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ABSTRACT: Over the past few years, a growing interest on
covalent bonding of polydimethylsiloxane (PDMS) microfluidic
devices to thermoplastic films has developed due to reduced
costs, biocompatibility, and flexibility. The silane reagent, 3-
aminopropyltriethoxysilane (APTES) has been applied to create
this bonding. Here, we report on the fabrication of replica
PDMS micromixer devices from a silicon mold using soft li-
thography that is rapid, facile, and cost-effective to manufac-
ture. After replica molding, the PDMS micromixer devices were
bonded to the APTES-activated thermoplastic films of polyi-
mide, polyethylene terephthalate, and polyethylene naphtha-
late. Characterization of these thermoplastic surfaces was
analyzed by contact angle measurement, surface free energy,
and X-ray photoelectron spectroscopy. To demonstrate the
functionality of this technology, we have analyzed the PDMS
micromixers by a peel test, nonleakages, and mixing with the
injection of inks, a surfactant, and varying pH solutions. To our

INTRODUCTION In the past decade, the field of microfluidics
has evolved and expanded by the application of various mate-
rials. In this time, the simple fabrication and implementa-
tion of polydimethylsiloxane (PDMS) microfluidic devices has
been restricted to silicon and glass-based substrates.>™ For
optical detection, silicon is not optically transparent in the
desired wavelength, though it is structurally strong. Glass has
outstanding optical properties throughout the visible spec-
trum, and is highly resistant to solvents.® Unfortunately, when
compared with silicon, glass is fragile. Therefore, thermoplas-
tic films have become more compelling as an increase in liter-
ature has proven that these films can be enclosed with PDMS
microfluidic devices.”® The versatility and expense when com-
pared with silicon or glass-based substrates has helped create
reduced costs on a larger production scale as they can be eas-
ily mass produced.’ Importantly, due to the varying surface
environments of different films (surface, optical, and mechani-

knowledge, this is the first reported example in literature of the
PDMS-APTES-thermoplastic films preparation that integrates a
complex micromixer device. Here, we have established that the
hydrophobicity of both sealed polymers required alteration in
order for dispersion of a polar liquid in the mixing loops. The
application of a polar solvent before injection can remedy this
ill effect formulating a hydrophilic micromixer. These prelimi-
nary results demonstrate the feasibility of the fabrication tech-
nology, bonding technique, and application of the micromixer
that, once optimized, can eventually integrate more compo-
nents to formulate a lab-on-a-chip with the fabrication of gold
microelectrodes for biological analysis of blood or plasma.
© 2012 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem
51: 59-70, 2013
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cal properties), then these films can be chosen for a specific
application that can be influenced to the largest extent.'®
Therefore, these thermoplastic films are advantageous due to
their biocompatibility, flexibility, and improved disposability.
In this instance, the cost-effectiveness of applying PDMS with
bonded thermoplastic films comes into prominence when
designing and fabricating a lab-on-a-chip. The incorporation of
a PDMS microfluidic device (mixers, filters, etc.) with micro-
electromechanical systems based on thermoplastic films
reduces cost, fabrication time, and the requirement of expen-
sive laboratory equipment for microelectrode fabrication on
silicon or glass (e.g, photolithography) that requires clean-
room conditions. By application of thermoplastic films, gold
microelectrodes can be developed rapidly by microcontact
printing or electroless deposition using a structured PDMS
mold after the initial fabrication and soft lithography of a sili-
con master.'* In all these can outweigh the advantages when
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applying silicon or glass-based substrates. However, unlike sil-
icon or glass substrates, irreversible bonds between PDMS
and thermoplastic films cannot be formulated directly with
oxygen plasma.'? Here, bonding can occur, however, on injec-
tion or washing with water, the bonds are broken by hydroly-
sis. Therefore, the application of 3-aminopropyltriethoxysilane
(APTES) will create the necessary chemical bonds that formu-
late a highly polar surface and an increased surface free
energy (SFE).'® Surface modification by oxygen plasma fol-
lowed by incubation with APTES will formulate triethoxysi-
lane groups (Si(OEt)3) on the thermoplastic films surface. This
technique is rapid (20-min incubation) and, therefore, does
not present an undesirable increase in activation time when
compared with the solitary oxygen activation of silicon or
glass. Generally, APTES is dissolved in a polar solution, for
example, water or ethanol, as this will elevate the hydrolyza-
tion of Si(OEt); groups to silanol groups (Si(OH)3). Essentially,
this produces a chemical composition that is similar to oxy-
gen-activated glass, which enables PDMS-thermoplastic film
microfluidic devices to be enclosed. It must be noted that as
the repeating unit for the chemical structure of glass is
Si—0—Si, and with the oxygen activation of PDMS being simi-
lar, the bonding of the two produces strong Si—0—Si bonding.
For thermoplastics films, the repeating unit contains varying
functional groups. Here, the repeating chains are made up of
some carbonyl groups that are activated to have affinity to
the amine functionality of APTES. The silanol groups that are
hydrolyzed at the other end of the hydrocarbon chain formu-
late the chemical composition similar to glass.

