFM topography characterization of PDMS leaf. (a) 3D profile of the central part of one stoma on
PDMS leaf replicated from Tilia platyphyllos, and corresponding line profiles of the stoma region (b). (c) 3D
profile of the peripheral part of one stoma on PDMS leaf replicated from Tilia platyphyllos, and corresponding
line profiles of the stoma region (d).
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8- SILANOL, TRIMETHYL,; 9-Dodecamethylpentasiloxane, 10-Ethylbenzene; 11-P-Xylene;
12-M-Xylene; 13 - 1-(2-Aminophenyl)ethanone oxime; 14- o-Xylene;

15- Dodecamethylcyclohexasiloxane.

Fig. S4 HS-GC-MS chromatograms of the pure PDMS matrix (red); natural Tilia leaf (blue) after contact with
PDMS; one-sided cut of PDMS matrix after contact with a natural Tilia leaf (black), obtained under 50 C
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5 Longevity endurance of leaf template

. A ) A8 Nty
Fig. S5 Carpinus betulus leaf stored in PDMS for one year, utilized for microfabrication of ov
Carpinus betulus leaf. (b) Microvascular channel in 1:20 PDMS replica from fresh Carpinus betulus leaf. (c) Enlarged image of stomata in 1:20
PDMS replica from fresh Carpinus betulus leaf. a) Real image of one year stored Carpinus betulus leaf. (b) Microvascular channel in 1:20 PDMS
replica from one year stored Carpinus betulus leaf. (c) Enlarged image of stomata in 1:20 PDMS replica from one year stored Carpinus betulus
leaf. Scale bars (b) and (e) 100 um, (c) and (f) 10 pm.

- L
er thirty times during this period. (a) Real image of
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6 Self-powered hydraulic flow through microvascular networks of PDMS leaves
We confirmed the pressure applied using the syringe indeed forced the air out of the channels to replace this volume
with liquid by visualising the air as bubbles on the PDMS surface when the device was pressurised in a water bath.

Artificial leaf

Fig. S6 The filling of the microvascular networks of PDMS replicates using only an inlet channel. (a) The artificial leaf with reticulate networks.
(b) The artificial leaf with parallel networks. (c) The artificial leaf with intensive reticular characteristic networks. The scale bar in (a), (b) and (c)
are 3cm.

As shown in Fig. S7, through real-time monitoring of the hydraulic flow inside the microvascular networks, we could evaluate
veinal dynamic conductance of biomimetic microvasculature in real time, covering all bifurcating channels ranging from highest
order to lowest order. Electronic supplementary information (see ESI 2, ESI 3) is also provided to visually display self-powered
flow inside biomimetic microvasculature with complex architectures.
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Fig. S7 Nature inspired biomimetic Microchips with whole ordered micronetwork replicated from Tilia platyphyllos, Aegopodium podagraia and
Carpinus betulus, for self-powered flow analogy. (a) ~ (f) Self-powered flow analogy inside PDMS leaf containing parallel networks replicated
from Carpinus betulus, with a time interval of 2 mins. (g) ~ (I) Self-powered flow analogy inside PDMS leaf replicated from Aegopodium
podagraia, with a time interval of 1 min. (m) ~ (t) Self-powered flow analogy inside PDMS leaf replicated from Tilia platyphyllos, with a time
interval of 2 mins.

The first PDMS leaf from Carpinus betulus (Fig. S7a~f) had 2-order microvascular bifurcating structures, with one 4.7 cm long
first-ordered microchannel (No. 17 in Fig. S7f) in leaf’s center and sixteen parallel second-ordered micochannels (No. 1 ~ 16 in
Fig. S7f) extending from the central microchannel. As shown in Fig. S7f, the length of second ordered channel varied from 1.7 cm
(No. 5, 6) to 0.3 cm (No. 15, 16), with average length of second-ordered microchannels of 1.2 cm. Based in real-time monitor of
flow, we found the duration time in first-ordered microchannel was around 628 seconds, while the duration time in second-
ordered microchannels gradually decreased from 470 seconds (No. 1, 2) to 110 seconds (No. 15, 16). Correspondingly, the
average flowing rate in first-ordered microchannel and second-ordered microchannel were calculated to be 0.00357 cm/sec and
0.00745 cm/sec, respectively. So the flow rate of first-ordered microchannel was 2.08 times of the average rage in second-ordered
microchannels.

The second PDMS leaf fabricated from Aegopodium podagraia (Fig. S7h~m) had 2-order microvascular bifurcating structures.
But different from the first PDMS leaf, the second PDMS leaf had five first-ordered microchannels extending from the inlet (No.
1, 2, 4,5, 12 in Fig. S7I) and various second-ordered microchannels (No. 3, 6 ~ 11 in Fig. S7I). Noticeably, the first-ordered
microchannel in the center of PDMS leaf (No. 12) was 4.3 cm in length, much longer than another four first-ordered
microchannels (No. 1, 2, 4, 5) with average length of 2.5 cm. The duration in first-ordered microchannels (No. 1, 2, 4, 5, 12) were
150 sec, 130 sec, 210 sec, 140 sec, and 275 sec, respectively, with corresponding flow rate calculated to be 0.0153 cm/sec, 0.0161
cm/sec, 0.0148 cm/sec, 0.0164 cm/sec and 0.0156 cm/sec, respectively. For the second-ordered microchannels, average flow rate
were calculated to be 0.0109 cm/sec. So average flow rate in first-ordered microchannel is around 1.43 times of that in second
ordered microchannels.

The third PDMS leaf fabricated from Tilia platyphyllos (Fig. STm~t) had 3-order microvascular bifurcating structures. Herein we
calculated the flowing performance in five first-ordered microchannels (No. 1, 2, 5, 6, 15 in Fig. S7t) and ten second-ordered
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microchannels (No. 3~4, 7~14 in Fig. S7t). The first-ordered microchannel in the center of PDMS leaf (No. 15) was 4.2 cm in
length, while other first-ordered microchannels (No. 1, 2, 5, 6) had average length of 2.55 cm. The average flow rate in all first-
ordered microchannels (No. 1, 2, 5, 6, 15) were calculated to be 0.0447 cm/sec; and the average flow rate in second-ordered
microchannels (No. 3~4, 7~14 in Fig. S7t) were calculated to be 0.0222 cm/sec. So average flow rate in first-ordered
microchannels was 2.17 times of second ordered microchannels.

a5 Self-powered flow analogy inside PDMS leaf from Carpinus betulus

w
n

w

g
wn

N
L}

=
wn

Flowing distance (cm)

e :

=
5
+

\

o
wn

0 50 100 150 200 250 300 350 400
Time (Sec)

Fig. S8 Quantitative self-powered flow analogy inside PDMS leaf containing parallel networks replicated from Carpinus betulus. The flowing
distance is plotted versus time, with a time interval of 20 secs.
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3.4 Wu et al. (2015)
Wenming Wou, Kieu The Loan Trinh, Yu Zhang and Nae Yoon Lee, “Portable plastic
syringe as a self-actuated pump for long-distance uniform delivery of liquid inside a
microchannel and its application for flow-through polymerase chain reaction on

chip”, RSC Adv., 2015, 5, 12071-12077. (SCl indexed, IF = 3.840) (First author)
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This work affirms diffusion pump as an efficient approach in uniform liquid delivery
for long-distance PMMA microchannel.

A self-activated micropump, which can stably transport a limited amount of sample
plug over long distance, has become the aim of researchers during last several
decades. Nevertheless, various challenges are presented in realizing this aim. Here,
| introduce a self-activated micropump, which for the first time, can
homogeneously transport fluidic over long distance without consuming any power.
When traditional micropumps are utilized for microfluidic transportation under

high temperature, e.g., 95°C which is close to the boiling point of water, large
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amounts of vapor bubbles may form inside the microdevice and thus impend the
flow stability. In contrast, this micropump can efficiently suppress vapor bubbles
even if under such high temperature condition. Laborious fabrication steps or
complicated integrated components are inevitably associated with most previous
developed micropumps. Herein, without any fabrications steps or complicated
integrated components, only one small piece of silicone tube is required to
functionalize such self-activated micropump. The reliability of this self-activated
micropump was confirmed by its efficient performance in handling flow-through
polymerase chain reaction (PCR) for both a 230-bp plasmid vector obtained from E.
coli and a D1S80 locus obtained from a human genomic, requiring homogeneous

flow to ensure the DNA amplification result.

Since the actuation mechanism of this stable and self-activated micropump is
virtually based in air penetration from inside the pressurized fluidic conduit (the
outlet tube) to outside atmospheric environment, how the length of the outlet
tube determine the flow rate should be analysed. Besides, the quantitative
relationship between other parameters (e.g., the height, the width and the length

of the micro channel) and the flow rate also requires to be clarified.

To optimize the control parameters of this new self-activated micropump, a series
of experiments are performed to ascertain the specialized flow rate under above
parameters (Fig.4, article 4). A 25 mL disposable syringe is used for all flowing
experiments, and each experiment was performed in triplicate and averaged. All
flowing experiments are done at an initial internal of 2 atm. Initial internal pressure
was adjusted to this pressure by pushing the piston from 25 to 12.5 mL of the
syringe graduation. In this way, the air captured inside the fluidic conduit was
compressed to maintain the specific internal pressure, which is about double

atmospheric pressure.
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Portable plastic syringe as a self-actuated pump for
long-distance uniform delivery of liquid inside a
microchannel and its application for flow-through
polymerase chain reaction on chipt

Wenming Wu,1§? Kieu The Loan Trinh,§ Yu Zhang® and Nae Yoon Lee*@®

A portable plastic syringe was used as a self-actuated pump for uniform delivery of liquid inside a
microchannel over a distance of more than 2 meters at a controllable flow rate and without utilizing
external electrical power and bulky pumping apparatus. The reliability of the plastic syringe as a potential
self-actuator was investigated by performing a flow-through polymerase chain reaction (PCR) on a
microdevice fabricated using poly(methylmethacrylate) (PMMA). Liquid flowed at a uniform rate inside
the PMMA microchannel in a highly controllable manner even under high-temperature conditions and
without the generation of bubbles, and the flow rate was readily adjusted as necessary by varying the
operation parameters such as the length of the outlet silicone tube, channel dimension, and initial
syringe pressure. A 230 bp plasmid vector obtained from E. coli and a D1S80 locus obtained from a
human genomic DNA were successfully amplified on a PMMA microdevice equipped with the disposable

www.rsc.org/advances

Introduction

Due to its crucial role in transporting liquid, the micropump
has been recognized as one of the most important ingredients
of micro Total Analysis Systems (LTAS), and thus, has been the
hot issue of wide research interests. In the 1980s, Lintel et al.*
and Smits®> developed the first genuine MEMS micropumps
actuating fluid on the microscale utilizing piezoelectrics.
During the last 20 years, over ten mechanisms have been
introduced to structure diverse pumping systems appropriate
for uTAS, such as the peristaltic micropump,® thermo-
pneumatic micropump,* magnetic micropump,® and electro-
hydrodynamic micropump.® Despite numerous achievements
in the development of micropumps,” the majority of such
devices that have been developed so far require external power
for operation.*** Besides, complex fabrication steps or opera-
tion processes are always inevitable when using such afore-
mentioned pumps. These disadvantages hinder
miniaturization, which is one of the key issues in uTAS.
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plastic syringe as a self-actuated micropump.

In order to circumvent above problems, some self-actuated
micropumps have been developed, dispensing with any
external power. Among these self-actuated micropumps, capil-
lary micropump is one typical representative and simplest
format, utilizing capillary force to spontaneously transport
small amount of liquid.** The surface tension resulting from
solid-liquid, liquid-gas, and solid-gas interactions, produces
an equilibrium contact angle in the anterior and posterior ends
of liquid plug inside a microchannel, and governs the self-
actuation of sample liquid inside the microchannel. Flow
velocity of capillary micropump is reduced non-linearly, as the
strength of capillary forces per sample volume decreases
dramatically, as more and more sample flows into the micro-
channel. Also, the inner surface of the microchannel should be
hydrophilic. Besides the capillary micropump, vacuum pump
was also introduced by Dimov et al. to realize a self-powered
integrated device for blood assay, where a high air perme-
ability of the microdevice was the critical element."> After
placing poly(dimethylsiloxane) (PDMS) chip into a vacuum
chamber, the air molecules inside the chip permeated through
porous PDMS, which resulted in relatively lower pressure at the
anterior end of the sample, forming an actuation force toward
the outlet. A vacuum chamber and a permeable microdevice are
the two preconditions in realizing such pump.

Recently, a wicking flow has also become a hot issue due to
its dramatic property in spontaneous transportation of liquid
through a microchannel.’**® The mechanism of wicking
micropump virtually relies on capillary flow, but the platforms

RSC Adv., 2015, 5, 12071-12077 | 12071
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utilized here are mainly paper or textiles, instead of silicon or
glass as in capillary micropumps. In addition to aforemen-
tioned self-actuated micropumps, Qin et al. also introduced a
hydrolytic-powered pump, which can catalytically decompose
H,0, into oxygen for creating a pressure gradient which induces
sample injection.” Even if self-actuated micropumps obtain
more noticeable advantages than those which utilize external
power, all of these encounter the bottleneck in providing
homogeneous flow over a long distance such as several
meters.”** Besides, it is also difficult for previously developed
self-actuated micropumps to stably transport liquid under
harsh microenvironment®™° such as high temperature condi-
tion. These defects restricted the application of self-actuated
micropumps in many areas, i.e., continuous-flow PCR, which
always requires a microchannel as long as several meters**>
and a temperature as high as 95 °C.

To solve the above-mentioned problems, here a new self-
actuated micropump is introduced, which can maintain
homogeneous liquid flow over a long distance. The introduced
self-actuated micropump not only can stably work at room
temperature, but is also reliable under high temperature.
Furthermore, not many fabrication steps are involved here. By
connecting one small piece of silicone tube to the outlet of a
gas-impermeable poly(methylmethacrylate) (PMMA) micro-
device and clamping it to realize a blunted end, homogeneous
transportation of fluid can be realized using a disposable
syringe, connected to the inlet via another short segment of a
silicone tube with negligible gas permeability. Using the
microdevice, a pGEM-3Zf(+) plasmid vector obtained from DH5-
a E. coli and D1S80 locus obtained from a human genomic DNA,
were successfully amplified inside a PMMA microdevice.

