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Producing solvent-resistant microfluidic devices is a challenge for analytical chemistry and
biochemistry. We demonstrate a simple and low-cost fabrication approach for the realization of
solvent-resistant microchannels based on perfluoropolyether elastomers, exhibiting very low
aspect ratios (0.01). The strength of the microchannels sealing is evaluated through the maximum
internal pressure (1.52 MPa) prior to device failure, due to delamination at the bonded interface.
This approach allows the elastic properties of silicone elastomers, suitable for high quality external
connections, to be combined with the non-swelling character of perfluoropolyethers.

Introduction

The basic element of microfluidic devices is a network of hy-
draulically connected microchannels. This is typically obtained
by the irreversible sealing between two surfaces, i.e. a surface
embedding a pattern of fluidic capillaries, and a second element
working as a flat cap. Some important challenges relate to such
assembly, namely: (i) avoiding the deformation of the micro-
and nanofeatures and the eventual channel clogging during
the sealing procedure; (i) assuring good adhesion between
the two surfaces for producing watertight channels able to
support high internal pressure (up to the order of several MPa);!
(iii) effectively interfacing the resulting device with external
fluid pumping systems. In this framework, polymers are widely
chosen materials, being characterized by easy and inexpensive
manufacturability, biocompatibility, good thermal resistance,
and optical transparency. They can be processed by various
methods, such as high temperature imprinting,** laser assisted
molding® and ablation,® in situ surface polymerization assisted
by ultraviolet (UV), thermal,” or redox initiation,® injection
molding®' and soft lithography,'*** enabling low cost and high-
volume production of disposable chips.’** In particular, various
assembly and bonding methods have been reported, depending
on the specific polymers, allowing one to mutually seal surfaces
made by the same compound, or by materials with different
chemico-physical properties.

To date, the most used polymers in nano- and microflu-
idics include polymethylmethacrylates (PMMASs) and cyclo-
olefin copolymers (COCs) as thermoplastic materials, and
polydimethylsiloxane (PDMS), among elastomers. Their irre-
versible sealing can be accomplished by means of thermal'*

“NNL, National Nanotechnology Laboratory of CNR-INFM, Universita
del Salento ¢/ o Distretto Tecnologico, and Italian Institute of
Technology, via Arnesano, 1-73100, Lecce, Italy.

E-mail: Dario.pisignano@unile.it; Fax: +39 0832298146

Scuola Superiore ISUFI, Universita del Salento, via Arnesano, I-73100,
Lecce, Italy

¥ The HTML version of this article has been enhanced with colour
images.

or UV/ozone and oxygen plasma treatments,'?° solvents,* and
gluing layers.?** However, these polymers and their derivatives
present some serious limitations for chemical and biological
microfluidic applications involving non-polar organic solvents,
because of their solubility (PMMA and COCs)* or swelling
behavior (PDMS).** Furthermore, in the bonding procedures
usually applied to rigid thermoplastic polymers, such as PMMA
or COCs, the contact between surfaces is assisted by external
pressures (10°-10* kPa) combined with thermal and surface
treatments.***2 This may lead to a remarkable reduction
of the channel height in the final microfluidic chips, and to
deformations of the microstructures up to the occlusion of the
assembled capillaries.!-'6:2-25

An interesting alternative class of polymers is represented
by perfluoropolyether (PFPE) elastomers,” whose application
to microfluidic chips has been pioneered by DeSimone and
coworkers with a PFPE-urethane-methacrylate. These mate-
rials exhibit some appealing properties of PDMS (transparency,
flexibility, and conformability) together with absence of swelling
and enhanced structural stability,”® however their bonding
to surfaces can be made difficult by their intrinsic unfouling
character. Moreover, using elastomers with a lower Young’s
modulus facilitates the connections to external tubing. There-
fore, the implementation of effective bonding procedures for
PFPE compounds within easily interconnected hybrid devices is
important for a full exploitation of the material performances
in lab-on-chips.

