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Abstract

A low cost, low temperature process for sealing microfluidic devices composed of at least one
organic polymeric substrate is presented. The process is based on the surface modification of
the organic substrate by means of a silane solution, resulting in irreversible bonding. It is a
generic method of bonding polymeric/plastic substrates, bare or structured ones, such as
poly(methylmethacrylate) (PMMA), polystyrene (PS) or epoxy-type polymers, to
Si-containing substrates, such as poly(dimethylsiloxane) (PDMS), Si and glass. In the case
that bonding between organic polymer (PMMA, PS, etc) substrates is desired, an intermediate
thin PDMS layer is required.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Microfluidics and the development of microfluidic devices is
a rapidly expanding field with applications in a number of
different markets including chemical and biological analysis,
and medicine [1]. Silicon (Si) and glass were the first
substrates used for the fabrication of microfluidic devices,
because the existing processing technology used to create
such devices was well established in the microelectronics
industry [2]. More recently, plastics have become popular
as structural materials for microfluidic devices due to their
reduced fabrication cost (allowing single-use or disposable
devices) and the diversity of their properties [3, 4].

Following the fabrication of a structured microfluidic
substrate (i.e. a substrate with microfluidic channels in a
surface thereof), a cover plate must be bonded to the
microfluidic substrate to form a closed channel network.
Several methods of bonding plastics used in microfluidic
devices have been explored and presented in the literature:
for example, thermal bonding [5], lamination [6], adhesives
[7], solvent and surface modifications [8]. Among these
methods, thermal bonding has been the most popular; however,
all methods based on melting of the polymer (thermal

bonding, lamination and adhesives) are not suitable for
the bonding of structured microfluidic substrates with very
small channel sizes due to the possible deformation of the
channel shape or blocking of the channels during the heating
process. Therefore, careful process optimization is required
for successful bonding, and thus low temperature processes are
preferable. Furthermore, low temperature (<90 ◦C) assembly
methods are imperative in cases where the devices to be sealed
contain pre-dispensed chemical or biochemical agents [9–11].

PDMS and PMMA are the two most popular structural
materials for the fabrication of microfluidic devices.
However, bonding between these substrate materials is not
straightforward [8]. Recently, a bonding method has been
proposed for polymethylmethacrylate (PMMA) microfluidic
chips based on the surface modification of the substrate or
the use of solvent-assisted low temperature (85 ◦C) thermal
bonding [12]. Although, the method preserves channel
integrity, it requires the use of a hot embossing system for
pressure-assisted bonding. The hot embosser is an expensive
piece of equipment and the requirement for its use adds
considerably to the cost of bonding microfluidic devices in this
manner. In another recent publication [13], a thin (10–25 μm)
PDMS layer was used as an intermediate layer to seal PMMA
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channels micropatterned by a hot embossing technique with
a PMMA cover without distorting the microchannels. Curing
of PDMS was performed in two stages; first, a partial curing
for 20 h at room temperature was performed before bonding
(resulting in a sticky PDMS suitable for bonding) and, second,
complete curing for 3 h at 90 ◦C after the substrates were
brought into contact. The reported bonding strength was not
high (15 kPa), and some PDMS material was found squeezed
in the channels (without blocking them). Furthermore, this low
temperature process also required the use of a hot embosser
to perform the bonding under pressure. In addition to the
cost of the required equipment, the methods requiring pressure
application are advisable for designs with comparatively small
structured areas in comparison to the whole chip area [3].

The goal of this work was to overcome or at least
mitigate some of the problems outlined above. In particular,
this work seeks to provide a bonding method which is
comparatively simple to implement and cheap to perform
for use in microfluidic devices, wherein at least one of the
substrates is an organic plastic substrate. A microfluidic device
generally comprises two substrate sheets. One of the two
substrates is a structured substrate plate containing channels
in a surface thereof, and the other substrate is a lid plate that is
bonded to the structured substrate plate to enclose the channel
network. With the novel method [14] that we describe in this
work, low temperature (80 ◦C) bonding between the PDMS
and PMMA plates, as well as between two PMMA plates using
an intermediate thin layer of PDMS, is demonstrated without
the need for a significant pressure application. The method is
based on surface modification of the substrates to be bonded,
comprising introduction of Si-containing bonds on the organic
surfaces and plasma modification. In particular, Si-containing
bonds are introduced on the surface of the organic polymeric
substrates (e.g. PMMA) through the use of a silane solution
(3-aminopropyltriethoxysilane, APTES), which, after O2

plasma activation of the surfaces to be bonded, results in
irreversible bonding (it is hypothesized that this is due to
the formation of strong Si–O–Si covalent bonds between the
surfaces, as in the case of plasma-based PDMS bonding). Last
but not least, the method is a generic one, since in place of
PMMA other organic polymers/plastics such as PS and cross-
linked epoxy-type polymers (e.g. SU(8)) can also be used.