Principle

Fig. 1 shows a schematic illustration revealing the actuation
mechanism of two different self-actuated micropumps. Both of
the mechanisms were based on air permeability from the fluidic
conduit to the atmosphere. In our previous studies,”"** we have
introduced a concept for a self-actuated micropump for deliv-
ering sample plug inside a microchannel. However, flow
velocity gradually decreased with time. In contrast, the self-
actuated micropump introduced here can deliver sample plug
with homogenous flow velocity inside a very long microchannel
reaching over 2 meters. For actuation, a disposable syringe is
connected to the inlet of a gas-impermeable PMMA micro-
channel. Besides, a permeable silicone tube is connected to the
outlet of the fluidic conduit and blunt-ended by using a
commercial clamp. As shown in Fig. 1a, P, and P, represent the
air pressures in the posterior and anterior ends of the sample
plug, respectively, while P, represents the pressure gradient
imposed on the sample plug which can be expressed as the
following equation.

P, =P, — P,
Since the pressure of the compressed air captured inside the

closed fluidic conduit is higher than the atmospheric pressure,
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Fig. 1 (a and b) Schematic illustrations demonstrating a new concept

for self-actuated pump realizing homogeneous sample flow inside a
PMMA microchannel, and comparison with (c) previous study. (d) A
schematic graph demonstrating a constant pressure gradient formed
by the pressure difference in the inlet and the outlet of the fluidic
conduit in this study. (e) A schematic graph demonstrating a gradual
reduction in the pressure gradient formed by the pressure difference in
the inlet and outlet of the fluidic conduit in our previous study. (f and g)
Schematic graphs comparing the sample residence time inside
serpentine microchannels in (f) this study and (g) previous study.

air molecules tend to diffuse from inside the microchannel to
the atmosphere. The inlet tube, the PMMA microdevice, and the
disposable syringe used here, can all be considered as gas-
impermeable, as compared to outlet silicone tube, which is
gas-permeable. For this reason, the gas permeability in the
posterior end of the sample can be considered negligible, and
the air molecules can be rendered to diffuse from the fluidic
conduit to the atmosphere only through the outlet silicone tube.

The ideal gas law represented as follows, can be used to
calculate the relationship among the pressure (P), the volume
(v), and the number of moles of the air molecules (n), where T is
the Kelvin temperature and R is the gas constant.

PV =nRT

Before the sample plug is introduced into the microdevice,
air pressure throughout the entire fluidic conduit is the same,
represented by P, = P,. After the sample plug is introduced from
the inlet tube by disposable syringe, the sample plug separates
the fluidic conduit into two parts, that is, the gas-permeable
part at the anterior end and the gas-impermeable part at the
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posterior end of the sample plug, resulting in varying gas
permeability at both ends of the sample plug. The gas diffusion
in the anterior end of sample causes a pressure drop in P,. Since
there is negligible gas diffusion in the posterior end of the
sample, P, can be considered constant. As a result, a homoge-
neous pressure gradient (P,) is imposed on the sample plug,
and this propels the sample toward the outlet with identical
flow velocity (Fig. 1b, d and f), whereas in our previous
studies,*** air diffusion occurred all throughout the entire
fluidic conduit (Fig. 1c, e and g).

If the inner and outer radii of the outlet silicone tube are r;
and r,, respectively, the following equation can be derived,

DA,,

G, =
Z

(CAia - CAO)

where G, is diffusion flux, D is effective diffusion coefficient,
Caia is the concentration of the inner air molecules at the
anterior end of the sample plug, C,, is the concentration of air
molecules in the outside atmosphere, Z is the diffusion length,
and A,, is the average diffusion area. The average diffusion area,
A,y, can be calculated by the following equation, where L is the
total length of the outlet silicone tube.

_2nL(r, — 1y)

rO

In —

T

Aav

The diffusion length, Z, can be calculated by the following
equation.

N
I

Fo — I

So the relationship between the diffusion rate of the air
molecules, G,, and the parameters of outlet tube can be
expressed as follows,

2wLD
Ga = : o (CAia - CAO)

T

which can be converted to the following pressure-based
equation.

2wlD
Ga = 71'0(Pa 7Patm)

From the above equations, we can estimate that the diffusion
flux increases as the length or inner diameter of the outlet
silicone tube increases. Also, as the inner pressure at the ante-
rior end of sample plug increases, the diffusion flux also
increases accordingly.

The self-actuation mechanism introduced in this study is
totally different from our previous studies.>*> In our previous
works, the air molecules freely diffused from both at the ante-
rior and posterior ends of the sample plug. As the sample plug
progresses forward inside the microchannel, the diffusion area
at the posterior end tends to increase. Meanwhile, the diffusion

This journal is © The Royal Society of Chemistry 2015

RSC Advances

area at the anterior end tends to decrease. As a result, the
pressure gradient imposed on the sample plug caused by the
non-homogeneous diffusion between the anterior and posterior
ends of the sample plug tends to decrease, resulting in a gradual
decrease in the overall sample flow. In contrast, since air
diffuses only through the outlet silicone tube while the areas of
gas diffusion at the anterior and posterior ends of the sample
plug - A,, and 0 - are kept constant, the introduced self-
actuation mechanism can maintain homogeneous liquid flow.
In other words, the air diffusion in the outlet silicone tube is the
only driving force for sample movement. In addition, imper-
meability of air at the posterior end of the sample plug and its
extremely large volume kept inside the syringe makes the
pressure at the posterior end nearly constant, not much
decreased as compared to the initial pressure of the compressed
air inside the syringe, throughout the sample transport toward
the outlet.

In our previous work,* we have proven that the velocity of
sample plug flowing through the microchannel with rectan-
gular cross-section, is proportional to the pressure gradient (Py)
imposed on the sample plug. But in the new concept of self-
actuation, since P, is constant, the flow velocity is only deter-
mined by P,. For a simpler model of the new self-actuation
mechanism, the following equation can be derived,

2rwlLD
RTIn 2

T

QazGa: (Pa_Patm):ﬂHch

where Q, is a fluidic flux, ¥ is the velocity of sample liquid, H. is
the height of the microchannel, and W, is the width of the
microchannel. Based on the above derived equation, we can
predict that the flow velocity increases as the permeability (D),
length (L), and inner diameter (7;) of the outlet silicone tube as
well as the inner pressure of the microchannel increases.
Besides, if the outer diameter (7,,) of the outlet silicone tube or
the width (W,) and height (H.) of the microchannel increases,
the flow rate will decrease, since the flow rate is inversely
proportional to the channel height and width under the same
fluidic flux. Simply changing the length of the microchannel
does not pose any significant effects on the flow rate since no
parameter exist representing the length of the microchannel in
the above equation. To summarize, considering that a gradual
reduction in the pressure gradient was caused by the air diffu-
sion both through the anterior and posterior ends of the sample
plug in different ratio, this issue is resolved and homogeneous
liquid flow was maintained simply by allowing air diffusion only
through the outlet silicone tube, in this study.

Methods

Fabrication of microdevice

Fig. 2 shows the overall schematic for microdevice fabrication. A
serpentine microchannel 200 pm wide and 50 pm deep was
fabricated on one PMMA substrate (40 x 40 x 2 mm) using a
computer numerical control (CNC) milling machine (Fig. 2a
and b). After the inlet and outlet ports were punctured on
another flat PMMA substrate using a drilling machine, the two
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(a) CNC milling machine

(b) Serpentine
microchannel

(d) Inlet

Thermal
bonding

Outlet

Fig. 2 (a) Fabrication of a serpentine microchannel on PMMA using a
CNC milling machine. (b) Serpentine microchannel engraved on one
PMMA substrate. (c) Punching inlet and outlet ports on a flat PMMA
substrate, followed by thermal bonding. (d) Insertion of silicone tubes
into the inlet and outlet ports.

PMMA substrates were thermally bonded at approximately
105 °C (Fig. 2c).*® Finally, thick-walled silicone tube (i.d.
0.2 mm, o.d. 2 mm) was inserted into the inlet port and thin-
walled silicone tube (i.d. 1 mm, o.d. 2 mm) was inserted into
the outlet port, and then were glued using PDMS prepolymer
(Fig. 2d). By this means, a PMMA microdevice with serpentine
channels equivalent to 25 thermal cycles was fabricated. The
total length of the microchannel was 1.25 m, which corre-
sponded to approximately 5 cm per cycle.

Procedures for self-actuated liquid flow

Fig. 3 illustrates the procedures for preparing an air-filled
syringe and connecting it to the PMMA microdevice for self-
actuation of ink solution. First, a red ink, which was used in
place of a sample liquid, was sucked into the disposable

s.\..\.\ A \
a

—

A
\ -
© @
! \K’.\ AN g
\“\"

Fig. 3 Procedures demonstrating self-actuated sample injection. (a)
The red ink was sucked into the bottom corner of the syringe and the
outlet silicone tube was made air-tight. (b) The syringe was connected
to the inlet silicone tube. (c) The air inside the syringe was compressed.
(d) The ink flow through the PMMA microchannel was actuated by
large volume of compressed air in the syringe.
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syringe. As shown in the inset in Fig. 3a, the ink was initially
confined at the corner of the syringe. The viscosity of red ink
solution at 25 °C is 9.89 x 10~ * Pa s, which was relatively close
to that of the water at 25 °C (8.9 x 10~ * Pa s).2° Prior to con-
necting syringe to the microdevice, the outlet silicone tube was
clamped by a clip (Fig. 3a). Second, the syringe piston was
pulled up to a certain graduation and then connected to the
inlet silicone tube (Fig. 3b). In this stage, the ink is still
confined at the corner of the syringe as shown in the inset in
Fig. 3b. Third, the piston was pushed down to a certain grad-
uation to compress the air inside the syringe, and then tied
(Fig. 3¢c). In this stage, the ink is still confined at the corner of
the syringe as shown in the inset in Fig. 3c. Now, the ink is
deliberately moved to the tip of the syringe and entered into
the fluidic conduit, physically segregating the two ends.
Because only the silicone tube inserted into the outlet port was
gas-permeable (plastic syringe, PMMA microdevice, and thick-
walled silicone tube were considered gas-impermeable), air
molecules diffused to the atmosphere exclusively through the
outlet silicone tube, resulting in the propulsion of the sample
toward the outlet of the microchannel. Fig. 3d shows a spon-
taneous ink flow inside the microchannel actuated by the
syringe filled with large volume of compressed air.

Evaluation of self-actuated liquid flow

A 20 mL syringe was used in evaluating a series of flows, and
each experiment was performed three times for reproducibility.
All the flow tests were conducted using an initial internal
pressure of approximately 2 atm. This was achieved by pushing
the piston from the initial graduation of 20 to 10. First, the flow
phenomenon was analyzed by varying the length of the outlet
silicone tube. The graph in Fig. 4a shows the time-dependent
flow rate changes when the length of the outlet silicone tube
was varied. As shown in Fig. 4a, the flow rate increased with
increasing length of the outlet silicone tube, resulting in shorter
residence time for each cycle, and vice versa. For example, when
the lengths of the outlet silicone tubes were 3, 2, and 1 cm, the
total running times were 21, 31, and 50 min, respectively, which
corresponded to an average residence times of approximately
49, 72, and 119 s per cycle, respectively. The use of longer outlet
silicone tube resulted in faster ink flow inside the PMMA
microchannel due to faster air diffusion through the gas-
permeable silicone tube in the outlet. From these results, we
could conclude that the flow rate of sample could be controlled
by adjusting the length of the outlet silicone tube.

Second, the flow phenomenon was analyzed by varying the
depth of the PMMA microchannel. The graph in Fig. 4b shows
the time-dependent flow rate changes when the depths of the
microchannel were varied at 20, 50, and 100 um, respectively.
The width of the microchannel and the length of the outlet
silicone tube were fixed at 200 um and 3 cm, respectively. As
shown in Fig. 4b, the flow rate increased with reducing depth of
the PMMA microchannel, resulting in a shorter residence time
for each cycle, and vice versa. For example, when the depths of
the microchannels were 20, 50, and 100 um, the total running
times were 12, 21, and 27 min, respectively, resulting in average
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Fig. 4 Effects of (a) length of the outlet silicone tube, (b) depth of the
PMMA microchannel, and (c) total length of the PMMA microchannel
(cycle number) on the speed and uniformity of the sample flow.
Photos in (a) show relative positions of ink plug inside the serpentine
microchannel at certain cycle numbers when the length of the outlet
silicone tube was 3 cm.

residence times of 28, 49, and 63 s, respectively. This was
because, if the flow rates were identical for all three channels,
the flow flux would be proportional to the channel depth, and
the pressure gradient would be lower for a deeper channel, and
vice versa. For this reason, the flow rate decreased with
increasing channel depth, resulting in a longer residence time
for each successive thermal cycle.

Third, the flow phenomenon was analyzed by varying the
total length of the microchannel; that is, by varying the number
of the serpentines, which is equivalent to the number of the
thermal cycles. The width and depth of the microchannel were
200 and 80 um, respectively, and the length of the outlet silicone
tube was fixed at 3 cm. For total channel lengths of 1.25 m (25
cycles), 2.25 m (45 cycles), and 2.75 m (55 cycles), the total
running times were 21, 37, and 49 min, respectively. However,
the corresponding average residence times were approximately
49, 48, and 53 s, respectively. That is, the average residence
times were almost identical regardless of the total length of the
microchannel or the cycle number. This is probably because the
PMMA microchannel itself is not gas-permeable, and the speed
which determines the flow of the ink is the pressure gradient
formed by the pressure difference in the anterior and the
posterior ends of the ink, which in this case, was identical
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regardless of the total length of the microchannel. This was also
the case with Fig. 4b, in that although different channel volume
due to different channel depth resulted in different speed in the
flow, the flow was seemingly uniform with slight fluctuations
throughout the entire flow regardless of the depth of the
microchannel.