Recently published articles have applied APTES as a chemi-
cal reagent for PDMS-thermoplastic film bonding.**™*” For
instance, Aran et al. have applied nanoporous polycarbonate,
polyethersulfone, and polyester terephthalate.'®> These po-
rous polymer membranes were treated with APTES (5% v/v
in water) and bonded with two PDMS layers for a microfil-
tration microdevice. Also, Tang et al. have applied poly(me-
thylmethacrylate) (PMMA), polycarbonate (PC), polyimide
(PI), and polyethylene terephthalate (PET).'® An aqueous so-
lution of APTES (1% v/v) was applied for PDMS bonding of
a serpentine microchannel (186 mm x 500 ym x 150 um).
Finally, Sunkara et al. have treated PC, cyclic olefin copoly-
mer, PMMA, and polystyrene (PS) with APTES (1% v/v in an
aqueous solution).'” Here, large-sized PDMS microchannels
were applied for leakage tests (70 mm x 800 um x 45 um).
In these articles,16‘17 the authors have studied and provided
a great deal of information on bond strength for an ink mov-
ing in a one-directional microchannel. In microfluidics, a
micromixer is an essential device that is applied for rapid
mixing, and by bonding the PDMS micromixers with PI, PET,
and polyethylene naphthalate (PEN), the physical and me-
chanical properties will change. The hydrophobic properties
of the PDMS-APTES-thermoplastic films can prevent the
fluid from flowing into the mixing loops, because injection of
a polar liquid will prevent dispersion of the liquid as cohe-
sive forces are more predominant. This effect is unseen if
microchannels have only one fluidic flow route, because dis-
persion is not a requirement from liquid input to output.
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Micromixing systems that consist of active mixing compo-
nents have for instance used electrokinetics, pressure distur-
bances, electrohydrodynamics, magnetohydrodynamics, and
acoustics.'® These systems rapidly formulate an increase in
the mixing process due to the external disturbance that has
been generated. However, although active mixers can have
excellent mixing capabilities, active micromixers are difficult
to integrate with other microfluidic components and due to
their relatively high costs, they are not beneficial to be
applied as a disposable device.'® On the other hand, passive
micromixers have lower costs, easier to fabricate, and can be
integrated into microfluidic systems or micro-total analysis
systems (u-TAS). As there are no moving parts or the
requirement of power and control, these devices are more
reliable for mixing.'? In a review of micromixer designs, pas-
sive micromixers with chaotic advection commonly generate
the mixing process within the microchannel itself due to the
designed geometries. These micromixers with chaotic advec-
tion have included Tesla structures, C-shape, L-shape, and
twisted microchannels, and so forth that are based on 2D or
3D geometries.?”*? The modification of the flow pattern due
to the random manner that a fluid will cross the flow path
within the microchannel with small volumes traveling at
small distances is vastly increased, and this leads to rapid
and continuous mixing.?*** Theoretically, for passive micro-
mixers without chaotic advection a microfluidic device relies
only on molecular diffusion within Y-shaped or T-shaped con-
figurations.”® These require long microchannels in order of
ensuring that diffusion has occurred though these are ineffi-
cient and time consuming.®® The efficiency of micromixing is
determined by the interfacial area of where the two liquids
mix as a cause of molecular diffusion and chaotic advection.
The greater the area, the greater the mixing will be. At the
microscale, diffusion is rapid and the flows are laminar.?’
Because of the topology, passive mixers enable the two
liquids to mix subsequently. Here, we have designed a mix-
ing geometry on the microscale that has a short microchan-
nel, although it is efficient at micromixing due to 18 external
mixing loops with reduced mixing loop dimensions to formu-
late fluidic propulsion at the point of the mixing loop exits.
These mixing loops create the required force that enables
the two liquids to cross streams and, therefore, continuously
circulate and mix within the microchannel. By this modifica-
tion in the design, the laminar flow within the microchannel
can be manipulated to produce chaotic advection.

The proposed micromixer device consists of a thin PDMS
replica (~1.75 mm) with a total surface area of 6 x 4 mm®
in length/width, respectively. These dimensions can play a
pivotal role in preventing adequate bonding because a
smaller surface area (24 mm?%) was applied, and therefore,
applied pressure was necessary to ensure conformal contact.
For the micromixer geometries, the dimensions were dramat-
ically reduced again in comparison to the aforementioned
articles with 15 -um-width mixing loop exit and a height of
~71 pm. The dimensions of the microchannel were ~6.2
mm X 100 yum x 71 um. Once the system was enclosed, two
different dyes were used for the evaluation of mixing. To our
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knowledge, we have exhibited the first complex PDMS micro-
mixing device, chemically bonded onto the aforesaid thermo-
plastic films, and by injection of two dyes, we have demon-
strated the first results of micromixing on two hydrophobic
materials. An emphasis of mixing has been studied by injec-
tion of a surfactant, and the mixing performance based on
pH measurements is also shown to demonstrate the novelty
and advantage of the mixing geometry. These devices will
essentially analyze biological material, where incorporation
of microfilters can aid in sample preparation, separation, and
detection of the required response. By analyzing the effects
of water-based solutions within the micromixer using two
dyes diluted with water, we can evaluate the approach when
analyzing polar-based solutions where fluidic dispersion is a
requirement.

MATERIALS AND METHODS

Materials and Techniques

Polymers

The applied thermoplastic films were PI (HN 125 um
DuPont), PET (200 um Goodfellow), and PEN (160 um Good-
fellow). PDMS (Sylgard 184) was purchased from Dow Corn-
ing, France.