2. Experimental details

2.1. Materials

The optically transparent 2 mm thick PMMA (Plexiglas) plates
were purchased from IRPEN (Spain). The thermally cross-
linkable PDMS was used (Sylgard 184 from Dow Corning)
consisting of a base polymer and a curing agent. After
mixing the two components in a 10:1 ratio and sufficient
de-bubbling of the mixture, it was either cast in a mold
to yield thick elastomeric sheets or it was spin coated
on polymer sheets (PMMA, PS, etc) to yield thin films
(100 μm thick). Thermal curing was performed either at
150 ◦C for 15 min, if thick PDMS sheets were formed, or at
80 ◦C for 1.5 h, if thin PDMS films were formed on PMMA.

Figure 1. Schematic of the process flow for bonding between a
PMMA and a PDMS substrate.

For the fabrication of structures made of epoxy-type polymer,
the SU-8 2000 photoresist was used, which was supplied
by Microchem Corporation. For surface functionalization
of polymeric substrates, a commercial solution of APTES
(3-aminopropyltriethoxysilane), supplied by Aldrich, was
used.

2.2. Bonding experiments

2.2.1. Bonding of PMMA and PDMS substrates. The
process flow for bonding PMMA and PDMS substrates is
shown schematically in figure 1. A commercial 2 mm thick
PMMA plate was used as a cover plate and a flat 2 mm thick
elastomeric PDMS sheet was obtained after thermal curing of
the prepolymer at 150 ◦C for 15 min (the desired thickness
of the PDMS sheet was determined by the dimensions of the
mold and the quantity of the PDMS prepolymer used). In
order to irreversibly bond PDMS and PMMA sheets, silylation
of the surface of PMMA was attempted through the use of
APTES. A commercial solution of APTES diluted in water
by 5% per volume was used. In order to achieve good
adhesion of APTES on PMMA, the latter plate was previously
activated in the RIE oxygen plasma for 1 min, resulting in
the hydrophilization of the PMMA surface. The PMMA sheet
was then immersed in the APTES solution, heated at 80 ◦C, for
20 min to be surface functionalized (figure 1(b)). Alternatively,
APTES was deposited on PMMA by spin coating the 5%
APTES solution at 3000 rpm for 30 s. Baking the plate in an
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Figure 2. (a) Schematic of the PMMA surface functionalization by means of APTES. (b) Contact angle of water on an
APTES-functionalized PMMA surface.

oven at 80 ◦C resulted in the formation of a silylated layer on
the PMMA surface. Both PDMS and functionalized PMMA
surfaces were activated in the oxygen plasma generated in
a RIE reactor (NE 330 of Nextral) under mild conditions
(a pressure of 100 mTorr, a plasma power of 100 W and
an oxygen flow of 50 sccm). The surface of PDMS was
exposed to the plasma for 1 min, while the functionalized
PMMA sheet was treated under the same conditions for 12 s.
First, the PDMS sheet was treated in the oxygen plasma for
48 s, and subsequently, the PMMA plate was inserted in the
RIE reactor for 12 s of oxygen plasma treatment, which was
common for the two substrates. Plasma treatment resulted in
the formation of Si–OH groups on both surfaces (figure 1(c)).
Immediately after plasma activation, the activated surfaces
of the two substrates were brought into contact (figure 1(d)),
initially pressed manually and subsequently by means of a
0.5 kg weight placed on the top of the sandwiched structure
for 1 h. When bonding was examined (after 1 h), the two
substrates were found to be irreversibly bonded.

This process for irreversible bonding of PDMS with
PMMA was used for the irreversible sealing of a PDMS sheet
where microchannels had been fabricated with a PMMA cover
plate. This will be demonstrated in the results and discussion
section. Equivalently, it can be used for irreversible bonding
of microchannels fabricated in PMMA with an elastomeric
PDMS cover sheet.