In this work, we report on a UV-based bonding process by a
photocurable PFPE-urethane-methacrylate with low molecular
weight into a hybrid polymer chip. This PFPE grade exhibits the
typical oleophobicity, solvent resistance, and mechanical stabil-
ity of fluoroelastomers. Hybrid PFPE/PDMS micropatterned
elements are here realized, consisting of a thin fluoroelastomer
layer (thickness ~ 3 um) and a thick (~ 3 mm) backside element
of PDMS. In particular, we demonstrate irreversible sealing
between two PFPE surfaces without losses in the microchannel
height, which allows one to lithographically realize capillaries
with very low aspect ratio value (0.01) without clogging, and
stable up to pressures of 1.52 MPa. This approach guarantees
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both wide solvent compatibility and effective connections of the
microfluidic chip for fluid injection and control.

Experimental
Materials

PDMS components (Sylgard® 184 Silicone Elastomer Kit)
are purchased from Dow Corning (Midland, MI), and the
PFPE prepolymer used in this work is kindly provided by
Solvay-Solexis (Bollate, Italy). With respect to fluorinated
oligomers with acryloxy terminations, recently employed for
the fabrication of hybrid stamps for soft lithographies,® this
compound shows methacryloxy ending groups, almost double
molecular weight and, importantly, lower surface energy, which
is important for the faithful replication of master templates. By
contact angle measurements, we found a surface energy as low
as 149 mN m™'.

The PDMS prepolymer is obtained by mixing the base and
curing agent in a 9 : 1 w/w ratio. The photoinitiator, Darocur®
1173, is supplied by Ciba (Pontecchio Marconi, Italy). The
photoresist, AZ5214E, and its developer are purchased from
Clariant Corporation’s AZ Electronic Materials (Wiesbaden,
Germany), and Si and Si/SiO, wafers, with oxide thickness
~100 nm, are purchased from Si-Mat (Landsberg, Germany).
Capillary tubing connections (Tygon®) are purchased from
Norton Performance Plastics (Akron, OH). The employed
chemical reagents (NH,F, HF, KOH) are purchased from
Sigma-Aldrich (Milan, Italy). Chloroform and toluene are
from J. T. Baker (Milan, Italy).

Composite PDMS/PFPE molds

The first step for realizing the microfluidic network is the
fabrication of a master template by standard photolithography.
The photoresist is deposited onto a Si-SiO, substrate by spin-
coating at 4000 rpm for 40 s, and exposed to UV radiation for
3 min at45 W. After development for 1 min and substrate rinsing,
the oxide is etched by NH,F/HF/H,0 (6.6 g/1.6 ml/10 ml),
and 2 pm (k) of Si are removed by a 5.9 M KOH solution at
110 °C for 20 s. The pattern includes a 1 cm long capillary of
width (1) 200 um, connected with lateral reservoirs as fluid inlet
and outlet. Two lateral rulers are integrated in the chip, having
squared ticks (100 x 100 pm?) separated by 100 um, useful for
the accurate investigation of the fluid motion.

The master geometry is replicated by photocurable PFPE-
urethane-methacrylate. A 4% w/w solution of PFPE prepolymer
and photoinitiator is prepared by mixing the two components
and degassing the mixture at room temperature in a vacuum.
The solution is deposited onto the master surface by spin-
coating at 4000 rpm for 40 s (Fig. 1(a)), and cured under UV
irradiation for 30 s (4 = 360 nm; intensity = 6 mW cm~?)
under nitrogen atmosphere to prevent the reaction between
the photoinitiator and oxygen (Fig. 1(b)). The thickness of the
resulting PFPE layer on the master surface is about 3 um. For ob-
taining composite PFPE/PDMS molds, a thick layer (~3 mm)
of PDMS is poured onto the fluoroelastomer film, and the
subsequent polymerization is carried out at 70 °C for 2 h
(Fig. 1(c)). The textured PFPE/PDMS element is then peeled
off from the master (Fig. 1(d)), and fluid access ports are opened

Fig.1 Scheme of chip fabrication. Spin-coating of PFPE solution onto
the master surface (a), PFPE UV curing (b), PDMS pouring (c), peeling-
off the hybrid PFPE/PDMS mold (d), spin-coating of PFPE solution
(e); PFPE partial curing (f), bonding (g), and chip separation (h).

corresponding to the reservoirs by carefully producing 0.75 mm
diameter holes with a core sample cutter.