Chemicals and Reagents

All chemicals were purchased from Sigma-Aldrich, France,
except toluidine blue, which was obtained from Carl Roth,
France, and iron(III) nitrate nonahydrate from Acros Organics,
France.

Optical Imaging

All optical microscope images were made with an Olympus
BX41M (France) and Leica Microscope EZ4D (Spain). Finally,
scanning electron microscope (SEM) images were obtained
with a SEM 515 Philips, The Netherlands.

Contact Angle Measurement

The surface of the three polymer films (PI, PET, and PEN)
were characterized by contact angle measurement (CAM; GBX
Scientific Instruments, France). The cleaned polymers, oxygen
activated, and APTES functionalized, were analyzed by
advancing contact angle using deionized water. Propanol was
also analyzed for determining the hydrophilicity on the
cleaned polymer surfaces.

Surface Free Energy

By the Owens and Wendt Model, the polar and dispersive
components of the polymer films surface energy were calcu-
lated. Here, cleaned polymers and polymers activated with
APTES (6%) were analyzed. PDMS and glass activated by oxy-
gen plasma provided results for comparison. Here, the water
droplet was dispensed by a mechanical syringe that was oper-
ated manually. All measurements were made by depositing 1
uL of each liquid (deionized water, diiodomethane, and form-
amide) at 24 °C = 2. Six values were recorded for all liquids
on each polymer. The precision of the microregulator was
0.33 uL for a 1 -uL drop. The results for CAM and SFE were
recorded by the Windrop++ software.

X-Ray Photoelectron Spectroscopy Analysis
X-ray photoelectron spectroscopy (XPS; Instruments PHI
Quantera SXM) established the elemental analysis of silanol-
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based groups with a depth analysis of ~3 nm. The aluminum
X-ray radiation source was 1486.6 eV, with a pressure cham-
ber of 3 x 10~° Torr. The voltage and current of the anode
were 15 kV and 3.3 mA, respectively. The take-off angle was
positioned at 45°. The threshold of atomic detection was
between 0.1 and 0.5%, and a precision of 2-5%.

Aspects of the Micromixing Device

The design and fabrication process of the silicon micromixer
were fabricated simultaneously with microdispensers already
published.?®?° The novelty of the micromixer consists of the
versatility of the micromixer fabrication technology. Here, the
silicon chip has been bulk-micromachined by deep reactive ion
etching (DRIE). DRIE provides excellent aspect ratios, and the
technique can mill deep trenches with large lateral accuracy.®°
This has defined very precise cavities and, thus, avoided unfav-
orable connecting paths among the microchannels.?® For the
designed micromixer, the incorporation of 18 mixing loops ena-
bles complete mixing to occur within the microchannel. As pas-
sive mixers are known to require long microchannels for mo-
lecular diffusion to occur, here, the advantage of the mixing
geometry enabled the fabrication of a shortened microchannel
length. This was due to the recirculation of the fluids that was
created by the mixing loops. The geometry of the mixing loops
increase the velocity within the microchannel. As a direct cause
to this phenomenon, the two injected samples completely mix.
In reference to the designed mixing geometry, the advantage of
the fabrication process does not require complicated masks.
For instance, C-shape, L-shape, and twisted channels integrate
complex and fine 3D designs to create chaotic advection with
intermediate Reynolds numbers. The fabrication of these
designs is time consuming and is more intricate to manufac-
ture. For the versatility of the applied technology, the design
process using the required masks can easily incorporate a vari-
ety of additional active microfluidic components (e.g., microfil-
ters). These can be implemented as a photolithographic step
and, therefore, avoid any additional fabrication step require-
ments.?® Therefore, this can provide a microtechnology plat-
form that is cost-effective and efficient for producing micro-
mixers capable of creating complete mixing without the
requirement of 3D or complex structure integration.

The two injection ports for the simultaneous introduction of
two liquids have been specifically designed for mixing [Fig.
1(a)]. Once the two liquids are injected, they flow through the
Y-inlet with a width of 200 ym. On entering the main micro-
channel, the width is reduced to 100 um. This decreases the
diffusion path of the two liquids as they flow parallel to one
another. Then, the liquids enter the first 50-um-width mixing
loop. The decrease in width increases the velocity of the lig-
uid. The exit of the loop is reduced to a width of 15 um [Fig.
1(a')] so that the liquids are propelled back into the micro-
channel producing increased chaotic fluidic flow to enhance
the mixing efficiency. The liquids return to the wider micro-
channel where they encounter the next micromixing loop to
increase mixing. In total, there were 18 external micromixing
loops along the microchannel. The total length of the micro-
channel has a decreased length of 6.2 mm, and with 18 mix-
ing loop geometries, a high-throughput of mixing can be cre-
ated to ensure that the two injected samples have been
comprehensively and continuously mixed.
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FIGURE 1 SEM images of micromixer fabrication, where (a) micromixer manufactured into silicon wafers, (b) first PDMS replica
mold at a mixing ratio of 5:1 producing positive micromixer features, and (c) the final PDMS micromixer at the standard 10:1 mix-

ing ratio.