A variation of the process described above is obtained if
a thin layer of PDMS is used instead of a thick elastomeric
sheet. In this case, the APTES-functiolalized PMMA substrate
(figure 1(b)) was activated in the oxygen plasma and, then, the
PDMS prepolymer was spin coated on the activated PMMA
substrate. Finally, the PDMS was cured at 80 ◦C for 1.5 h, so
as to avoid bending of PMMA. When bonding was examined,
the cross-linked PDMS was found bonded irreversibly to the
PMMA substrate (see the ‘Results and discussion’ section).

2.2.2. Bonding of two PMMA sheets with a thin intermediate
PDMS film. Irreversible bonding of two sheets of PMMA
with an intermediate layer of PDMS was achieved based on the
basic bonding process described in section 2.2.1. A 0.5 mm
thick uniform layer of PDMS, cured at 150 ◦C for 15 min,
was used. First, the PDMS was irreversibly bonded to a
sheet of PMMA (figure 2(b)), then the basic bonding process
described in section 2.2.1 was performed. Next, the obtained
PMMA–PDMS sheet was bonded through the PDMS layer

with a second PMMA sheet (figure 4(d)), finally the same
basic bonding process was followed. When examined, the two
PMMA pieces were found to be bonded irreversibly through
an intermediate thin PDMS layer.

Alternatively, the intermediate PDMS layer was formed
by spin coating the PDMS prepolymer on an APTES-
functionalized PMMA substrate after the activation of the
latter in the oxygen plasma. It is crucial for a successful
bonding of the final PMMA–PDMS–PMMA structure that the
PDMS layer thickness be rather uniform. It is preferable,
for this reason, to use a larger PMMA cover sheet, spin
coated with PDMS and a smaller PMMA sheet containing
the microchannels in order to take advantage of the central
uniform spin-coated film of PDMS. Finally, the PMMA cover
sheet may be cut to the desirable dimensions after successful
bonding. This process can be used for irreversible sealing
of channels patterned in PMMA on a second PMMA sheet
through a PDMS layer thin enough that the PDMS is not
allowed to penetrate into the PMMA microchannels and
restrict the fluid flow.

2.2.3. Bonding of other polymeric substrates (PS and
epoxy-type resists) with PDMS. Irreversible bonding of
PDMS with other polymeric/plastic substrates like sheets of
polystyrene (PS) and polyetheretherketone (PEEK) can also
be achieved using the technique described above where the
organic polymer substrate is APTES-modified in a similar
way, as was described for PMMA.

A cross-linked layer of the SU-8 photoresist can also be
modified by APTES. A 5% APTES solution was spin coated
on the SU-8 layer to modify its surface chemistry. Prior to spin
coating, oxygen plasma treatment of the SU(8) surface in the
RIE reactor was employed to facilitate uniform and adhesive
coating of APTES on SU(8).

This way, PDMS channels can be sealed irreversibly with
flat non-silicon polymers or epoxy-type resists, used as cover
layers. Equivalently, channels patterned in such polymers or
epoxy-type resists can be sealed with flat PDMS sheets, used as
cover sheets. Finally, this process is useful for the fabrication
of cover plates based on organic polymeric substrates bearing
a thin PDMS layer on one side that ensures conformal and
reversible sealing of microfluidic channels fabricated on hard
substrates (for example, Si, PMMA and PS).
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Figure 3. FTIR transmission spectra of PMMA before and after
treatment with APTES and the peak assignment. A: peaks at 2948
cm−1 and 2998 cm−1 are attributed to –CH2, –CH3 groups. B: peak
at 1733 cm−1 is attributed to C=O group. C: peaks at 1198 cm−1

and 1150 cm−1 are attributed to O–C–C and C–C(=O)–O groups.
D: peaks at 3362 cm−1, 3294 cm−1 are attributed to –NH2 group of
APTES. E: peaks at 2930 cm−1, 2863 cm−1 are attributed to –CH2,
–CH3 groups. F: peak at 1730 cm−1 is attributed to C=O group. G:
peak at 1602 cm−1 is attributed to –NH2 group of APTES. H: peaks
at 1124 cm−1, 1039 cm−1 are attributed to Si–O–Si bridge of APTES
and C–O–Si group of the bonding between PMMA and APTES.