Based on these results, we could rationally conclude that,
among the three investigated parameters, the length of the
outlet silicone tube was the most critical factor that affected the
uniformity of liquid flow, presumably because of the gas
permeability of the outlet silicone tube, which is the main cause
for pressure gradient formation. These results match well with
the hypothesis raised in the “Principle” section. Once a desired
flow rate is established by finding the optimum length of the
outlet silicone tube, the speed of the flow could further be fine-
tuned by varying the depth of the microchannel. The number of
the serpentines did not seem to affect the speed of flow signif-
icantly, which is very desirable because the required cycle
number is likely to change depending on the size of the target to
be amplified, and therefore, this factor can be neglected when
finding the optimum flow rate. To summarize, the use of gas-
permeable silicone tube in the outlet port triggered the flow
of the liquid by forming pressure gradient between the anterior
and posterior ends of the liquid plug, while the low permeability
of PMMA microchannel aided in the maintenance of uniform
flow rate over a long distance. A 32-fold fast-mode movie clip
demonstrating almost constant ink flow inside a serpentine
PMMA microchannel is presented as Movie S1 in the ESL

Polymerase chain reaction on a microdevice

Based on the above flow analyses, we performed a flow-through
PCR using a PMMA microdevice. The PMMA microdevice was
connected to a portable syringe and then placed on two heat

———

e

(d)

500 bp

100 bp

100 bp

Fig.5 (a) Experimental setup for performing the flow-through PCR on
a PMMA microdevice equipped with a portable syringe. (b) Tempera-
ture measurement. (c) Amplification of the 230 bp gene fragment
obtained from the pGEM-3Zf(+) plasmid vector. (d) Amplification of
the D1S80 locus (369-801 bp) obtained from human genomic DNA.
For both gel images, lanes 1 and 2 are results obtained using thermal
cycler and PMMA microdevice, respectively. Lane M is a 100 bp DNA
size marker.
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blocks (Fig. 5a). The surface temperature of the PMMA substrate
was measured using an infrared (IR) camera (FLIR Thermovi-
sion A320) (Fig. 5b). E. coli containing the pGEM-3Zf(+) plasmid
vector, and a human genomic DNA (Roche) were used as the
DNA templates for performing a two-temperature PCR.>” The
denaturation temperature was adjusted to 95 + 0.5 °C, and the
annealing/extension temperatures were adjusted to 68 £ 0.2 °C
for the pGEM-3Zf(+) plasmid vector and 63 + 0.1 °C for the
human genomic DNA. The primer sequences for amplifying a
230 bp gene fragment of the pGEM-3Zf(+) plasmid vector were
5’-CCG GCG AAC GTG GCG AGA AAG GAA GGG AAG AAA GC-3/
(forward) and 5'-TCG CCT TGC AGC ACA TCC CCC TTT CGC
CAG C-3' (reverse). The primer sequences for amplifying the
D1S80 locus?***® in human genomic DNA were 5'-GAA ACT GGC
CTC CAA ACA CTG CCC GCC G-3' (forward) and 5-GTC TTG
TTG GAG ATG CAC GTG CCC CTT GC-3' (reverse).

The PCR reagent contained a 5 x green-colored buffer, 0.2
mM dNTPs mixture, 1 mg mL~" BSA, 1 uM forward and reverse
primers, and 0.075 U uL~" Taq polymerase. The commercially
available human genomic DNA (200 ng pL ™) was diluted to
achieve a concentration of 5 ng uL " in the PCR reagent, and the
cultured E. coli solution was directly used to amplify the target
gene (~230 bp) in the pGEM-3Zf(+) plasmid vector. Briefly, 0.5
uL of the E. coli culture solution was centrifuged at 14 000 rpm
for 10 min and the supernatant was discarded. The precipitate
was then resuspended in 0.5 pL of distilled water. In Fig. 5¢ and
d, the results of DNA amplification performed using the PMMA
microdevice actuated by a portable syringe were compared with
those obtained using a thermal cycler. In both cases, 25 cycles
were used for the amplification, and the total running times
were less than 30 min when using the microdevice. Lanes 1 and
2 in Fig. 5c show the 230 bp gene fragments obtained when
using the thermal cycler and the PMMA microdevice, respec-
tively. The intensity of the target amplicon obtained using the
microdevice was approximately 97.2% of that obtained using
the thermal cycler, based on an analysis conducted using the
Image J software. Lanes 1 and 2 in Fig. 5d show the D1S80 loci
amplified using the thermal cycler and the PMMA microdevice,
respectively. For a target with size of approximately 500 bp, the
intensity of the amplicon obtained using the microdevice was
approximately 71.7% of that obtained using the thermal cycler.
The sizes of the D1S80 locus, which is used for individual
identification in forensic science, ranged between 369 and
801 bp.***" In both cases, the target bands were successfully
amplified using the PMMA microdevice with comparable
intensities to those obtained using the thermal cycler. Owing to
the high internal pressure maintained inside the microchannel
throughout the sample flow, bubble generation was spontane-
ously suppressed during the heated operation.

Conclusion

In this study, we presented an innovative technology for the
reliable and uniform flow of a liquid inside a microchannel over
2 m long under freely adjustable operation conditions using a
portable plastic syringe. The use of a bulky mechanical pump
requiring external electrical power supply was completely
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replaced by simple hands-on operation, which was sufficient to
produce a driving force for transporting the liquid for per-
forming a flow-through PCR on a microdevice. The high pres-
sure generated inside the microchannel successfully resisted
bubble formation even under the heated condition, and sample
loss was prevented owing to the intrinsic low-gas-permeability
of the PMMA. Using this system, two major issues associated
when performing a flow-through PCR on chip, such as bubble
formation and sample loss, was resolved. The introduced
strategy can be widely applicable as a convenient tool, free of
electrical input and bulky pumping apparatus such as syringe
pump, in various fields of research where stable sample pro-
pulsion is required, such as when performing flow-through PCR
directly on-site inside a simple serpentine microchannel,
greatly enhancing fabrication easiness and device portability.
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This work affirms diffusion pump as an efficient approach in self-activated &
inhomogeneous liquid delivery for long-distance microchannel of 3D helical
microreactor, while syringe pump as an efficient approach in homogeneous liquid

delivery for long-distance microchannel of 3D helical microreactor.

Here, | develop the most simple and portable micro reactor until today, for
continuous Polymerase Chain Reaction. The fabrication method, fabrication
material and device structure are new trial in structuring microfluidic system. This
reactor needs only one heater to realize the complicated reacting conditions in
Polymerase Chain Reaction, which is the most important reaction is modern science.
This system greatly simplifies the temperature control by utilizing a single heater,

and therefore, downsizing the overall size of the device. Target amplicons are
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successfully amplified simultaneously with high reproducibility, confirming stable
sample injection performance and reliable temperature control inside the
microdevice. The proposed schemes could enhance the way for device

miniaturization, process simplification, and a significantly reduced cost.

Two kinds of strong pumping are tested in microfabricated 3D spiral device. Oneis
directly through the usage of syringe pump, which can provide stable flow inside
the 3D microstructure (Fig. 3, article 5). However, even if syringe pump is the most
commonly used way to transport sample in microfludic area today, this system is
energy consuming, quite giant and not portable at all. The usage of syringe pump
increases a lot of additional space to the micro system. To avoid this shortcoming,
diffusion pump is also tried to replace fussy syringe pumping systems frequently
used by most micro systems. The special gas permeable property of silicon tube is
critical for such kind energy free pumping. Based on earlier experiments, some
other non-permeable tubes can’t provide such energy free pumping effect if using
same operation as silicon tube. So silicon tube instead of other non-permeable
tubes is one prerequisite of self-powered diffusion pump. Besides the high
elasticity and easiness of purchase, this is another reason why | select silicon tube
than other materials for fabricating device here. As a result, an extremely compact
3D micro device with self-powered pumping ability for micro continuous PCR is
fabricated (Fig. 5). Different from other self-activated micropumps including
capillary pumping, vacuum pumping, Paper-based microfluidic pumping, diffusion
pump is strong enough to handle micro continuous PCR without interrupted by
high denature temperature, long channel distance as Ill as the gravity of sample

flowing up and down the 3D channel.
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We introduce a new strategy for fabricating a seamless three-
dimensional (3D) helical microreactor utilizing a silicone tube and
a paraffin mold. With this method, various shapes and sizes of 3D
helical microreactors were fabricated, and a complicated and
laborious photolithographic process, or 3D printing, was elimi-
nated. With dramatically enhanced portability at a significantly
reduced fabrication cost, such a device can be considered to be
the simplest microreactor, developed to date, for performing the
flow-through polymerase chain reaction (PCR).

Recent developments in micro Total Analysis Systems (uTAS)
have provided a powerful experimental platform, which has
benefited from the advent of soft lithography and photolitho-
graphy. These techniques have enabled a dramatic increase in
the speed of fabrication of two-dimensional (2D) microchan-
nels and microdevices." Compared with 2D systems, three-
dimensional (3D) microfluidic systems are superior to many
processes such as solution mixing,"* 3D cell culturing and
drug screening,®” chemical reactions,® cell separation and
sorting,”'° and controlling double emulsification.' Neverthe-
less, the traditional 3D fabrication process, termed as the
“stacking method”, is laborious and time consuming.">"” Fur-
thermore, 3D helical microchannels are difficult to fabricate
using this method. To overcome this problem, Wu et al
described a mechanical method for fabricating 3D microflui-
dic networks,'® as an alternative to the traditional “stacking
method”. Although 3D helical microchannels can be fabri-
cated with this method, its shortcoming is that all “joining
channels must be done by hand”, thus it requires a “certain
amount of manual work”, as described by the author.
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Flow-through polymerase chain reaction inside
a seamless 3D helical microreactor fabricated
utilizing a silicone tube and a paraffin mold+

Wenming Wu,}? Kieu The Loan Trinh® and Nae Yoon Lee*®®°

One objective of this study is to find a much easier method
to fabricate a 3D helical microchannel. An apparent advantage
of the 3D helical microchannel lies in its outstanding superio-
rity, compared with the traditional 2D microchannel, for per-
forming the flow-through polymerase chain reaction (PCR). We
find that a single commercial hot plate is sufficient for per-
forming a typical PCR with a 3D helical microchannel,
whereas traditional 2D microdevices require multiple heating
blocks'®>! or bulky heating accessories.”>>* Because of the
efficient utilization of space in the vertical direction, the foot-
print of a 3D helical microreactor can be much smaller than
that of traditional 2D microdevices, where the microchannels
lie on a planar surface.>®*” The size of a 3D helical microreac-
tor can also be controlled to fulfill different requirements and
purposes, by varying the parameters of the component, in this
case, a silicone tube. A thin silicone tube (i.d. 0.3 mm) has a
thickness comparable to that of a coin.

The pumping system is an important component of any
microdevice. Since pumping is required for efficient actuation
of the microreactor, the pumping system is also studied
here. Despite the numerous breakthroughs in research
achieved so far, most pumping systems applicable for the
“lab on a chip”, or for microreactors, are bulky.***° In
the course of investigations into micropump simplification,
capillary pumping,*"**> vacuum pumping,®® and paper-based
pumping®*° have been developed in recent years. Neverthe-
less, for some processes, such as flow-through PCR, the
required length of the microchannel is too long (over 2 m).*”
Therefore, the development of a miniaturized pump that can
be coupled with a flow-through PCR microdevice is urgently
needed to enhance the portability of the overall microsystem.

We examined two kinds of pumping systems for the oper-
ation of the 3D helical microreactors developed in this study.
One is the commercially available syringe pump commonly
used by many researchers. Despite its widespread application
in microfluidic devices, this system is both energy consuming
and bulky, which limits its portability. To avoid these short-
comings, we have developed a self-actuated and energy-free
portable micropump to couple with the 3D helical microreac-

This journal is © The Royal Society of Chemistry 2015
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tor.”® We find that gas permeability is a critical factor. Based
on our experiments, we have found that a gas-impermeable
tube cannot offer the driving force for pumping that is avail-
able with a gas-permeable silicone tube. Therefore, the use of
a gas-permeable tube is a prerequisite to realize self-actuated,
energy-free pumping. Since the silicone tube is a gas-
permeable duct, the air molecules captured inside the fluidic
conduit will diffuse through the wall of the silicone tube to the
atmosphere. A large volume of air, at higher than atmospheric
pressure, is contained inside the disposable syringe that is
connected to the inlet of the silicone tube. Since an incompar-
ably large amount of air is contained in the syringe closer to
the inlet, air diffusion rate at the posterior end of the sample
plug is slower than that at the anterior end. As a consequence,
air diffuses faster at the anterior end than the posterior end of
the sample plug, resulting in the formation of a pressure gradi-
ent which acts as a driving force for sample propulsion toward
the outlet. The speed of the fluid flow, however, eventually
slows down because the pressure gradient between the ends of
the sample plug gradually decreases as the area of air
diffusion at the posterior end of the sample plug increases
accordingly. This pumping is strong enough to propel the
sample constantly over a long distance, even under the high
temperature conditions needed for nucleic acid denaturation,
and to overcome gravity, which restricts upward flow inside the
3D microchannel.

It is not easy to fabricate a 3D helical microchannel using
traditional processes such as photolithography and replica
molding. For this reason, development of an easier fabrication
process is needed. One alternative is by the direct rotation of a
flexible tube around a mold of predetermined shape and size.
Since a silicone tube is flexible and possesses superior gas per-
meability, it is an ideal choice for fabricating a 3D helical
microreactor. Moreover, the surface of silicone resembles that
of poly(dimethylsiloxane) (PDMS), currently a popular material
for fabricating microdevices. Thus, since the silicone tube
offers application with potential as wide ranging as that of
PDMS, we selected it as the fabrication material for our 3D
helical microreactor. In the final step of the fabrication, the
mold is removed to avoid its adverse effects on temperature
distribution, such as undesirable heat transfer between the
denaturation and annealing/extension regimes. Furthermore,
removal of the mold substantially reduces the required dis-
tance between the denaturation and annealing/extension
regimes, so that the overall footprint of the microreactor can
be greatly decreased. Nevertheless, since the tubes are not
fixed, the helical structure of the silicone tube can collapse
during the mold removal process. This issue is easily resolved
by gluing the tubes, using commercially available cyanoacry-
late-based instant adhesive, before removing the mold. Fig. 1
shows the overall procedure for fabricating the 3D helical
microreactor utilizing a silicone tube.