Fabrication Technology

Replica Molding from Silicon to PDMS

After the fabrication of the silicon micromixer, the structured
silicon substrate was cleaned and the surface was then silan-
ized.®! The silicon micromixer mold consisted of an etched
microfluidic channel with positive features, and therefore by
soft lithography, two PDMS molds were required to form an
exact replica. From the silicon-based mold, a positive elasto-
meric replica was fabricated. Here, a 5:1 PDMS ratio of the
elastomer:crosslinking agent (w/w) [Fig. 1(b)] was poured
on-top of the silicon mold, and the mixture was cured at 90°
for 1 h. The silicon master was removed from the PDMS, and
this left a cavity in the PDMS that was used for the next repli-
cation process.

After the fabrication of the first PDMS replica, the mold was
then coated with gold (~6.25 nm) using an Emscope SB 500
Sputter Coater (France) for 30s (—1 Torr). The deposition of
a thin layer of gold acts as an antiadhesive layer that ensures
the positive and negative PDMS replicas will separate after
curing.>? Finally, a standard 10:1 PDMS mixture (w/w) was
poured into the cavity of the first PDMS replica to produce
the final mold. The second mold was also cured at 90° for
1 h [Fig. 1(c)]. The variation between the PDMS ratios
ensured well-defined structures had formed from the first
mold (decreased elasticity) to facile demolding with the sec-
ond PDMS mold, because the Young’'s modulus was varied.
The fabrication of the second mold produced an exact replica
of the original silicon master. This demonstrated the feasibil-
ity of double replication in PDMS from a single silicon master.

Activation Process

Thermoplastic Film Treatment with APTES

The polymer substrates PI, PET, and PEN were cleaned by
sonication in propanol, followed by Milli-Q water for 10 min.
The substrates were rinsed in Milli-Q and dried with nitrogen.
Afterward, the thermoplastic films were treated with oxygen
plasma (Plasma Technology) for 1 min (90 W, 100 mTorr),
and placed directly in an aqueous solution of APTES (6% v/v)
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for 20 min at 90 °C. Finally, the substrates were rinsed in
Milli-Q and dried with nitrogen.

Plasma Treatment of PDMS Micromixers and Adhesion
The second PDMS replicas were cleaned by sonication in
ethanol for 10 min, followed by rinsing in Milli-Q, and dried
with nitrogen. The PDMS were allowed to stand for 10 min to
ensure of deswelling. The PDMS replicas were activated by
oxygen plasma for 20 s (90 W, 100 mTorr). After this activa-
tion period, the PDMS replicas were placed in direct contact
with the APTES-modified thermoplastic films (PI, PET, and
PEN). To ensure that conformal contact was made, slight
pressure was applied between the PDMS and the polymer
films. However, an increased amount of pressure was eventu-
ally required to prevent fluidic leakage. The enclosed micro-
mixers were left at room temperature for 1 h. This ensured
that irreversible bonding between the two polymers had
interacted and strengthened by Si—0—Si bonding at the
PDMS-thermoplastic film interface.

Application: Micromixing

Nonleakage Tests and Injection of Two Dyes

After the bonding process between the PDMS micromixers to
the thermoplastic films, nonleakage tests were carried out.
Initially, toluidine blue was injected through one of the inlet
ports, and the flow inside the channel was followed by an
optical microscope.

To ensure simultaneous injection, the introduction of the two
dyes (toluidine blue and iron(IIl) nitrate nonahydrate) into
the microchannel consisted of back aspiration through the
exit port. Here, manual injection was made with two syringes
containing the different inks. These were connected to the
injection ports. A third syringe was connected to the exit port
to aspirate manually the two inks and to make them enter
the microchannel simultaneously.

Injection of a Surfactant
The injection of the surfactant and toluidine blue were carried
out as previously mentioned in Nonleakage Tests and Injection
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TABLE 1 Advanced Contact Angles Using Deionized Water of Cleaned PI, PET, and PEN Films Followed by Oxygen Plasma

Oxidation and APTES Incubation

Pl PET
Cleaned substrates
72.3£1.3° 73.7£2.5°
1. Oxygen activated T— T—
8.7+0.4° 8.5+1.0°
2. APTES (6%) in water o e i
2o 2L 28 388+11°

of Two Dyes section. The aim of this analysis was to observe
the velocity of propulsion created by the mixing loops. The for-
mation of globules or air bubbles as an effect of the varying
dimensions can demonstrate the functionality of the micro-
mixer. In this instance, to observe mixing with the two varying
colors and with the creation of air bubbles, therefore, specifies
the mixing geometry is capable of creating mixing due to the
developed mixing loops within the microfluidic device.

Mixing Performance by pH Measurements

The injection of two varying pHs were carried out as previously
mentioned in Nonleakage Tests and Injection of Two Dyes sec-
tion. To demonstrate the mixing performance of the micromixer
device a pH analysis was analyzed. Here, a solution of Tris(hy-
droxymethyl)aminomethane (TRIS 99+%, pH 9 at 1 M) with
the pH varied accordingly by potassium hydroxide (KOH at 1
M) and hydrochloric acid (HCI at 1 M) to formulate pH 10 and
pH 2, respectively. A control was prepared by analyzing the sol-
utions (pH 10 and pH2) directly with litmus paper. This was
followed by mixing equal quantities of the two solutions by
vortex. The resulting solution was transferred to litmus paper
to formulate the new pH reading. For the micromixer, the out-
come of the two injected pHs were analyzed by litmus paper at
the exit port to observe whether complete mixing could be
achievable with the designed geometry of the micromixer.