2.2.4. Bonding of PMMA with Si or glass substrates.
PMMA and Si substrates were successfully bonded together
without using an intermediate elastomeric layer. A 5%
APTES solution was spin coated on the oxygen plasma
activated surface of PMMA. After O2 plasma modification
of the two substrates, they were immediately brought into
contact. Irreversible bonding was achieved. With this process,
irreversible sealing of channels fabricated in Si and glass with
a flat PMMA cover can be achieved.

3. Results and discussion

The idea of achieving bonding of PMMA with PDMS is
based on the incorporation of Si-containing functionalities on
the PMMA surface. For this reason, the surface of PMMA

(a) (b)

Figure 4. (a) A microfluidic device made of PDMS and bonded on a PMMA cover after transport of a red dye through the microchannels.
(b) A typical cross-type microfluidic device for capillary electrophoresis. It is made of PDMS by replica molding and sealed with a PMMA
plate. The area around the intersecting microchannels is shown slightly enlarged in a higher contrast image (right).

was first modified in O2 plasma, resulting in the formation
of hydroxyl-OH groups on its surface. This modification
facilitates binding of APTES on the surface [15], according
to the reaction shown in figure 2. The incorporation of Si-
containing functionalities on the PMMA surface was first
verified by contact angle measurements. Indeed, after the
reaction of APTES with the O2 plasma treated PMMA surface,
the functionalized surface exhibits a contact angle of 40◦,
which indicates the presence of amine (–NH2) terminated
layer [16, 17] on the PMMA surface, as shown in figure 2.
This contact angle is lower than the contact angle on an intact
PMMA surface (ϕ = 60◦) and higher than that on an O2 plasma
treated surface (ϕ = 10◦).

The presence of Si-containing functionalities on the
PMMA surface was further verified by FTIR spectroscopy.
In order to obtain FTIR spectra, a thin layer of PMMA
(160 nm thick) was spin coated on a Si substrate. After
being activated in mild O2 plasma, the PMMA sample was
immersed in a 5% APTES solution. Transmission spectra of
as-deposited PMMA and PMMA after treatment with APTES
were obtained, and are shown in figure 3 along with the
peak assignments [18]. The spectrum of as-deposited PMMA
exhibits strong peaks at 2948 and 2998 cm−1 attributed to
–CH2 and –CH3 groups, respectively, at 1733 cm−1 attributed
to C=O group and finally at 1198 and 1150 cm−1 attributed to
O–C–C and C–C(=O)–O groups. The spectrum of PMMA
after treatment with APTES exhibits peaks of increased
intensity at 2930 cm−1 and 2863 cm−1 attributed to –CH2

and –CH3 groups. The increased intensity of –CH2 and –CH3

groups in the APTES-treated PMMA compared with those of
as-deposited PMMA can be attributed to the respective groups
of APTES contributing to these peaks. In contrast, the peak
intensity at 1730 cm−1 attributed to the C=O group of PMMA
is reduced on the APTES-treated PMMA spectrum, confirming
reaction of the PMMA film with the APTES solution, as some
of these double bonds between carbon and oxygen break and
C–O–Si groups are formed, thus incorporating Si on PMMA.
The latter is further confirmed by the appearance of new groups
in the spectrum, i.e. at 1124 and 1038.6 cm−1 attributed to the
Si–O–Si bridge of APTES and C–O–Si group of the bonding
between PMMA and APTES. Finally, the new peaks at 3362
and 3294 cm−1, as well as at 1602 cm−1, were attributed to the
amine group of APTES. Consequently, sufficient evidence is
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Figure 5. The SEM image of the cross-section of the bonded
microfluidic device. The microchannels shown are fabricated in
PDMS by replica bonding. A PMMA plate with a thin PDMS film
bonded on its surface constitutes the cover plate.

provided from the FTIR spectra for the reaction of APTES with
PMMA surface through the identification of –NH2, –Si–O–Si–
and –C–O–Si– groups.