Fig. 2 shows photos of the various 3D helical structures
actually fabricated. Fig. 2a shows the simple fabrication pro-
cedure. Based on the shapes of the cross-section, four types of
helical structures were created, which includes a homogenous

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic illustration for the fabrication of a 3D helical micro-
reactor. (a) Paraffin mold with a predetermined shape. (b) Rotation of
the silicone tube around the paraffin mold. (c) Gluing of the silicone
tube using cyanoacrylate adhesive. (d) Removal of the silicone tube from
the mold.

Paraffin mold

Fig. 2 Various 3D helical microreactors fabricated utilizing silicone
tubes. (a) A silicone tube (0.5 mm 1D/2.0 mm OD) rotated around a
plastic cylindrical mold. (b) A circular silicone tube microreactor
obtained from (a). (c) A conical silicone tube (0.5 mm ID/2.0 mm OD)
microreactor fabricated using a plastic cylindrical mold. (d) A rectangular
silicone tube (0.3 mm ID/0.64 mm OD) microreactor fabricated using a
paraffin mold. (e) Top view of a trapezoidal silicone tube (0.51 mm ID/
0.94 mm OD) microreactor fabricated using a paraffin mold. (f) Side
view of (e) showing the gradient trapezoidal cross-section.

circular cross-section (Fig. 2b), a gradient circular cross-section
(Fig. 2c), a homogenous rectangular cross-section (Fig. 2d),
and a gradient trapezoidal cross-section (Fig. 2e and f). In
addition to the different 3D cross-sections, these helical micro-
reactors have three different tube diameters: 0.5 mm ID/
2.0 mm OD (Fig. 2a—c), 0.3 mm ID/0.64 mm OD (Dow Corning)
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(Fig. 2d), and 0.51 mm ID/0.94 mm OD (Dow Corning) (Fig. 2e
and f). This demonstrates the ease with which 3D helical
microreactors of different shapes and sizes can be produced
by this method, a task that is always very laborious and time-
consuming with traditional methods. When silicone tubes
with larger diameters are used (i.e. 0.5 mm ID/2.0 mm), it is
relatively easy to mechanically remove the silicone tube from
the mold without damaging the helical structure (Fig. 2b and c).
However, smaller diameter silicone tubes (ie. 0.3 mm ID/
0.64 mm OD) can be easily damaged during mechanical separ-
ation from the mold. This issue can be easily resolved by using
paraffin as a mold material, because it can be melted by mild
heating to temperatures as low as 60 °C. Paraffin is also highly
advantageous because it can be easily shaped into various
structures and sizes using appropriate frames, by pouring the
molten material and re-solidifying it. In this study, the mold
was melted away at 59 °C in an oven (Fig. 2d-f). Inset in
Fig. 2d shows the photo of the paraffin mold used to fabricate
a rectangular silicone tube microreactor.

From the four types of 3D helical microreactors fabricated,
the rectangular silicone tube microreactor was chosen for per-
forming the flow-through PCR (Fig. 3). The low thermal con-
ductivity of air plays an important role in the dramatic
reduction of temperature in the vertical direction of the micro-
reactor. Simply by placing the microreactor on a single hot
plate (temperature accuracy: +0.3 ©°C) (MSH-20D; Daihan
Science, Korea) adjusted to approximately 95.0 + 0.2 °C (CV =
0.2% (n = 5)), the multiple rows of silicone tubes, glued
together and arranged in parallel, which are in direct contact
with the hot plate, participate in the denaturation process. The
tubes at the top, with the greatest distance from the hot plate,
will have a lower temperature, and participate in the anneal-
ing/extension process. The height of the microreactor is
adjusted according to the annealing temperature.'* Increasing
the height of the microreactor will lower the annealing/exten-
sion temperature, and vice versa. Therefore, this microreactor

Wea'ung/extens == Il (e) Side view 104
P w0

* - Annealing/extension %
o regime .

52 . o8

Vil W

w4 T a0
. w0 . ' 7%
Denaturation Denaturation regime =
36~ %)
32+ e
— -
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f .
o =
56~ 21
525 2
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o
= it 76
P " ’ 7
" Annealing/extension
- P regime =t
N 4

Fig. 3 (a—c) Photos showing sample flow inside the rectangular sili-
cone tube microreactor under the actual heated conditions. (d) A photo
showing the overall experimental setup. A syringe pump was used for
sample actuation. (e, f) IR camera images showing temperature distri-
bution. (e) Side view. (f) Top view.
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can be readily employed to amplify targets requiring different
annealing temperatures simply by varying the height. In this
way, a single hot plate is sufficient for target amplification,
contributing to device portability. Here, the annealing/exten-
sion temperature was controlled at 55.7 + 0.2 °C (CV = 0.3%
(n=8).

The reaction mixture contained a buffer composed of
0.2 mM dNTPs mixture, 0.075 U pL~' Taq polymerase
(Promega), 1.5 mg mL~' BSA (Sigma), 1 pM forward and
reverse primers, and 0.125 pg pL~' DNA template. Agarose
powder (BioShop) was used for agarose gel electrophoresis.
The negative control contained everything in the reaction
buffer except the DNA template. The primer sequences were as
follows: 5" CCG GCG AAC GTG GCG AGA AAG GAA GGG AAG
AAA GC 3' (forward) and 5" TCG CCT TGC AGC ACA TCC CCC
TTT CGC CAG C 3' (reverse). A commercially available
PGEM-3Zf(+) plasmid vector (Promega) was used as a target.
A green-colored buffer solution was used for easy visualization
of the sample flow. For performing the flow-through PCR,
mineral oil was introduced at a rate of 10 pL min~" using a
syringe pump. Next, a 20 pL sample plug was introduced, fol-
lowed by another plug of the mineral oil. In this way, the
sample plug was completely encapsulated by the two plugs of
the mineral oil. After the sample entered the microdevice, the
flow rate was controlled at 2 pL min~'. A 1 mL disposable
plastic syringe was used to introduce the sample into the
microreactor. No bubble was generated during the entire
amplification process (Fig. 3). Fig. 3a-d show sample flow
inside the microreactor under the actual heating condition,
and Fig. 3d shows the overall experimental setup for perform-
ing the flow-through PCR, employing a rectangular silicone
tube (0.3 mm ID/0.64 mm OD) microreactor, the width, length,
and height of which were approximately 7.5, 19.2, and 6.5 mm,
respectively. The total length of the silicone tube was 84 cm.
Denaturation and annealing/extension were performed for
30 s, and a total of 30 thermal cycles were performed.

As shown in Fig. 4, the target (~230 bp) was successfully
amplified using the rectangular silicone tube microreactor
(lane 1) within 30 min, which corresponded well with the
sample flow rate, confirming that the temperature was success-
fully controlled using a commercially available hot plate, and
that the sample flow inside the microreactor was stable. In

Fig. 4 Result of DNA amplification performed inside a rectangular sili-
cone tube microreactor. Lane 1 shows the target amplicon (~230 bp)
obtained using rectangular silicone tube microreactor. Lane 2 shows a
100 bp size marker. Lane 3 is a result of negative control.
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comparison, no band appeared for the negative control exper-
iment (lane 3). Lane 2 shows a 100 bp size marker.

Furthermore, we utilized one self-actuated, energy-free
micropump to transport the sample inside the microreactor
instead of using a syringe pump that relies on external
electrical power to actuate the liquid.**° The mechanism of
this self-actuated, energy-free micropump is based on the
air diffusion through the silicone tubes as described above,
and in our previous study.*® Because the pressure difference
diminishes with the progress of the sample, we coupled
this micropump, which is basically a disposable plastic
syringe, to a microreactor (0.51 mm ID/0.94 mm OD) with a
gradient trapezoidal cross-section. The length and height of
the microreactor were 28.2 and 7.0 mm, respectively. The
widths of the microreactor closer to the inlet and the outlet
were 25 and 10 mm, respectively. The total length of the
silicone tube was 1.5 m. A total of 30 thermal cycles were
performed.

In this way, we intended to equalize the sample residence
time for each thermal cycle, and hence, compensate for the
decrease in the flow rate since the channels closer to the outlet
possess a relatively shorter length than outer channels for the
trapezoidal microreactor. The sequences involved in sample
actuation using the self-actuated micropump are as follows.
First, the outlet of the silicone tube microreactor was clamped
to create an air-tight seal. Second, a 25 pL sample plug was
drawn into the tip of the syringe, and the piston was pulled up
to the end of the 3 mL syringe. Finally, the syringe was con-
nected to the inlet of the silicone tube microreactor, and the
piston was pushed forward to the 1.5 mL graduation of the
syringe and fixed at this position. In this way, the initial
syringe pressure propelling the sample was set to approxi-
mately 2 atm. Fig. 5a shows the overall experimental setup for
conveniently performing the flow-through PCR with enhanced
portability, employing common laboratory commodities.
Fig. 5b and c show the results of temperature measurement.
The denaturation was performed at 95.3 + 0.2 °C (CV = 0.3%
(n = 5)) for 30 s and annealing/extension was performed at
56.1 = 0.4 °C (CV = 0.6% (n = 8)) for 30 s. The simplest form of
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Fig. 5 (a) A photo showing the overall experimental setup for perform-
ing the flow-through PCR employing a trapezoidal silicone tube
(0.51 mm ID/0.94 mm OD) microreactor coupled to a self-actuated

micropump. (b, ¢) IR camera images showing temperature distribution.
(b) Side view. (c) Top view.
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230 bp

Fig. 6 Result of DNA amplification performed inside a trapezoidal sili-
cone tube microreactor. Lane 1 shows the target amplicon obtained
using the microreactor. Lane 2 is a result of negative control. Lane 3
shows a 100 bp size marker. Lane 4 is a result obtained using a thermal
cycler.

the flow-through PCR microreactor, as well as the accessories
for operation, were readily developed using a commercially
available and cost effective silicone tube, a disposable syringe,
and a hot plate. This PCR system is an even more simplified
version of that introduced in our previous study,®® in that it
requires only one heater and a much smaller microreactor, it
dispenses with all other costly fabrication procedures and time
consuming operations, and does not require a trained special-
ist for fabrication, yet promises device portability ensuring
potential for wide application. Some examples of previously
developed flow-through PCR microdevices are given in
Table S1 in the ESL{

Fig. 6 shows the results for amplification employing the tra-
pezoidal microreactor. The DNA template and PCR reagent
were identical with those used inside the rectangular micro-
reactor. The overall running time was 30 min. Lane 1 shows
the target amplicon (~230 bp) obtained using the microreac-
tor. No band appeared for negative control experiment
(lane 2). Lane 3 shows a 100 bp size marker. Lane 4 is a result
obtained using a thermal cycler. Although the intensity of the
target amplicon was much brighter when using a thermal
cycler, it was still clearly distinguishable when the microreac-
tor was employed, and can be considered as a trade-off with
the faster reaction.

In summary, this paper describes a simple approach for
fabricating a seamless 3D helical microreactor utilizing a flex-
ible silicone tube, and explores its potential for constructing a
miniaturized PCR device. As compared to bulky conventional
microfluidic systems, this technique ensures the fabrication
of complex 3D structures in an extremely simple way using
a paraffin mold and an elastic silicone tube. The method
allows flexibility in device shape and channel dimension,
while dispensing with laborious fabrication processes such as
photolithography. Most beneficial is that all of the com-
ponents, including the microreactor and operation accessories,
can be constructed using commercially available laboratory
commodities. Furthermore, bulky external apparatuses, such
as a syringe pump and multiple heating blocks, which
are inevitably required for flow and temperature control in a
typical flow-through PCR, are unnecessary for these micro-
reactors. The strategy introduced could pave the way for
device miniaturization and portability at a significantly
reduced cost.
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This work affirms diffusion pump as an efficient approach in medium injection to
leaf-inspired PDMS chip from Tilia platyphyllos, with artificial microchambers

integrated into the whole ordered microvascular network.

The analog of blood vessels may become one potential and powerful tool in drug
discovery, which should also rely on the fabrication of highly intensive
microvascular networks to solve this problem related with drug transportation
inside vessel. Previous reports have confirmed that both venations and vessels
share similar architectural hierarchy in accordance with Murray’s law. Thus, a
microchip containing the microvascular networks that mimic natural leaves could
be an efficient tool to realize such applications as drug-delivery inside blood
circulation system, which can be rapidly and cheaply fabricated in a laboratory
setting that | develop. Through diffusion pump, 500uL of cell suspension is
transferred to a 2.5 ml sterilized syringe. The cells are then injected into central
microchamber of the microchip (microchamber 1 in Fig. 2, article 6). By gradually
pushing the syringe, the cell culture medium can slowly flow out of the inlet, outlet,

as lllas microchamber 2, 3, and 4 in Fig. 2. Because of the complicated microchannel
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structure, air bubbles may easily form if other pumps are utilized. But the diffusion
pump can push away all air bubbles formed during the injection step, and thus, the

medium can fill in whole microvasculature, qualified for long term cell culture.
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A biomimetic microvascular manufacture methodology to
integrate microchambers into leaf-vein replicated vessel-like
networks, is introduced in this technology innovation for the
first time. The metastasis and deformation of human
melanoma cells inside such bioinspired microvasculature are
systemically  studied, with  cytomembrane tension,
extracellular ~ communication,  microvilli,  protonema
configuration, and tethers’ dynamic analyzed at single cell
resolution. After loaded inside the microchambers of the
microchip for 72 hours, few tumor cells begin to escape from
microchamber into microvascular channels, mimicking cancer
metastatic from the organs into vessel. Through another 72
hours monitor on cell mobility inside the microvascular
channel, we find the microvasculature can dramatically
influence both cell deformability and migration. Tethers’
dynamic assay verifies extremely high cellular sensitivity to
mechanical stimuli of the tiny-structures on the biomimetic
microvascular wall, promising vascular surface-roughness
may play important role during cancer metastasis between
organs.