RESULTS AND DISCUSSION

Surface Characterization

Contact Angle Analysis

To demonstrate the feasibility of PDMS-APTES-thermoplastic
films bonding, characterization was made by CAM to determine

PEN PDMS Glass
81.7+1.2° n
107.4£1.1°
7.0£0.6° 6.3+1.8° 45+0.3°
R _ _
19.3+2.3°

wettability and SFE requirements. Treatment with oxygen
plasma revealed a substantial increase on the hydrophilicity of
the polymer films (PI, 9°; PET, 9°; and PEN, 7°) and PDMS (6°)
(Table 1). The oxidation process facilitated the chemical func-
tionalization with APTES. After the incubation with APTES/
water, the wettability on all three thermoplastic films was still
abundantly hydrophilic at PI, 25°; PET, 39°; and PEN, 19°. This
confirmed the chemical modification of the thermoplastic films.

As the preferential choice of PDMS microfluidics has been
bonded to glass, we have observed the required surface
energy that permits these devices to be enclosed. By the
Owens and Wendt Model, applying a three liquid analysis,
the oxidation of glass generated a SFE total of 72 mN/m and
oxidized PDMS was 71 mN/m (Table 2). Through the activa-
tion of repeating —Si—0—Si— bonds, the polar composition
taken against the energy total of both materials was calcu-
lated at ~50%. The SFE on the thermoplastic films provided
increased energy totals when compared with nonfunctional-
ized films. Here, the calculated energy totals were close to
the value obtained for glass (PI, 68 mN/m; PET, 64 mN/m;
and PEN, 70 mN/m). Therefore, the polar composition also
showed a definitive increase (PI, 40%; PET, 33%; and
PEN, 45%).

Here, the values demonstrate that APTES has activated the
polymer films surface and that the polymer films surface can
reproduce an energy total similar to that of oxygenated glass.
Thus, the chemical functionalization with APTES on thermo-
plastic films can be replicated in a similar fashion to the acti-
vation of glass.

TABLE 2 SFE of Cleaned Polymers and Activated in APTES/Water with Clean and Oxygen-Activated PDMS

Pl PET PEN PDMS Glass
Clean APTES Clean APTES Clean APTES Clean 0, 0,
Energy total 48.1 67.7 44.8 64.2 42.0 69.7 19.1 71.4 72.1
Polar composition 5.6 27.3 5.0 21.1 2.7 31.0 0.2 36.8 34.9
Dispersive 42.5 40.4 39.8 43.1 39.3 38.7 19.0 34.6 37.2
Polarity (%) 11.6 40.3 11.2 32.9 6.4 44.5 1.0 51.5 48.4

Oxygen-activated glass demonstrates the required SFE required for the polymer films to bond to activated PDMS (Values in mN/m).
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TABLE 3 The Atomic Percentages of Cleaned Polymer
Substrates with APTES-Activated Polymers

WWW.POLYMERCHEMISTRY.ORG

Atomic % C (0] Si N o/C N/C N/Si
Pl-ref 76.3 169 - 6.8 022 0.09 -
PI-APTES 539 296 53 99 055 0.18 1.9
PET-ref 715 285 - = 0.40 - =
PET-APTES 66.5 279 24 28 042 004 1.2
PEN-ref 775 219 06 - 0.28 - =
PEN-APTES 620 284 27 30 046 005 1.1

XPS Analysis

To demonstrate the elemental composition of functional
Si(OH)3 groups on the thermoplastic films, characterization
was made by XPS. On APTES-activated PI, PET, and PEN
films the atomic percentage of carbon, C (%) was reduced
(Table 3). This signifies that the nonfunctionalized polymers
have been chemically modified through the repeating hydro-
carbon chains. For O (%), Pl-modified and PEN-modified
films detected an increase when compared with bare films,
whereas PET/APTES decreased. The increase in O (%)
related to an increase in polarity on the surface, that is, the
functionalization with Si(OH)3;. The decrease in O (%) on
PET/APTES can relate to CAM results where water angles
and SFE were lower than expected. The presence of Si(OH)3
was confirmed by silicon, Si (%) on all three polymers. On
the bare polymers, no Si was detected (small contamination
on PEN at 0.6%). Following APTES incubation, the polymers
contained Si at PI, 5.3%; PET, 2.4%; and PEN, 2.7%. This
result was verified by the content of nitrogen, N (%) as the
amino properties in APTES. Here, an increase in N (%) was
observed with PI, 3.1%; PET, 2.8%; and PEN, 3.0%. Though
contaminants were detected there was no form of degrada-
tion to the Si(OH)3 groups. As a result, the XPS analysis veri-
fied that PI, PET, and PEN were effectively activated with
APTES to formulate Si(OH)3 groups.

Fabrication Technology and Bonding Tests

Peel Test

To ensure achievable PDMS-APTES thermoplastic film bond-
ing, a peel test was applied by pulling the two substrates
apart. In Figure 2, the Si—O0—Si bond formation was
observed, and a high bonding strength was observed. Here,

(a)

(0)
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the PDMS was removed from the PI, PET, and PEN films,
with ripping occurring within the PDMS matrix. This signifies
that the PDMS-APTES thermoplastic film interface was inte-
gral and fundamental to the covalent bonding of functional
Si(OH)3 groups on the activated thermoplastic films surface.