A thin PFPE slab (= 60 um) working as chip cap is realized by
spin-coating (350 rpm for 25 s) onto a Si wafer (Fig. 1(e)), and
UV curing for 20 s under nitrogen (Fig. 1(f)). The polymerization
time is slightly shorter than the exposure interval used for
PDMS/PFPE mold, in order to provide a partial curing of the
fluoroelastomer, which is important for then obtaining a good,
irreversible sealing. At this stage, the PFPE slab is not peeled off
from the Si substrate.

Bonding and device connection

To assemble the sealed microfluidic device, the composite
PDMS/PFPE mold is placed on the PFPE slab, which results in
the conformal contact between the two exposed fluoroelastomer
surfaces. The system is then irradiated with UV light for a
few minutes under nitrogen (Fig. 1(g)), thus completing the
polymerization of the PFPE flat slab and resulting in the bonding
between the two elements. Finally, the whole plastic chip is
separated from Si (Fig. 1(h)).

The microfluidic chip is connected to a syringe infusion pump
(Harvard Apparatus, Holliston, MA, USA) for liquid injection
and control. Plastic tubes (id = 0.25 mm, od = 0.78 mm) are
fitted manually in the inlet and outlet holes without causing
delamination at the PDMS/PFPE and PFPE/PFPE interfaces,
the elastic properties of the silicone elastomer guaranteeing
stable and watertight connections.”® The free end of the tubes
is coupled to the stainless steel needle (27 G) of 1 ml syringes.
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Leakages tests

To quantitatively determine the bond strength of the assembled
devices, deionized water injection is carried out at growing flow
rates from 5 to 45 pl min~' with increments of 5 ul min™',
up to delamination at the sealed interfaces. In particular, for
each applied flow rate the fluid dynamics into the microchannel
is observed by an optical microscope through a high-speed
camera (FastCam APX-RS, Photron, CA) for about 1 min. The
exact position of the fluid front along the microchannel during
filling at room temperature is determined by an acquisition
rate of 125 frames s™' by a dedicated viewer software. After
each experiment, the device is placed in an oven for 2 h at
70 °C, to allow the complete evaporation of residual water in
the microchannels. Afterwards, the flow rate is increased and a
new filling experiment is performed on the same device.

Filling experiments are also carried out by both chroloform
and toluene (flow rate = 5 ul min~") to test the device resistance
against organic solvents. The distance between the connecting
plastic tubes and the PFPE microchannel ranges from a few
hundreds of pm to 1 mm, which means that injected organic
solvents can undergo partial contact with PDMS. However, dur-
ing filling experiments we can not appreciate any PDMS/PFPE
delamination due to eventual local PDMS swelling domains.

Results

Fluoroelastomer molds made by the PFPE compound used here
can exhibit a poor conformal contact when having thickness
above 70 um. Since for fabricating and tightly interconnecting
microfluidic chips one needs polymeric elements with typi-
cal thicknesses of a few millimeters, hybrid PFPE-urethane-
methacrylate/PDMS molds are preferable. In fact, they combine
excellent conformability to the counterfacing PFPE slab, good
fluidic functionality of the resulting microchannel network in
terms of solvent resistance, and PDMS elasticity for firmly
fitting capillary tubing to access holes.”® The resulting polymer
microchannels (with cross section, W x h =200 x 2 um?) exhibit
an aspect ratio (h/W) as low as 0.01 (Fig. 2), impossible to
be achieved by silicone elastomers, for which / values below a
few tenths of W determine feature collapse and sagging upon
conformal contact.** We point out that microchannels with very
low aspect ratios are relevant to many lab-on-chip and diagnostic
applications, allowing one to have uniform conditions of optical
excitation of flowing chromophores and access to the whole

microchannel

Fig.2 Cross sectional microchannel view. The white areas in the section
are the open channels.