Ever since we firstly introduced “micro Total Analysis System”
(also termed as “microfluidic system” or “lab on a chip”) in 1990,
it has exhibited outstanding advantages in a wide range of areas,
such as chemical sensing,> polymerase chain reaction,®* drug
discovery,>8 biophysical study,” and nanotechnology,® etc. The
great potential of microfluidic in modeling functional
microenvironmental equivalent for various pathophysiological
assays also arouses tremendous attention of modern academia.
Metabolism of all in vivo organs are sustained with continuous
nutrient, signaling factor, and waste exchange by highly branched
vessels which are mainly consisted with micrometer-scaled
capillary  microvascular  transport  networks.  Similarly,
microfluidic specializes in studies concerning micrometer-scaled
channel, and thus can become an ideal platform in remodeling
recirculation-based  capillary  networks  for  functional
microenvironmental equivalent and further pathophysiological
assays. Based in this concept, the utilization of microfluidic for
recirculation-based organ-functionality, e.g., the so-called “organ
on chip” system, has been successfully established during last
several years.®? In contrast with traditional cellular assay
techniques such as the Boyden chamber assays and the Dunn
chamber assays,'® microfluidic also possesses many significant
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advantages, e.g., low volume consumption of reagent, low labour
requirements, high biocompatibility, easy for real-time monitor,
and practical for high-throughput analysis, etc. As a result,
extensive microfluidic-based platforms have also been introduced
for cell based studies, including cell migration,** cell fusion®® and
3D cell culture, etc.

Despite the brilliant achievements microfluidic engineers has
gotten over last two decades, we should admit that microfluidic
field remains in its infant'” and correspondingly, there are lots of
problems ahead to solve before microfluidic can finally grow up as
amature subject.® For instance, cancer metastasis to distant organs
depends on complex transmigration interference with the
microvasculature (e.g., vessel or vasa lymphatica), whereas
reproducing such an in vitro microenvironmental equivalent of in
vivo microvasculature remains a formidable challenge.l%-??
Because in vivo organs are interconnected by vessel which
undertakes transport function of signaling molecules or motile
cells, such important role of highly biomimetic microvascular
networks shouldn’t be neglected when modeling in vitro platform
such as the “human on chip system” or the “tumor extravasation
assay system”. During last decade, big efforts have been
contributed for constructing various types of microfluidic
networks,?-%1 consisted of rectangular,2-28 cylindrical®®*=%® or
both types® of cross-sectional microchannels.

About one century ago, pioneers including Hess and Murray
successfully predicated that the optimized diameter relationship
between the mother vessel and the daughter vessels, stating that the
sum of the cubes of daughter vessels is equal to the third-power of
mother vessel.32-34 This relationship is now generally referred as
Murray’s law, which is the most successful law in summarizing the
overall relationship of in vivo vessel until today. Because Murray’s
law is the most foundational architectural rule of vassal
configuration, we should take it into account if we design artificial
vessel for corresponding pathophysiological or biomedical study.
And some pioneers already considered Murray’s law when they
designed artificial biomimetic microvascular networks.35-%7
Different from animal vessel, the overall configuration law behind
the veinal microvascular networks of natural leaves was unknown
for long term during human cognitive history. Only about one
decade ago, it’s firstly systemically clarified that the microvascular
networks of natural vein obeys the same Murray’s law as that of
natural animal vessel.3® Over the last decade, more and more
evidences indicate that almost all natural vein obey Murray’s
law.% Besides the same overall configuration law that veinal

This journal is © The Royal Society of Chemistry [year]
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microvascular networks and vasal microvascular networks obey,
veinal microchannels also share high structural consistency with
vasal microchannels, e.g., circular cross-section for both cases.
Both veinal and vasal microvasculature experienced millions of
years’ evolution, to best fulfil their same biological transport role
essential for creatures survival. Inspired by this post, we evaluate
that veinal microvasculature can become potential alterative of
vassal microvasculature for recirculation-based biomedical study
including “body in chip system” or “tumor metastasis analysis
system”.

Depending on this concept, we have previously developed a
method for direct replication of whole-ordered microvascular
networks from natural leaves into microfluidics, wherein a series
of engineering characterizations (chemical stability, surface
topography, 3D microchannel topology, and injection analysis,
etc.) were systemically studied.*® Herein, we improve this model
by integrating microchamber (controllable shape, dimension and
depth) into whole-ordered microvascular networks, to demonstrate
the extravasation capabilities of human melanoma cells, which is
highly life threatening*! and cause 80% of deaths related to skin
cancer.*> We further rely in professional video processing for
accurate and quantitative cellular biophysical analysis in single cell
level, including cell microvilli, cell deformation, extracellular
communication, cell division, cell mobility, and membranal local
shear stress, etc., with improved resolution than most previous cell-
based microfluidic platforms.**47 We believe the biomimetic
microvasculature model here can become an alternative approach
of traditional microsystems for tether studies.*%-5

2 Experimental
2.1 Microchip fabrication

The overall schematic fabrication steps to replicate natural
microvascular networks from real leaves into microfluidic chip, as
well as to integrate multiple microchambers inside the networks is
shown in Fig. 1. Firstly, the upside of fresh leaf is sequentially
attached to single-side tape (tesa 57176-00 tesapack ultra-strong tr.
66 m: 50 mm) and double-side tape (tesa double side tape 10 m:
15 mm), which finally adhere onto the petridish (Mit 3 Nocken
391-0247), as shown in Fig. 1a. A 10:1 (w/w) mixture of the PDMS
prepolymer and curing agent (SYLGARD 184; Dow Corning) is
degased for half hour, and then poured inside the petridish
containing the leaf master (Fig. 1b). Then PDMS prepolymer is
cured at 45<C for 24 hours, and peeled off from the leaf master
(Fig. 1c). Then the PDMS replica is flipped over, and the
microstructural surface is punched by commercial puncher (Fig.
2d). The diameter of the puncher determines the diameter of the
microchamber, while the height of the PDMS replica in Fig. 1c
determines the height of the microchamber in the final microfluidic
chip (Fig. 1h). Then the microstructural surface of PDMS is
covered with Norland optical resist (NOA 63), flipped over, and
attached to one oxygen plasma treated petridish (Fig. 1e). NOA 63
should fill in all the microchambers of the PDMS replica in this
step. After an UV exposure for 15min, the photoresist is cured and
firmly bonded with the plasma treated petridish, but the PDMS
replica can be easily removed, leaving the NOA-Petridish
assembly as the master mold for further chip fabrication (Fig. 1f).
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A 20:1 (w/w) mixture of the PDMS prepolymer and curing agent
is then poured on the NOA master inside the petridish (Fig. 19).
Then PDMS prepolymer is cured at 80 <C for 30 min, and peeled
off from the NOA master (Fig. 1i). Corresponding through-holes
(2 mm) are punched into the PDMS replica at the positions of the
inlets, outlets, and microchambers. After a further oxygen plasma
treatment together with silicon-based substrates such as glass plate
or PDMS sheet, the chip can be firmly bonded as shown in Fig. 1g.
For some locations where PDMS and substrate are not tightly
contacted, an additional pressure can be exposed for their tight
contact, simply done by the finger. The power, the chamber
pressure, and the exposure time during plasma treatment (Diener
electronic: 0010915) are 70 W, 0.7 Torr, and 30 sec, respectively.
Finally silicon tubes (i.d. 1.6 mm, 0.d. 2 mm) are inserted into the
ports of the inlet, outlet, and microchambers, for the introduction
of fluid such as chemical solution or biological medium. After
filled with fluorescein solution (1 mg/mL, with 0.01 % Tween80),
the microchip is located inside a UV transmitter (VWR Gehoview
Mini M: VWRVG\1015). An overall fluorescent image of the
microchip patterns (1X magnification) is captured by a commercial
CCD camera (Canon ED560D).

a b
‘ petridish containing natural leaf -
Cut and peel off
the PDMS replica
after cured
d c
s Pygch microreactor inside the PDMS %@
%;ﬁ "! old replicated from natural leaves 4?.:.:% ;l
> )
Dip NOA-83 photoresist onto
the PDMS re nd adhere
the surface to the oxygen
e plasma freated petridish f
Pegl off the PDMS reglica
arter UV exposio ng
NOA mold bonded fo petridish
Pour PDMS
prepolymer 1o the
petridish, cured at
h g 80 degrees

Cut, peel off, and bond the PDMS
repita 1o Glass/PUIMS substrate
through oxygen plasma

Fig. 1 Schematic fabrication steps of the microchambers integrated
biomimetic microvascular networks from natural leaves. (a) The
natural leaves adhere to the Petri dish through single-side tape and
double-side tape. (b) PDMS pre-polymer is poured into the Petri
dish. (c) After cured, PDMS replica is removed. (d) Holes are
punched into the PDMS replica. (€) PDMS replica is coated with
Norland optical adhesive (NOA63), which is then attached to an-
other petridish followed by an UV exposure. (f) After PDMS rep-
lica is detached, the petridish-NOA hybrid master mold is left. (g)
PDMS pre-polymer is poured into the Petri dish containing the hy-
brid template, cured at 80<C. (h) PDMS replica is boned with the
glass or PDMS substrate through oxygen plasma treatment, with
the microvascular channels easily modified by pressing the corre-
sponding locations of the PDMS replica.

s 2.2 Cell seeding and culture in the microchip
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Melanoma cells line (MEL-HO) are used in the experiments for
the invasion assay inside the biomimetic microfluidic device. The
cells are cultured in standard culture flasks containing RPMI
medium (PAN-Biotech), supplemented with 10% fetal bovine
serum (PAN-Biotech), 100 units/mL of penicillin, and 100
units/mL of streptomycin. An incubator is utilized to maintain the
concentration of humidified CO2 atmosphere and the incubation
temperature to be 5% and 37 <C, respectively. The culture medium
is changed every three days before cells are seeded into the
microfluidic device. During the harvest step, 0.05% Trypsin
(PAN-Biotech) is used to digest and detach the cells from the
culture flask. Density of the cell suspension is counted using the
disposable hemocytometer (C-Chip Counter, Digital Bio), which
is then centrifuged and adjusted to required concentration for the
following microchip seeding. Centrifuged cells are resuspended
with 15% FBS supplemented RPMI medium at 7.5>10° cells/ml.
Cell viability is higher than 90%, based in the test by Trypan Blue
Solution, 0.4% (aMRESCO®). Before the seeding of the cell, the
microfluidic device is sterilized by autoclave at 121 <C for 20 min.
Then 15% FBS supplemented RPMI culture medium is flushed
into the microdevice, through the silicon tubes of the inlets, outles,
and microchambers. Such microdevice is incubated overnight in
5% COz2 at 37<C, to heighten the biological compatibility of the
channel inner surface. Afterwards, 500pL of cell suspension is
transferred to a 2.5 ml sterilized syringe. The cells are then injected
into central microchamber of the microchip (microchamber 1 in
Fig. 2). By gradually pushing the syringe, the cell culture medium
can slowly flow out of the inlet, outlet, as well as microchamber 2,
3,and 4 in Fig. 2. Through the sample injection technique here, the
cells can be mainly seeded in the four microchambers of the
microfluidic device, but cells are almost nonexistent inside the
microvascular networks. Then the prepared microfluidic device is
kept in an incubator in 5% CO2 at 37 <C for 3 days before migration
analysis, to allow the cells to attach and grow on the bottom surface
of microdevice.

2.3 Monitor of cell dynamic at single cell resolution

The on-stage microincubator is used for the real-time and long-
term monitor of cell biophysical performance during migration,
with CO2 concentration and culture temperature stabilized to be
5% and 37 <C by a CO2 controller (Bioscience Tools, CO2-500ML
TC-MI) and a heating unit (Bioscience Tools, Temperature
Controller TC-1-100-1), respectively. Before CO: enters the
microincubator, it passes through a DI water bath firstly, to bring
adequate atmospheric humidity into the microincubator necessary
for healthy growth of cells. After microincubator is turned on, it’s
firstly maintained running for half hour to stabilize inner
atmospheric consistence and temperature condition. Afterwards,
the cell seeded microdevice is put inside the microchamber for
long term under real-time monitor. Cell deformation and migration
in response to the microvascular networks is assessed by inverted
optical microscope (ZEISS Axiovert S 100) under the control of
imaging software (ProgRes® CapturePro 2.8.8), with images taken
at a fixed time interval of 1 frame/min. The images are captured by
acommercial CCD camera (ProgRes® MF®°!), with a microscopic
magnification of 100X and 320X, respectively. The 100X

magnification can show the overall cell extravasation from

s microchamber into the biomimetic microvascular channels, while
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the 320X magnification can show more distinct biophysical details
of single cell within a specific position of microchannel.

Because the border of microchannel is not obviously distinct with
the rest of microstructure in original tracking video, we utilize
Adobe Premiere to add black bordering line to the microchannel to
heighten the channel display. Besides, Adobe Premiere is also
utilized to add a series of other parameters to original video,
including time code, text caption, scale bars, and indication arrows,
etc., which can increase video readability. To visually display the
overall cell behavior during a long term, the modified video is
finally accelerated to 480X broadcast speed by Adobe Premiere.
Concerned frames are also exported directly by Adobe Premiere,
for further figure arrangement. As a result, compressive and
dynamic cellular physiological details (e.g., microvilli, protonema,
deformation, migration, extracellular communication, division,
and cytomembrane shear stress, etc.) are distinguished concerning
all the cells within the microscopic area,

3 Results and Discussion

3.1 Microchip characterization

There are one inlet, one outlet and four microchambers in the
microchip here. As shown in Fig. 2a, the microvascular network of
biomimetic microchip is the same with the vein of natural leaf, but
with additional microchambers integrated into the microvascular
networks. To more distinctly exhibit the structural details of the
microchannels, both high resolution fluorescent microscopic
image (emitting light 470nm, absorption light 530 nm) and high
resolution optical microscopic images of the microvascular
networks are taken at a magnification of 100X. As shown in Fig.
2b~f, the fluorescein solution can fill into the microvascular
networks without any leakage, indicating a successful structural
replication from leaf to microfluidic system. Furthermore, because
the channel surface of natural biological vasculature is not highly
smooth but a little rough, the inner surface of the microchannels
fabricated here is a little coarse correspondingly, as shown in Fig.
2g~i. In contrast, in the case of the microchannels fabricated by
most traditional techniques such as photolithograpy and laser
ablation, their inner surface remains highly smooth under the same
microscopic magnification times. This promises an obvious
difference in microstructural surface between the microchannels
fabricated by traditional methods and the microchannels fabricated
here.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Characterization of the biomimetic microvasculature model. (a) The
overall fluorescent image of the microsystem filled with fluorescein. (b) ~
(f) High resolution fluorescent microscopic image of the microvascular

s networks at the magnification of 100X. (g) ~ (i) High resolution optical
microscopic images of the microvascular networks at the magnification of
100X. Scale bar in (a), 1 cm; scale bars in (b) ~ (i), 200 um.