Replica Molding

After ensuring that the PDMS could bond to the varying
thermoplastic films, the PDMS micromixers were bonded to
the PI, PET, and PEN films. A cross section of a PDMS device
bonded to PI is shown in Figure 3 by SEM. Six square holes
in Figure 3(a) consisted of two microchannels and either
side of this were two mixing loops, respectively. The total
thickness of the microdevice was ~1.75 mm, whereas the
dimensions of the fully reproduced PDMS device were 6 x 4
mm? in length/width, respectively. Here, the dimensions of
the PDMS devices were relatively small (surface area of 24
mm?), and as the topography of the PDMS surface is not ho-
mogenous, a small amount of applied pressure was applied.
This was to induce conformal contact of the PDMS device
with the polymer film. At this stage, it was perceived that
too much pressure could cause deformation of the structures
(e.g., 15-um-width mixing loop exit) within the PDMS micro-
mixer, and therefore, a minimal pressure approach was
implemented here.

The height of the microchannel was ~71 pum, and this pro-
duced a low aspect ratio, which was adequate for bonding.
The image [Fig. 3(b)] shows a magnified region of the micro-
channel, where the mixing loops exit is clearly observed.

Nonleakage Tests—Injection of Toluidine Blue

The optical image in Figure 4(a) shows a PDMS micromixer
bonded to PI. The device showed good adhesion because no
leakage was visible within the system; however, the dye was
incapable of entering into the mixing loops. For PDMS
bonded to PET [Fig. 4(b)], the dye entered into some of the
mixing loops but not all, whereas some leakage of the dye
was seen diffusing from the corners of the mixing loops.
Here, the slight pressure approach was applied. Finally,
PDMS bonded to PEN [Fig. 4(c)] showed adhesion between
both polymer layers. A similar problem was evident with the
ink being unable to enter into the mixing loops.

At first, it was perceived that the ink was unable to flow into
the loops because of a possible collapse within the mixing
loops. The mixing loop exit has a width of 15 ym and a depth

FIGURE 2 SEM images of a peel test demonstrating bonding strength on (a) PI, (b) PET, and (c) PEN.
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(a)

(b)

FIGURE 3 SEM images of a PDMS micromixer device bonded to Pl film showing a cross section of (a) the overall dimensions of
the device (6 x 4 x 1.75 mm) with two visible microchannels and (b) magnified view of a microchannel with mixing loop exit.

of 71 um. This aspect ratio falls within the standard 10:1
range. The phenomenon of gravity upon the elastomeric fea-
tures can cause an affect known as “buckling” or “pairing’
This is where large aspect ratios (height > width) collapse
under their own weight due to the application of force.>* In
this instance, it was supposed that the micromixer aspect
ratios were unstable and unable to support themselves upon
adhesion to the polymer film. Therefore, the slight pressure
approach was applied for bonding the PDMS-thermoplastic
film. However, the cross section [Fig. 3(b)] exemplified that
this was not the case since the mixing loop exit was clearly
open. This was also supported by injection of toluidine blue
into a PDMS micromixer based on glass. Here, the ink flowed
into all mixing loops [Fig. 4(d)]. The theoretical collapse of
the height being greater than the width causing pairing was
not the cause of the ink being unable to disperse into the mix-
ing loops. The phenomenon was accountable to the hydropho-
bic nature of both the PDMS micromixer and the thermoplas-
tic films. As a result, all resulting bonding processes were
made with increased pressure to ensure homogenous confor-
mal contact of the PDMS-thermoplastic film preparation.

@ o (o) (d

FIGURE 4 A section of the PDMS micromixers by optical mi-
croscopy showing toluidine blue injection on (a) PI, (b) PET, (c)
PEN, and (d) glass. Here, slight pressure was applied for the
PDMS-thermoplastic bonding.
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Polymer Hydrophobicity Alteration

The introduction of propanol, followed by the injection of
toluidine blue has enabled the ink to travel into all the mix-
ing loops. The analysis of contact angles by applying propa-
nol on the three nonactivated polymer substrates was
observed (Table 4). Previously, the results have shown that
all bare polymers (PI, 72°; PET, 74°; and PEN, 82°) were less
hydrophilic when analyzed with deionized water (Table 1).
By analyzing the angles on the same polymers with propa-
nol, the films became highly hydrophilic (PI, 6°; PET, 5°; and
PEN, 7°). This highly hydrophilic nature of propanol enabled
the solvent to travel through the entire micromixer. A water-
based solution such as toluidine blue could not enter into
these mixing loops due the hydrophobic nature of the poly-
mers. This caused an increase in the cohesive forces that
only permitted the polar liquid to travel around the micro-
fluidic channel rather than flowing into the mixing loops.
Therefore, the fluidic flow of polar liquids in PDMS/glass is
due to the hydrophilic nature of glass.

In Figure 5(a), toluidine blue injection into the microdevice
based on PET shows prior propanol injection. Propanol has
increased the hydrophilic nature of the polymer surface, and
in comparison to Figure 4(b), there is an improvement of
the ink entering into the mixing loops (some loops do not
function and they appear to have been malformed during
the replication process). With applied pressure to an area
near the mixing loops [Fig. 5(b)], the PDMS device has been
deformed. After applied pressure, the microdevice regained
its original shape with no leakage visualized due to the elas-
ticity of PDMS [Fig. 5(c)]. Here, an increased an amount of
pressure was applied during the bonding process as struc-
tural collapse was not the issue. This has improved bonding

TABLE 4 Advanced Contact Angles of Cleaned PI, PET, and
PEN Films Using Propanol for Analyzing the Wettability of the
Polymer Films

Pl PET PEN

6.2 +0.3° 49+1.0° 6.8+2.7°
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(a) (b) (c)

FIGURE 5 Optical microscope images of (a) toluidine blue
injected into the device after prior injection of propanol, with
(b) exerted pressure, and (c) removal of pressure with no
exhibited leakage. An increase in pressure was applied for the
PDMS-thermoplastic bonding.

and shows the strength of the APTES bonding was strong
enough to support fluidic injection.