liquid volume through fluorescence detection. Furthermore,
achieving i/ W values below 0.1 is an important prerequisite
for realizing nanofluidic channels with micron-scale lateral
resolution, which is accessible to standard photolithography
fabrication. The completion of the PFPE slab curing by UV
exposure of the whole chip after the superposition of the
hybrid mold is crucial for faithfully preserving the original
cross sectional dimensions of the polymer features, moreover
irreversible sealing of the fluidic network and the cap.

Loss of sealing between the PFPE surfaces, finally causing the
microchannel delamination, is typically observed at injection
flow rates of 45 pl min~' (Fig. 3). The results of the leakage
experiments on the sealed devices are reported in Fig. 4, showing
the measured average filling velocity (v) of the injected liquid
as a function of the externally applied flow rate. v increases
linearly from 2.4 to 54.0 mm s~' upon increasing the applied
flow rate, indicating watertight sealing. To better quantify this
performance, we estimate the pressure gradient through the
microchannels, Ap/Ax, where Ap is the difference of pressure
between the inlet and the outlet of a capillary of length, Ax (1 cm
for our samples). To this aim we use a modified Hagen—Poiseuille
equation for laminar flow through capillaries with non-circular
cross section:*!

__ D &
128[1 Ax (1)

where J, is the volume flow rate (£ Whv), D, is the channel
hydraulic diameter [2Wh/(W + h)], u is the water dynamic

=g 100 pm

Fig.3 Microchannel delamination starting (at time #, = ¢,) correspond-
ing to the fluidic inlet, photographed at three different time instants while
proceeding along the capillary axis. The dotted lines indicate the position
(fixed) of the first ruler tick as a reference. Injection rate = 45 ul min~'.
No delamination is observed at the PDMS/PFPE interface.
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Fig.4 Filling velocity vs. injection rate. The dotted line is a linear fit to
the experimental data. Inset: inlet pressure vs. injection rate. The dotted
line is a linear fit to experimental data.
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viscosity (8.94 x 10~* Pa s), and k is a constant depending on the
conduct section shape (=22 for our geometry).? The pressure at
the channel entrance (p,) is calculated as:

Di = Pum + Ap 2)

where p,., is the atmospheric pressure at the capillary outlet
(0.1 MPa). A maximum bond strength of 1.52 MPa is achieved
for our devices (inset of Fig. 4). For the sake of comparison, we
recall that this value is higher, by a factor from 2 to 20, than
typical values reported for plasma-treated or glued PDMS chips
and interconnects.**3*

Different to previous methods developed for fully PFPE-
based chips,® this approach allows one to greatly reduce
the fluoroelastomer waste during the fabrication of the mold
textured with the microchannels, to decrease the overall cur-
ing times, and to exploit the more favorable conformability
and elasticity properties of PDMS for the device handling and
interconnection. No delamination was observed in our devices
upon continuously injecting chloroform and toluene in the
microchannels over two hours.

Conclusions

We realize hybrid PFPE-urethane-methacrylate/PDMS by a
UV-based bonding approach, sealing the sidewalls of the mi-
crofluidic channels entirely by PFPE. The microchannels exhibit
a very low aspect ratio (0.01) without capillary clogging or
deformation. The delamination pressure (1.52 MPa) at bonded
interfaces is higher than other values for elastomeric materials.
These disposable microfluidic devices can be exploited for
many chemical and biological applications employing organic
solvents.
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