3.2 Overall cell migration inside microvascular channel
10
Overall migration of cells inside the microvascular channel is
displayed in Fig. 3, captured by optical microscope at 320X. The
tumor cells are originally only seeded inside the microchamber and
nonsexist inside the microvascular channel. After three days
15 culture inside incubator, most cells remain restricted inside the
border of microchamber, but few cells begin to extravasate from
the microchamber into the microvascular channel. As shown in
Fig. 3a, there is only one cell successfully extravasates from the
microchamber into the microchannel in the third day. At its
20 posterior site, the following cell is struggling to escape from the
microchamber into the microchannel. If this following cell can
finally escape form the microchamber, then it should overcome the
tension drag from the interconnected cells inside the microchamber
(for this point, detailed clarification will be illustrated in later
25 section). It’s noticeably that the configuration of the cells in
different areas of the microvascular system is distinctly different.
Most cells inside the microchamber are close-packed, with a
spindle configuration. However, the cell located between the
microchamber and microchannel has an elliptoid configuration
a0 instead of spindle shape. On the other hand, the cell located inside
the microchannel has a similar spindle configuration as those
inside the microchambers, but it’s much longer and narrower.
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Fig. 3 Tissue-like anatomic microvascular networks for cell extravasation

analysis. (a) Cell configuration inside the microvascular channel after three
days culture. (b) The optical microscopic result of cell migration inside the
microvascular channel after four days of cell culture. (¢) The optical
microscopic result of cell migration inside the microvascular channel after
five days of cell culture. (d) The optical microscopic result of cell migration
inside the microvascular channel after six days of cell culture. Scale bars,
100 pm.

Fig. 3b~d shows the optical imaging result of cell migration inside
the microvascular channel, after four, five and six days of cell
culture inside the microchamber. The distance between the frontier
cell and the microchamber border becomes farer and farer as the
time passes, promising a sustained cell migration behavior after the
tumor cells successfully extravasate from their originally loaded
microchamber, as shown in Fig. 3a. The distance between the
frontier cell and the micoreactor border at the third, the fourth, the
fifth and the sixth day is measured to be 237pm, 320pm, 665 pm,
753m, respectively. Correspondingly, the daily migration
velocity from the third day can be calculated to be 83um/day,
338m/day, and 210pm/day, respectively. As a result, the cell
migration velocity is highest between the fourth day and the fifth
day, but is lowest between the third day and the fourth day, which
reveal dramatic varies of daily migration velocity along the
biomimetic microchannel as the time passes.

As compared with the microchannels containing highly smooth
inner surface which are fabricated by traditional techniques, this is
one obvious difference because the overall migration velocity is
much more stable as the time passes inside traditional
microchannels.525% Such dramatic overall velocity variability
inside the biomimetic microvascular channel, as we hypothesized
here, is caused by its rough inner surface.

It’s noticeably that some tiny pores/tubes are located on the inner
surface of microvascular channel, which may dramatically affect
the cell behavior during its migration process. For easier
recognition, several cells are labeled as cell 1(4), 2(4), 1(5), 2(5),
3(6), 4(6) and 4(7), as shown in Fig. 3b~d. During the cell
migration process, it’s found that the two frontier cells: 1(4) and
2(4), deform in accordance with thy tiny pore located on the inner
surface of the microchannel, and thus, their orientation aren’t in
parallel with the microchannel during this time interval. As a
result, the overall migration velocity along with the microchannel
decreases to only 83pm/day. Between the fourth day and the fifth
day, cell 1(4) changes to cell 1(5). Depending on our hypothesis,
because there is no tiny pore to activate the deformation of this cell,
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it can keep migrating with cell orientation and migration direction
in parallel with the microchannel, and thus it migrates much faster
(338m within one day) than previous day. On the other hand, cell
2(4) can only move a much smaller distance during the same time
interval. This is because there is another pore located on the inner
surface which activate the cell 2(4) deformed to cell 2(5). Because
the overall migration distance is determined by cell 1(4) and cell
1(5), which is 338pm, the migration velocity is measured to be as
high 338pm/day. As for the cell migration between the fourth day
and the fifth day, it’s noticeably that there is another tiny tube
located on the microvascular channel, which activates the cell
inside the microchannel to deform to cell 3(6) and thus influence
the cell migration along the microchanel. So the overall migration
velocity decreases from 338m/day to 210pm/day. Nevertheless,
there are other frontier cells like 4(6) and 4(7), with their direction
in parallel with the microchannel. This makes its overall migration
velocity higher than velocity between the third day and the fourth
day. The cells can finally detach from the tiny pores after it fail to
pass through, as shown in the case of cell 1(4), 2(4), and 2(5) in
Fig. 3b~d . In contrast, the cells can pass through the tiny tube, as
shown in the case of cell 4(5) in Fig. 3d.

3.3 Overall cell deformation inside microvascular network

1t’s found that large amount of melanoma cells try to deform their
shapes in coincident with tiny structures of microvascular
channels, revealing strong interference of the tiny microvascular
structures on the behavior of human melanoma cells inside the
network. There are large amounts of tiny pores/tubes on the inner
surface of the biomimetic microvascular networks, as shown in
Fig. 4. All these tiny pores/tubes are different in their shapes, with
dimensional variance ranging from several micrometers to tens of
micrometers. After the cells are seeded and cultured inside the
microchambers for several days, the tumor cells begin to
extravasate from the microchambers into the microvascular
networks. In the meanwhile, the tiny pores/tubes on the inner
surface tend to influence the cell behavior by activating the cells to
deform in consistent with their shapes and dimensions. For
instance, the tiny pore in Fig. 4a looks like a converted shoe, which
activates the tumor cell to deform to rare shoe-like configuration,
with three feelers extruding towards three different directions at
120<intersection angle. In contrast, a shoe-like configuration here
is impossible to come out in traditional culture flask based system,
and most cells display a spindle configuration if cultured inside
flask, petridish or traditional microchip which have smooth inner
channel surface (data not show). Similarly, the cell in Fig. 4b
displays a mushroom-like configuration, with an umbellate cover
and an elliptic root embedded inside the tiny pore, which is also
very rare compared with the cells cultured inside traditional
devices. In Fig. 4c, there are two tiny pores located on the channel
surface. One pore looks like a bullet, while the other looks like an
equilateral triangle. As a result, the two cells deform in consistent
with these two kinds of pore shapes, correspondingly. All cells in
Fig. 4a~c have finished the whole deformation process stimulated
by the tiny pores. In contrast, the cells in Fig. 4d~f are still trying
to deform into the same shape as the tiny pores. There are two cells
in Fig. 4d. The configuration of the bottom cell has deformed
partially in consistent with the tiny pore. On the other hand, the
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upside cell has orientated its direction in accordance with the tiny
pore, for following deformation in response to the tiny pore. In Fig.
4e, the cell is still trying to deform and migrate into the tiny pore.
In Fig. 4d, the cell has already migrated into the tiny pore.
Nevertheless, it still needs more time to deform more in consistent
with the tiny pore

Fig. 4 Cell deformation inside leaves aspired biomimetic microvascular
networks. (a) The shoe-like deformational configuration of cell. (b) The
mushroom-like deformational configuration of cell. (¢) The bullet-like and
equilateral-triangle-like deformational configurations of cell. (g) ~ (i)
Tumour cells are still undergoing deformation process in accordance with
the shapes as the different tiny pores. Scale bars, 50 pm.

Because of the text limit, we only show several representative
results (Fig. 4) to demonstrate cell deformation in response with
the tiny pores of the microvascular networks. Nevertheless, cell
deformation widely exists all through the microvascular networks
(ESI 1), especially in the locations with tiny pores/tubes. This
promises it’s a general rule that the tiny pores/tubes of the
microvascular networks can dramatically activate the deformation
of tumor cells during cell extravasation.

1
~ LS

3.4 Tethers’ dynamic assay at single cell resolution

Through previous results, it’s clearly seen that tumor cells display
obviously high deformability inside this venial-inspired
biomimetic microvascular networks, but are dramatically unstable
concerning migration velocity. To explain the mechanism behind
these phenomena, we depend on a video processing model for live
monitor of cellular dynamic inside the microvascular networks, at
single cell resolution. Through this model, we prove that tethers-
mediated deformation mechanism is the reason why melanoma
cells can so easily deform in accordance with tiny pores/tubes
inside the microvascular networks. Furthermore, we find tethers
can be intensively activated by both cell division and cell motion.

3.4.1 Tethers’ activation by tiny microvascular structure

After six days of cell culture inside the microfluidic device (Fig.
3), the microchip is put inside the microincubator, with the video
recorded by optical phage contrast microscope at 320X. The
focused area is the same as that in Fig. 3. The time code starts from
the moment (00:00:00) when the video begins to be recoded (144
h after cells loaded inside the microchip).

Various configurations of the tethers of tumor cells are shown in
Fig. 5. Easily seen, cell tethers look like tiny ropes extended
outside of the cell. The tethers of the cell display obvious

This journal is © The Royal Society of Chemistry [year]
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hyperactivity. As shown in Fig. 5, the tether direction, tether length
and tether shape of both cell A and B are of big variance from time
to time. In contrast, the main body of cell doesn’t reveal any
changes at all during the same period. Such hyperactivity of tethers
can ensure melanoma cell to sense all signals from different
directions of the microvasculature. Because of this, the cell doesn’t
leave out any signals from the stimulant in all directions around,
and can finally moves from its original position as indicated in Fig.
5a~e, to one tiny pore on its top left of the channel surface, as
10 shown in Fig. 5f~i. After the cell moves to the target position in

Fig. 5f~i, new cell tethers grow out to sense other signals for

further movement. Because the cell fails to pass through the tiny

pore, it finally detaches from the tiny pore and returns back to the

microchannel, as shown in Fig. 5j. Time lapsed tether formation of
15 cell B is indicated in Fig. 5k~t, displaying similar hyperactivity as

3}

Time-lapsed tether length of cell A

time-lapsed tether length of cell B

Tether length (m)
a

0

£ & £Time (h)2 e g

Fig. 5 Tethers’ activation by tiny microvascular structure. (a) ~ (g) Tether
variability of cell A. (k) ~ (t) Tether variability of cell B. The red arrows

20 indicate the formation of tethers. Time codes displayed in each frame indi-
cate the time when the frame is captured. (u) Tether formation and the hy-
peractive dynamic inside the biomimetic microvasculature: length of teth-
ers formed by two independent melanoma cells inside the venially inspired
microvascular networks. Scale bars, 50 pm.

25 The length of tether length of cell A and cell B is also calculated,
as shown in Fig. 5u, covering timing period from 3: 00 to 8: 00 (h),
with average tether length of cell A and cell B estimated to be 29
pm and 27 pm from ten spots. The standard derivation (STDEV)
of tether length formed by cell A and cell B are 8.87 and 8.67,

30 while variation coefficient (CV) are 30.7% and 33.2%,
respectively. Depending on the video processing technique
introduced here, a visual display of the dynamic behavior of cell
tethers is provided in the supplementary material (ESI 2).

35 3.4.2 Tethers’ activation by cell motion

Inhomogeneous migration velocity exists not only between
different cells, but also within same cell across different time-
periods. As indicated in Fig. 6, the total migration distance of three
40 different cells: cell 1, 2 and 3 during 2.5 hours of monitor period

are 9.64 m, 115.67 pm and 174.07 pm, with average migration
velocity to be 3.85 pm/h, 46.27 pm/h and 69.27 pm/h,
respectively. Besides, time-lapsed migration velocity displays big
variance within same cell, wherein it’s highest between 6:30~6:45
45 for cell 3 but 8:00 ~ 8:14 for cell 2.
Based in Fig. 6, the migration velocity of cell 2 during 8:00~8:15
can reach 104.93 pm/h, which is 2.3 times of the average migration
velocity of the monitor period between 5:45 and 8:15. This
phenomenon also support our aforementioned hypothesis that the
so tiny pore of the microvasculature can strongly activate the
formation of cell tethers, and further activate the cell deformation
and migration. This is the reason why cell 1 reveals much lower
migration activity compared with cell 2 and cell 3, too. The
location of cell 1 is almost in the center of micro channel, and thus
ss lack stimulation signal from the channel surface to activate high
amounts of cell tethers on its membrane.

W)

200

Migration distane (pm)
T

0 E— e . S—
5:45 6:00 6:15 6:30 6:45 7:00 7:15 7:30 7:45 8:00 8:15
Time (h)

The bordering line of
microvascular channel

Trajectory of Cell 3
§ (545-845 g

Fig. 6 Quantitative analysis of time-lapsed cell trajectory and migration
60 distance at single cell level. a) Time-lapsed migration distance of three cells

inside the microvascular channel. b) Time-lapsed migration trajectory of

three cells inside the microvascular channel. The blue, red and purple curve

represent the trajectory of cell 1, 2 and 3 inside the microvascular channel

with an internal of 15 mins, during the recording period from 5:45 to 8: 15
65 (ESI 3). Scale bar, 50 pm.