Application: Micromixing

Injection of Two Dyes

Prior injection of propanol on PI has improved the hydrophi-
licity. As Figure 6(a) shows the two dyes entered parallel to
each other into the microchannel and then into the mixing
loops in the form of a laminar flow regime (Y-shaped config-
urations). In Figure 6(b), the flow of the two dyes continued

Iron (II) flow within
the microchannel and
the mixing loops

(vii)
)
(vi)

(1v)
(i1)

(ix)

(viii)

@

(c)
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with the yellow (i) and blue (iv) dyes consistent in the mix-
ing loops. However, within the microchannel, the two dyes
do not run parallel as seen in Figure 6(a). Here, the yellow
(ii) and blue (iii) dyes were seen merging. This demonstrates
the beginning stages of mixing that was created by the mix-
ing loops. The collision of the two liquids created by propul-
sion from the mixing loop exit is evident in (iv). The region
around this exit is transparent and significant to iron(III)
injection that has been forced back into the microchannel
and across the flow path. Around the outer area, the color
was darker. With increased time and injection at the same
position on the microchannel, increased mixing can be seen
[Fig. 6(c)]. The image has been contrast enhanced. Here, the
two dyes are seen to run parallel to each other (i). On enter-
ing into the mixing loop (ii) the blue and yellow dyes have
interacted and turned pale green. The green coloration light-
ens appearing green/yellow as it proceeds through the mix-
ing loop (iii). With the fluidic flow of more iron(III), the pre-
vious pale green was forced along the microchannel wall
(iv). At (v) the coloration at the mixing loop entrance was a
darker shade of green as compared with (ii). This was also
seen at (vi) in comparison to (iii). This demonstrates
increased mixing and recirculation as the fluid encounters
more mixing loops, thus becoming darker in color. With
increased injection of iron(III), the green color formed within

Toluidine blue flow (iV)
within the microchannel
and the mixing loops (11)
(iii)
1 .
® (iv)

(i)
()

()

(viii)

(d)

FIGURE 6 Micromixing by the injection of propanol followed by back aspiration of toluidine blue and iron(lll) nitrate through a
PDMS micromixer bonded to PI film. (a) Initial injection, (b) the start of mixing by chaotic advection, (c) increased injection of
dyes, and (d) the start of the green-color saturation as a cause of mixing [5x objective taken for (a)-(c) and 10x for (d)].
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the mixing loops was drawn along the microchannel wall in
(iv) and (vii). A strong concentration of toluidine blue was
still visualized in the microchannel (viii) and within the mix-
ing loop (ix) as the two dyes flowed through the device.

Further along the microchannel, increased mixing has caused
the two dyes to merge and now only a variation of the color
green was seen [Fig. 6(d)]. Here, the dye in the microchannel
was pale green (i). On entering into the mixing loop, the
color seemed to have lightened (ii), though the concentration
of the color has intensified to a darker green within the mix-
ing loop (iii) due to the side of initial toluidine blue injec-
tion. After being forced back into the microchannel the dye
was paler (iv) demonstrating increased mixing where it
entered into the next mixing loop (v). The efficient mixing of
the dyes can be seen clearly within this mixing loop. Because
of the initial laminar flow of the iron(Ill) solution, the con-
centration of the dye was pale green illustrating that mixing
has occurred. Upon entering this mixing loop the color inten-
sified to a rich green color (vi), thus demonstrating that mix-
ing has occurred from previous mixing loops and through
the microchannel. An increase of the blue dye had diffused
with more of the iron(IIl) solution within this mixing loop
creating a vibrant green color. At (vii) the dyes were concen-
trated near the exit of the mixing loop, although this color
was paler than that at the previous exit of the mixing loop
(iii) and again demonstrates that the toluidine blue was mix-
ing with the iron(III) solution. Returning to the microchannel
(viii), a paler green color due to mixing was observed due to
the evident mixing occurring as the dyes continued along
the microchannel with increased fluidic flow.

In comparison of Figure 6(a-d), we visualize the laminar
fluid flow of the two injected liquids entering into the micro-
channel within the first four mixing loops. Figure 6(d)
(rotated 90°) showed the two inks had mixed between the
next set of mixing loops. At this stage, we observed that the
two dyes had mixed in comparison to Figure 6(a) with
increased propulsion generated in Figure 6(b, c). On observa-
tion of the final six mixing loops, the liquids had comprehen-
sively mixed and this displays that the passive micromixer
containing 18 mixing loops and a microchannel length of 6.2
mm was capable of inducing total mixing by recirculation of
the two injected dyes. The formation of a laminar and paral-
lel fluidic flow at the beginning of the microchannel can indi-
cate a parallel lamination micromixer. However, as both the
PDMS micromixer and thermoplastic films are hydrophobic,
this factor can contribute to the formation of the observed
fluidic flow. Yet, this phenomenon was overcome at the end
of the microchannel as completed mixing was observed. In
this instance, if only diffusion was occurring, then no com-
plete mixing would have been observed due to the short
length of the applied microchannel.