The described process for bonding between organic and
inorganic polymeric substrates (section 2.2.1) was employed
to seal microfluidic channels fabricated by replica molding
of PDMS with a PMMA cover plate. In order to test the
channel integrity and absence of leakage, a red dye solution
was injected into the as-fabricated microchannels. Figure 4(a)
demonstrates two adjacent microchannels (the left one filled
with a red dye solution), 150 μm wide, extending between
two cylindrical reservoirs for the inlet and outlet of the liquids,
sealed with a PMMA cover allowing optical observation.
Figure 4(b) demonstrates a cross-type microfluidic device

(b)(a)

Figure 6. Pictures of a hole, 0.8 mm in diameter, drilled on bonded PDMS/PMMA substrates. In this case, the PDMS prepolymer was spin
coated on an oxygen plasma modified PMMA sheet (a) or on a silylated and oxygen plasma modified PMMA sheet (b). The bright area
around the hole in (a) indicates detachment between the two substrates under the drilling action, while the uniform gray color around the
hole in (b) indicates a high strength bonding between the two substrates.

used typically for capillary electrophoresis. No leakage was
observed in either device.

The bonding process was also examined using scanning
electron microscopy (SEM). A LEO 400 instrument was
utilised in order to observe a cross-section of a microfluidic
device, the microchannels of which were fabricated in the
PDMS and sealed with a PMMA cover plate bearing a thin
PDMS film bonded on its surface for microchannels with
homogeneous wall material (figure 5). The arrows indicate
the two different substrates that were bonded together, i.e. the
PDMS substrate after soft lithography and the PMMA cover
coated with the intermediate thin PDMS layer. The image
indicates a good PDMS/PDMS/PMMA interface as a result
of the bonding process.

Quantitative evaluation of the bonding strength of PDMS/

PMMA structures was obtained by means of a tensile
tester (Tensilon UTM-II-20, Toyo Baldwin Co.) machine.
The bonded samples were glued with chloroform on
PMMA attachment plates, tightened on the jaws of the
tensile tester. PMMA/PDMS/PMMA and PMMA/PDMS/

PDMS/PMMA sandwiched samples were tested to evaluate
the bonding strength of PMMA/PDMS and of PDMS/PDMS,
respectively. Failure of the bonding of the former samples
yielded the bonding strength of PDMS/PMMA around
1130 kPa, while failure of the latter samples yielded the
bonding strength of PDMS/PDMS around 406 kPa. The
obtained bonding strength for PDMS/PMMA is much higher
than the reported value (15 kPa) obtained with a different
method [13], while the bonding strength of PDMS/PDMS is
in agreement with values (300 ± 150 kPa) reported in the
literature for O2 plasma activated PDMS surfaces [19].

The strength of the PMMA/PDMS bonding was enough
to keep the two layers bonded even when subjected to a
rotational torque, such as that applied when drilling holes
through the bonded layers. If the PMMA plate were
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used without being APTES-functionalized before the PDMS
prepolymer spinning (as has been done in [13]), the drilling
procedure would have resulted in detachment of the two layers
in a small area around the drilled hole (for comparison between
the two processes, see figures 6(a) and (b))

Finally, this process is useful as a method for the
fabrication of a composite cover plate, consisting of a rigid
flat PMMA sheet and a soft elastomeric PDMS coating on
one side. Such a cover plate ensures conformal and reversible
or irreversible sealing of microchannels fabricated on hard
substrates (for example, Si and PMMA). The ability of the
PDMS to conform to surfaces over a large area and to bring
both surfaces into atomic contact further contributes to the
success of sealing with such cover microchannels engraved in
a wide range of substrates.

We conclude this section by mentioning a possible
drawback of this method. Microchannels engraved in an
organic polymeric substrate (PMMA, PS, etc) and sealed
with a substrate of the same organic material through a thin
intermediate PDMS layer cannot have homogeneous wall
material, as may be desirable for some applications.

4. Conclusions

We propose a generic method of bonding bare or structured
plates, at least one of which is a PMMA, a PS or an epoxy
(SU(8)) polymeric substrate. In the case that the other
substrate is a Si-containing substrate such as a PDMS, a
glass or a Si substrate, no intermediate layer is required
between the plates to be bonded. However, in the case
that both substrates are members of the group (PMMA, PS,
SU(8)), an intermediate thin PDMS layer is required. The
method presented in this work is based on the introduction
of Si-containing groups on the organic polymer surface
through APTES-functionalization and can be carried out in
any laboratory equipped with a plasma reactor.
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