Based in dynamic monitor of three corresponding tumor cells, we
also confirm that when the cell begins to migrate, the cell tethers
become extremely active. On the contrary, when the cell stays still,
70 its tethers are inactivate. As shown in Fig. 7, no tethers exist in cell
1 during the whole monitoring period. As a result, cell 1 stays in
same position during whole monitoring process. On the contrary,
tethers form in cell 2. Because of this, cell 2 migrates towards one
tiny pore of the channel surface. Cell tethers also grow out in cell
75 3 and correspondingly, cell 3 also migrates towards the same tiny
pore along channel surface. The tethers are located in the left
bottom of cell 2, but are located in the right site of cell 3.
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Correspondingly, cell 2 migrate to the direction of bottom left,
while cell 3 migrate to the right direction. Based in the relationship
of migration routine and the location of the tethers, we can
conclude that melanoma cell migrates to the same direction as the
location of cell tethers inside biomimetic microvascular channel.
There are less tethers on cell 2 as it is a little farer away from the
tiny pore as shown in Fig. 7b~c. On the contrary, as it migrates
closer and closer to the tiny pore, its tethers dramatically increase,
as shown in Fig. 7d~f. As a result, migration velocity of cell 2

increases as time passes.
Y bs

3}

1

15

Fig. 7 Tethers’ activation by cell motion. (a) ~ (i) Cell 2 and cell 3 migrate

to the same direction as their tethers’ location, while cell 1 doesn’t migrate
to any directions due to the lack of tethers. The red arrows indicate the

1!

o

formation of tethers. Time codes displayed in each frame indicate the time
when the frame is captured. Scale bars, 50 pm.

Besides, cell tethers are dramatically activated in the locations
closer to the tiny pores (Fig. 7g~i) than the locations farer away
from the tiny pores (Fig. 7a~j). Because of such stimulating effect
of microvascular pores on tethers formation, migration velocity of
the two pores-activated cells (Cell 2 and cell 3) is much higher than
observed overall daily migration velocity along the microvascular
channel direction, as aforementioned in “section 3.2”. Cell 3 reveal
highest migration velocity within all the three cells in concern,
since cell 3 always migrate along the biomimetic microvascular
channel during the whole monitor period. Dramatically varied
migration velocity of tumor cells inside biomimetic microvascular
channel as illustrated in previous sections, can be reckoned to be
virtually determined by the interaction between the tiny
pores/tubes and the cell tethers.

2

S

2

a

3
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3.4.3 Tethers’ activation by cell division

It’s also surprisingly found that, cell division can also activate the
formation of tether inside biomimetic microvascular networks.
Fig. 8 shows several daughter cells dividing from mother cells,
noted as 1-1, 1-2; 2-1, 2-2; 3-1, 3-2; and 4-1, 4-2; respectively.
Easily seen, all daughter cells have tethers grown out on the
counterpart locations of cytomembrane along the cell body, as
indicated by the red arrows. This can ensure the daughter cells can
migrate into two contrary directions after division, to heighten the
extravasation efficiency of tumor cells through microvasculature.
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Fig. 8 Tethers’ activation by cell division inside the microvascular channels.

45 (a) ~(d) Four pairs of daughter cells just divided from four different mother
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cells. The red arrows indicate the formation of tethers. Time codes
displayed in each frame indicate the moment when the video begin to be
recorded. Scale bars, 50 pm.

Cell 2 in Fig. 7 is the same cell as cell 2-1 in Fig. 8. Even if the
original position of cell 2 is similar to cell 1 as shown in Fig. 7, cell
2 just divides from another cell, which is also one factor activating
tether as illustrated here. As a result, cell 2 grows out more cell
tethers than cell 1, and correspondingly displays for higher cell
activity as shown in Fig. 7a~f. More details concerning related
cells are also provided in the supplementary material (ESI 3).

3.5 Comprehensive cellular dynamic at single cell resolution

Through long-term monitor of cell dynamic inside biomimetic
microvasculature followed by professional video processing,
various cellular biophysical properties can be accurately analyzed
at single cell resolution, including dynamic cytomembrane tension,
extracellular communication, cell mobility, microvilli, and
protonema configuration, etc.

3.5.1 Cytomembrane force

Cytomembrane dynamic interference between the cell and
microchannel neck reveals a complicated and time-consuming
process when tumor cell escapes from the microchamber into
microvascular channel. The tumor cell may struggle several times
to conquer the resistance force from microchannel, before it finally
can extravasate into the microvascular channel. As shown in Fig.
S2 (ESI 1), it takes two times of cytomembrane contractive motion
and lasts for about one hour, before the concerned tumor cell
finally extravasates into the microvascular channel. The cell has a
stretched spindle shape originally, as shown in Fig. S2a~b. To
escape from the channel neck, the cell membrane begins to
contract, as shown in Fig. S2c~g. Nevertheless, this cell fail to
escape from the tiny channel at the first time, and thus the
cytomemebrane begins to extend, as shown in Fig. S2g-~i.
Afterwards, the cytomembrane contracts again (Fig. S2j~K).
Finally this cell escapes from the tiny channel as shown in Fig.
S2n. During this period, the prolonged cell tether brakes with the
channel neck, which then becomes shorter and shorter, and finally
merges with the cell membrane, as indicated by red arrows in Fig.
S2j~n. Herein tether’s braking force between the cytomembrane
and the microchannel neck is calculated to be 35.5 x10-*2 N (ESI
1), based in a model Dai et al raised> known as phenomenological
computing approach,%® wherein the same human melanoma lines
M254 as proposed here were systemically discussed.

3.5.2 Extracellular communication

Communication between metastatic tumor cells can also be
accurately analyzed inside the biomimetic microvasculature. Fig.
S3 (ESI 1) shows the extracellular communication between two
tumor cells (indicated as cell A and cell B) within a period of seven
hours. When cell A tries to pass through the tiny tube (Fig. S3a~b),
there is a prolonged tether interconnected with cell B, as indicated
by the red arrow. Through this interconnection, cell A and B build
a communicational signal. As a result, after cell A passes through
the tiny tube (Fig. S3c), it can’t further move to upper location, but
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is restricted in a small area for about three hours, as shown in Fig.
S3c~f. In the meanwhile, this extracellular communication guide
the cell B to migrate towards to the same tiny tube, as shown in
Fig. S3d~g. From this phenomenon, we can conclude that tumor
cells that already pass through the tiny tubes of microvascular
networks can guide the following tumor cells to pass through the
same tiny pores through such kind of extracellular communication,
which can dramatically heighten the overall extravasation
efficiency of tumor cells inside microvascular networks.

3.5.3 Protonemata configuration

Fig. S4 (ESI 1) shows the division details of two independent cells
inside the biomimetic microvasculature. White intermediate
filament firstly comes out in the center of the cell (Fig. S4b, j).
After about ten minutes, the filament divides to two separate
protonemata (Fig. S4c, k), and begin to move towards two
counter-polar-positions of both cell bodies during the next four
minutes (Fig. S4d, i, m). Finally, the protonemata totally move to
the polar-positions with invaginated cytomembrane formed in the
center of cell body, as shown in Fig. S4e, n. Independent
cytomembrane comes out along the cellular nvagination during the
next period taking around seven minutes (Fig. S4g, q), and finally
separate one cell into two cells (Fig. S4h, r).

4 Conclusion

Herein we establish a method to fabricate biomimetic microfluidic
microvasculature directly replicated from natural leaves, with
desired microchambers integrated inside the networks. These
microvascular networks allow for high-resolution and real-time
observation of spatial-temporal single-cell dynamic, cell-cell
communication, cell-microvasculature interactions and cell
population property, etc. In contrast with existing in vitro “organ
on chip model” or “LOC-based cell extravasation model”, our
model offers advantages in the following aspects: (1) the vessel
like microvascular networks obeying Murray’s law,¥%° (2)
professional video processing of real-time microscopic imaging
for accurate characterization of single-cell biophysical properties,
(cell deformation, cell migration, extracellular communication,
cell division, and local shear stress of cytomembrane), (3) the
verification of a “cell-tethers-mediated-mechanism” for cell
deformation and migration inside the biomimetic vessel-like
microvasculature model.

Human melanoma cells maintain dramatically high physiological
activity after one week culture inside the biomimetic microchip,
promising our model an ideal methodology for long term cell
handing and analysis. We find that herein the biomimetic
microvascular model can dramatically heighten tumor
deformability but significantly labilize migration velocity,
implicating mechanical stimuli enhanced cell adaption to
microvasculature during transmigration. Through 72 hours assay
of the cell migration inside one microchannel, the daily migration
velocity can be calculated to be 83pm/day, 338pum/day, and
210pm/day, respectively, indicating a velocity difference as much
as four-times under same environmental condition. Compared with
traditional systems, there are large amount of tiny-pores (outlets
are closed) and tiny-tubes (outlets are open) located on the inner
microvascular surface of biomimetic model here. We find that both
the tiny-pores and the tiny-tubes can efficiently influence cell
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deformation, and decrease the overall cell migration velocity
correspondingly. The difference is that for the case of tiny-pores,
the cells always return back to the microchannel after they fail to
migrate through; while for the case of tiny-tubes, the cells can
migrate through, and even guide the following cells to motion
towards the same tiny-tubes via extracellular communication. The
physiological significance of this phenomenon is that the tumor
cells can easily pass through any permeable tubes located on the
vascular walls and thus invade to other organs, which can explain
the high adjustability of tumor cells during their extravasation
process through the in vivo microvascular systems.

Relying in professional video processing of cell activities, it’s
confirmed that large amounts of cell tethers grow out from the
cytomembrane. These cell tethers are highly active and motional,
just like the claws of some animals (e.g., actiniae) which extend
out from their body and always try to grasp the signals from all
directions around. Both the cell migration and the cell deformation
occur in the same direction where cell tethers grow out.
Furthermore, the tiny structures on the walls of biomimetic
microvascular networks can efficiently stimulate the coming out of
the cell tethers of the tumor cells, which finally explain the high
cell deformability and unstable motion velocity during tumor
metastasis, and thus, verifies the intrinsic enhanced
accommodation of tumor cells to microvascular networks depends
on extremely high tethers sensitivity to the mechanical stimuli
from the tiny-structures on the microvascular wall, further
revealing the “cell-tethers-mediated mechanism” as the reason for
the hyperactive cellular biophysical behaviors inside biomimetic
microvasculature. Tethers dynamic at single cell level is also
quantified, with pore activated tether as long as 47 m concerning
two tumor cells during a monitor period of over eight hours.

One big difference between our system and other on-chip cell
extravasation systems is that, there is no additional attractant
reagent added in our system to form a chemical gradient all through
the microvasculature. So the dynamic behavior of cells in our
model are not initiated by cell chemotaxis, but initiated by the
mechanical stimuli of the biomimetic microvascular network itself.
The deformation and migration results implicate that, such kind of
mechanical cell-stimulating cue is very strong, even comparable
with chemotaxis stimuli. Depending on the video processing
model raised here, we find the cell migration velocity can be
activated as high as104.93 pm/h as cell position is very close to the
tiny pores, more than 2.5 times of its average migration velocity
farer to tiny pores. As a result, we evaluate the mechanical stimuli
can play a comparable role as chemical cell-stimulating cue
influencing tumor cell metastasis through folded microvascular
channel like arteriosclerosis vessel, and thus may lead to new
anticancer target for corresponding drug development.

Depending the original work as illustrated here, we evaluate wide
range of research can be aroused, especially in the development of
vessel-like microvascular networks for modeling functional
microenvironmental equivalent and corresponding in vitro
pathophysiological assays. Our method provides promising
platforms to study cell division, proliferation, interactions,
survival, migration, cytomembrane force, morphogenesis and
differentiation under microvascular environments. Our future
work includes the con-culture of different kinds of mammalian
cells inside the multiple microchambers of the biomimetic system,
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to achieve a “nature-inspired-microvasculature interconnected
microfluidic organs-on-chip system” for further clinic and
biomedical application.

Graphical abstract

Chip From Nature
>—>>

It’s verified by recent studies that, microvascular
networks of leaf vein and animal vessel obey the

«» same overall configuration rule: Murray’s law.
Inspired by this post, we innovate a biomimetic
methodology to replicate veinal microvasculature
from natural leaf into Lab-on-a-chip system,
which can be further utilized as biomimetic ani-

i mal vessel, as well as vessel-derived downstream
applications.
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4 Conclusions

In this thesis, we utilize three pumping systems: syringe pump (article 1, 2, 5), capillary pump
(article 1) and diffusion pump (article 3 ~ 6) to transport liquid inside various microdevices.
These pumps are successfully applied for different downstream applications, including POC
diagnosis potential, microdroplet formation, multiphage flow, anticorrosive assay,
impermeability confirmation, biomimetic self-pumped liquid transport of plant, Polymerase
Chain Reaction, and medium injection for cellular dynamic monitor.

Compared with other external-power driven pumps requiring additional manufacture steps,
e.g., electroosmotic Micropumps, magnetohydrodynamic (MHD) micropumps,
electrokinetic micropumps, bubble’ micropumps, electrophoresis micropumps, and
piezoelectric pump, etc., syringe pump is one kind of ready-made commercial pump
without any costly fabrication process. As a result, we firstly apply Syringe pump to
transport fluidic inside different microdevices.

The first microdevice is Y-structure PDMS chip fabricated from multilayer-tape lithography,
with a channel width of 500 um and channel height of 150 um. Through controlling flow
rate of ink and oil at 50 puL/h and 250 puL/h, respectively, we find ink-droplets are successfully
dispersed and formed inside continuous oil phage of the chip. But after the flow rate of ink
and oil is adjusted to be 100 pL/h and 150 uL/h, respectively, multi-phase (oil-ink-oil) flow
forms inside the chip. Thus we conclude syringe pump can be utilized for efficient multi-
phase flow control inside microchannel containing grooved-shaped sidewall instead of
smooth channel-wall. The second microdevice is PDMS-PVC microdevcie with a thick and
short serpentine microchannel whose width, depth, and total length are 2 mm, 200 um,
and 115mm, respectively. It’s well known that PDMS can change shape after contacted with
small organic molecule like tetrahydrofuran (THF), leading to possible leakage if the
bonding is not robust. To confirm the anticorrosion of PDMS-PVC to THF (colored with
black for better visualization), syringe pump is used to transport THF to the microchannel
at a flow rate of 1 mL/min for 25 min, and there is no leakage or swelling found during this
period. Although noticeable swelling of PDMS takes place after THF is introduced into the
microchip by syringe pump for up to 8h, still no leakage occurs, affirming syringe pump as
an efficient approach for liquid injection in anticorrosive assay and leakage test. The third
microdevice is novel 3D helical & rectangular silicone tube (0.3 mm ID/0.64 mm OD)

microreactor, wherein the width, length, and height of are approximately 7.5, 19.2, and 6.5
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mm, respectively. The total length of the silicone tube is 84 cm. Syringe pump is firstly
utilized to transport mineral oil inside the microreactor at a rate of 10 puL/min. After oil is
filled inside the whole microreactor, a 20uL PCR sample plug is introduced, followed by
another plug of the mineral oil at 2 plL/min, making the sample plug completely
encapsulated by the two plugs of the mineral oil. After the PCR sample flows out the
microreactor, DNA (pGEM-3Zf + plasmid vector) is successfully amplified, affirming syringe
pump as an efficient approach for stable liquid transport inside 3D device for PCR.
Although above studies confirm that syringe pump can be efficient access in fluidic control
for wide range of downstream applications, nevertheless, size of pumping system is quite
giant, much bigger than total size of microdevice, and thus, impossible to be integrated
into the microdevice. Besides, external energy is required and consumed for supporting
and maintaining its pumping power. As a result, syringe pump is inconvenient to transport
liquid wherein portable and compact all-in-one microfluidic setup is an issue, conflicting
with the concept of fabricating portable micro Total Analysis Systems (uTAS) for
convenient operation.

In order to solve aforementioned defects of syringe pump, many groups have been
developing self-activated pumping systems without any external-power consumption,
displaying great advantages such as easiness of fabrication and integration. Of all these
self-activated pumping systems, capillary-force-driven micropump is one most widely
adopted type, and has been applied to many areas due to its successful solvability in the
giant size problem of so-called “lab on a chip” systems for convenient and portable
processing inside microfluidic.

As a result, we further analyze self-activated capillary pump for programmable velocity
control that can be utilized for potential POC diagnosis. Through modifying microchannel-
height of 2.5D microchip, it’s found the autonomous sample flow rate of 55 mm long
microchannels are 0.1 pL/s, 0.21 puL/s and 0.39 pL/s when multilevel height are 200 um, 300
um, and 400 um, respectively. After the microchannel height changes to 100 um, 250 pm
and 300 pum, the autonomous sample flow rate changed to 0.03 pl/s, 0.15 plL/s and 0.28
uL/s, correspondingly. Further mathematical modeling verifies that autonomous capillary
flow rate increases as the multilevel microchannel of 2.5D microchip is heightened, in
accordance with experimental results. So we conclude microchannel height can efficiently

affect transport velocity of capillary pump for further POC diagnosis.
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Nevertheless, although different self-powered micropumps have been introduced for
autonomous liquid transport in vacuumized PDMS chip,® paper chip,* and capillary
channel,%°4* these pumps have fatal weaknesses that restrict them of wide applications.
For example, all these self-powered micropumps have strict requirement on the consisting
materials of microdevices, and can’t be widely utilized to universal microfludic chips
consisting of any material, like PTFE or PMMA. Besides, all of them are actually weak
pumping systems. It’s difficult for them to motivate sample flowing over long distance. The
spontaneous capillary flow can also be easily interrupted by various barriers, such as gravity
effect of 3D microdevice or high processing temperature inside microfluidic. For some
reaction like micro continuous PCR, the required microchannel length is too long (over 2
meters) for these self-powered micropump to handle. Besides, denaturing temperature of
polymerase chain reaction is 95 degree, also diffucult for them to motivate sample, and as
aresult, all aforementioned self-powered micropumps can only be applied to some limited
areas.

In order to solve these defects, not only we analyze the performance of syringe pump and
capillary pump for liquid transport as aforementioned, but also in the thesis here, we pay
big attention in studying new kind of self-powered pump: the diffusion pump. Altogether
four types of microdevcies (3D/2D microdevices of PDMS-glass/PDMS, PMMA-PMMA and
silicone tube with obvious difference in microstructural topology) are fabricated to analyze
the performance of diffusion pump in the thesis here.

The first microdevice is PMMA-PMMA microchip containing serpentine microchannel with
original width, depth, and length set at 200 um, 50 um deep and 1.25 m for a total of 25
cycles (5cm length for each cycle). A thick-walled silicone tube (i.d. 0.2 mm, o.d. 2 mm) is
inserted into the inlet port and thin walled silicone tube (i.d. 1 mm, o0.d. 2 mm) is inserted
into the outlet port, glued using PDMS prepolymer. Self-automated flow is analyzed by
varying three parameters: the lengths of the outlet silicone tubes, the depth of the PMMA
microchannel, and the total length of the microchannel. The total running times are 21, 31,
and 50 min, respectively, which correspond to an average residence times of approximately
49, 72, and 119 s per cycle, respectively, when the lengths of the outlet silicone tubes are 3,
2, and 1 cm. When the width of the microchannel and the length of the outlet silicone tube
are fixed at 200 um and 3 cm, residence times of each cycle is measured to be 28, 49, and
63 s, respectively, if the depths of the microchannel were varied at 20, 50, and 100 um,

respectively. When the microchannel width, microchannel depth and the length of the
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outlet silicone tube are 200, 80 um, and 3 cm, respectively, the average residence times are
measured approximately 49, 48, and 53 s, respectively, if the total channel lengths of
microchannel is 1.25 m (25 cycles), 2.25 m (45 cycles), and 2.75 m (55 cycles). Further
mathematical modeling verifies that autonomous flow rate increases as the lengths of the
outlet silicon tubes increase, decreases as the microchannel width/height increases, but of
no obvious relationship with microchannel length, in accordance with experimental results,
approving that appropriate flow rate can be gained by adjusting these three parameters.
The second microdevice is seamless 3D helical & trapezoidal silicone tube (0.51 mm 1D/0.94
mm OD) microreactor, wherein the length and height are approximately 28.2 and 7.0 mm,
respectively. The widths of the microreactor closer to the inlet and the outlet are 25 and 10
mm, respectively. The total length of the silicone tube is 1.5 m. Diffusion pump is utilized
for self-automated sample flow through this microreactor, without the usage of mineral oil
that’s inevitable when using aforementioned syringe pump. The successful amplification
result affirm diffusion pump as an endurable approach for liquid transport inside 3D device,
while efficiently suppressing air bubbles under high temperature as well.

Aforementioned two microdevices have similar microstructural topology: one-directional
segmented-linear microchannel connecting only one inlet and one outlet. In contrast, the
next two microdevices are leaf-inspired microchips consisted of very complicated
microvascular networks interconnecting multiple inlets and outlets, of obvious difference
in microstructural topology with previous microsystems.

The third microdevice is leaf-inspired PDMS chip with whole ordered microvascular
network. Altogether three kinds inspired biomimetic microchips with whole ordered
micronetwork replicated from Tilia platyphyllos, Aegopodium podagraia and Carpinus
betulus, are utilized flow self-automated flow analysis. The biomimetic microchip from
Carpinus betulus has 2-order microvascular bifurcating structures, with one 4.7 cm long
first-ordered microchannel and sixteen parallel second-ordered micochannels. The average
flowing rate in first-ordered microchannel and second-ordered microchannel are measured
to be 0.00357 cm/sec and 0.00745 cm/sec, respectively. The biomimetic microchip from
Aegopodium podagraia has 2-order microvascular bifurcating structures. Noticeably, the
first-ordered microchannel in the center of PDMS leaf is 4.3 cm in length, much longer than
another four first-ordered microchannels with average length of 2.5 cm. The flow rate of
five first ordered microchannel is measured to be 0.0153 cm/sec, 0.0161 cm/sec, 0.0148

cm/sec, 0.0164 cm/sec and 0.0156 cm/sec, respectively. Average flow rate of second-
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ordered microchannels is calculated to be 0.0109 cm/sec. The biomimetic microchip from
Tilia platyphyllos has 3-order microvascular bifurcating structures. The first-ordered
microchannel in the center of PDMS leaf is 4.2 cm in length, while average length of other
first-ordered microchannels is 2.55 c¢cm. The average flow rate in all first-ordered
microchannels is calculated to be 0.0447 cm/sec; and the average flow rate in second-
ordered microchannels is calculated to be 0.0222 cm/sec. It’s also surprisingly found here,
the self-powered flow in leaf-inspired microvascular channel obeys sorptivity rule, which is
mostly found in capillary absorption. The fourth microdevice is one leaf-inspired PDMS chip
from Tilia platyphyllos, but additional artificial microchambers are integrated into the
whole ordered microvascular network for potential biomedical engineering. Through
diffusion pumps, cell culture medium is successfully injected into the whole
microvasculature, qualified for long term cell culture. Because of the complicated
microchannel structure, air bubbles may easily form if other pumps are utilized. But the
diffusion pump can push away all air bubbles formed during the injection step, and thus,
the medium can fill in whole microvasculature.

In contrast with self-powered autonomous flow inside simple topological microstructure
connecting one inlet and one outlet, self-powered flowing performance through PDMS
leaves is much more complicated due to two reasons. Firstly, it’s found that surface of
microchannel replicated from leaves is very rough, because microcosmic structure such as
stomata, dytoderm and micropillars in natural leaves are all replicated to PDMS replica.
Besides, PDMS leaves are consisted of complex microvascular networks interconnecting
multiple inlets and outlets, which is much more complicated in geometrical topology than
aforementioned microdevices wherein only one inlet and one outlet is connected by single-
directional segmented microchannel. But diffusion micropump also displays excellent
performance for liquid transport inside various PDMS microchips fabricated from real
leaves. Self-powered flow inside PDMS leaves and real leaves share similar properties.
Firstly, overall geometry of microvascular networks wherein self-powered flow occurs are
the same in real leaf and PDMS leaf. Secondly, self-powered flow are activated by gas
molecules’ diffusion in both leaves: inreal leaf it is vapor-molecules’ diffusion from leaf into
atmosphere; while in PDMS leaf it is air-molecules’ diffusion from leaf into atmosphere.
Thirdly, the hydrodynamic potential at the posterior end of real leaf and PDMS leaf are

reckoned to be constant, but the hydrodynamic potential at real & PDMS leaves are
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reckoned to be reduced because gas-molecules’ diffusion is reckoned to happen only in
real & PDMS leaves but negligible in stipe and syringe.

Our main purpose is to analyze the hydraulic flow throughout all bifurcating channels
ranging from highest to lowest ordered networks which is the same as real leaves, as well
as how overall leaf-inspired microvasculature influence gas-diffusion. As a result, we only
explore whole-ordered veinal network to analyze how microvascular networks interfere
self-powered flow, while ignoring subset morphology such as xylem, phloem, cellular
exoskeleton and chlorenchyma in real leaves, etc. Average flow rate through first-ordered
microchannels and second-ordered microchannels are calculated to be 0.00745 cm/sec and
0.00357 cm/sec in Carpinus betulus replicated PDMS leaf, 0.0157 cm/sec and 0.0109 cm/sec
in Aegopodium podagraia replicated PDMS leaf, and 0.0447 cm/sec and 0.0222 cm/sec in
Tilia platyphyllos replicated PDMS leaf. So average flow rate in first-ordered microchannels
is 2.08, 1.43, and 2.17 times of second ordered microchannels for biomimetic microchips
replicated from Carpinus betulus, Tilia platyphyllos and Aegopodium podagraia,
respectively. As a result, we can conclude overall geometrical microvascular configuration
in leaves displays higher hydraulic conductivity in first ordered microchannels than second-
ordered microchannels, to ensure higher water transport capacity in higher-ordered
microchannels than lower-ordered microchannels. The realization of self-powered
autonomous flow inside PDMS leaves (cross-linked microvascular networks
interconnecting multiple inlets and outlets) not only can widen the applicant range of such
self-powered diffusion micropump from one-dimensional microchannel to multi-
dimensional microvasculature, but also can heighten our understanding on how natural
microvascular configuration regulates self-powered flow that’s widely exist in all natural
leaves.

From aforementioned discussion, we can see syringe pump can accurately control flow
rate in different microdevcies, but it’s too giant in size and indispensable to external-energy
supply as well. Capillary pump can transport fluidic free of power consumption, but can
only be applied to limited microdevices. Diffusion micropump doesn’t require any
fabrication step when applied for liquid transport inside microdevice, making the final
micro-device so portable that matches well with the microchip’s disposable concept for
various downstream applications. Through systemic flowing analysis inside different
microdevices, it’s verified that diffusion micropump not only can provide stable flow over

long distance, but also can easily (just by changing the microdevice’s dimension and
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operational parameter) provide much wider range of flow rate than existed self-powered
micropumps, like capillary pump. When we apply diffusion micropump for micro
continuous PCR inside PMMA chip, it verifies diffusion pump can automate stable flow
through long channel over 2 meters and endure high denaturing temperature of 95
degrees. Not like other self-powered micropumps, the usage of diffusion micropump to
PMMA chip promises it can be applied to any materials (PTFE, PC, PET, etc) without
limitations. We also make comparison between diffusion micropump and traditional
syringe pump in their performance, which also reveals diffusion micropump has better
performance in high temperature: when using syringe pump, a lot of bubbles come out
from the microchannel, which even totally break the liquid flow; however, when using
diffusion micropump, few bubbles come out from the device. Because the flow is so stable
without any microbubbles’ formation, the PCR amplification is highly efficient here.

In brief summary, the technological development during last ten years has made it quite
cheap, easy and quick to fabricate microdevice nowadays. As a result, the concept of
disposable microchip for clinical detection, biological analysis, and disease diagnosis, etc.,
has become possible and been more and more valued. But disposable microdevices should
be supported by other accessories to finally realize their applicant function. Necessary
accessories always include micropumps, microheaters, microvalves or micromixers, etc.
Only in the case when the disposable microdevice matches well with its accessories can the
disposable microdevice realizes its most valuable significance. In other words, not only the
easily fabricated microdevice should be cheap or disposable, its accessories (i.e., various
kinds of micropumps such as electroosmotic micropumps, magnetohydrodynamic
micropumps, electrokinetic micropumps, electrophoresis micropumps, etc.) should also be
easily fabricated, cheap, portable and even disposable. Form this viewpoint, diffusion
pump may play important role as self-integrated micropump for liquid transport inside

microchip.
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