To demonstrate mixing a magnified view of one of the loops
was shown (Fig. 7). The image has been contrast enhanced
and was taken at 10 X objective. A PDMS micromixer was
bonded to PET film and the ink at (a) appeared pale yellow/
green due to previous mixing. A pale yellow/green coloration
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FIGURE 7 Injection of toluidine blue and iron(lll) nitrate nona-
hydrate with a magnified view of the PDMS mixing loop based
on PET film.

was seen entering into the mixing loop (b), whereby the col-
oration intensified (c) to pale blue due to the side of initial
injection of toluidine blue. The mixed dyes were then forced
back into the microchannel from the mixing loop exit that
formed a pale green color (d) demonstrating mixing by this
passive micromixer.

Injection of a Surfactant

As previously observed in Figure 6(b) (iv), the propulsion
created by the mixing loops within the PDMS micromixer
system has enabled mixing and recirculation of the liquids.
In linear microchannels, mixing is difficult to obtain as only
molecular diffusion is occurring. For passive micromixers,
topology in the device is required in order for complete mix-
ing to occur. For instance, chaotic advection can be achieved
by the insertion of obstacle structures within the mixing
channel. The arrangement of obstacles can alter the fluidic
flow and the force of the liquids to mix and create transver-
sal mass transport.'® These have included zig-zag microchan-
nels that can produce recirculation around the turns of the
designed microchannel. For our designed micromixer in
Figure 8, we demonstrate the injection of a surfactant with
toluidine blue for the observation of how the mixing loops
enable mixing to occur. In Figure 8(a), toluidine blue fol-
lowed by the surfactant (with increased viscosity) was
injected into the PDMS micromixer based on PEN. The
microchannel appears placid and yellow in coloration due to
the surfactant. In the two mixing loops, there appears to be
a formation of large air globules as a cause of the beginning
stages of mixing and chaotic advection between the two
liquids. In Figure 8(b), the microchannel is not placid and
yellow globules can be observed with a pale green coloration
in its surroundings. This demonstrates an increase in veloc-
ity within the microchannel. The large globules within the
mixing loops have now traveled further through the mixing
loop. By Figure 8(c), an increased flow of toluidine blue was
observed on the right wall of the microchannel and the
microchannel was now full of globules. This demonstrates
the interaction and mixing of the two liquids as a cause of
increased velocity created by the mixing loops. By Figure
8(d), we see larger globules within the microchannel and
smaller air globules in the mixing loops. At this stage, the ve-
locity of the fluidic flow was decreasing. An increase of
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FIGURE 8 The injection of a surfactant with toluidine blue to formulate an increase in air bubbles/globules due to the propulsion

created by the mixing loops (20x).

toluidine can be observed on the right side of the microchan-
nel. The propulsion created the mixing loops is apparent
within this image, due to the formation of yellow globules
on the side of toluidine blue injection. In Y-shaped or T-
shaped microchannels, the injection of two inks run parallel
and mixing is a cause of molecular diffusion. Here, as the
two fluids run parallel, the propulsion from the mixing loops
has enabled the yellow globules to cross this intersection
and chaotically mix with toluidine blue. Finally, by Figure
8(e,f), a parallel fluidic flow between the surfactant and tolu-
idine blue was observed. Here, the fluidic flow has been fur-
ther decreased. The mixing loops are still occupied by the
smaller air globules as an effect of chaotic advection, while
the coloration within the mixing loops has intensified with
the increase of toluidine blue from Figure 8(a) to (f). This
demonstrates increased mixing and the interaction of the
surfactant with toluidine blue on opposing sides to the initial
injection of the two liquids. Therefore, due to the geometry
of the mixing loops, the interaction of the surfactant and to-
luidine blue was apparent. The larger globules transforming
into smaller air bubbles demonstrate that mixing was occur-
ring at velocity that was created by the mixing loops.
Although we can observe parallel flow, the two liquids were
capable of merging by the propulsion of the mixing loops (it
must be noted that the viscosity of the surfactant was higher
than that of toluidine blue). As there are no obstacles within
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the microchannel, chaotic advection and recirculation are
created by designs that contain specific structures (e.g,
obstacles on the wall,** obstacles in the channel,®® and zig-
zag shaped channel.*® In our designed micromixer, these are
attributable to the functionality of the 18 mixing loops.

Mixing Performance by pH Measurements

Applying a control, we can observe the color reading of pH
10 [Fig. 9(a)] and pH 2 [Fig. 9(b)]. By adding the same vol-
ume of pH 10 with pH 2, the liquids were mixed by vortex
and the resulting solution formulated pH 7 by litmus test
[Fig. 9(c)]. For the micromixer, the two varying pHs were
injected into the Y-inlet simultaneously and the result was

(a) (o) (c) (d)

FIGURE 9 Mixing performance of the micromixer by analyzing
the variation of pH to formulate a neutral pH, where, the con-
trol: (a) pH 10, (b) pH 2, (c) combination of pH 10 and pH 2,
and (d) micromixer injection to demonstrate complete mixing.
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observed by litmus test [Fig. 9(d)]. The resulting liquid at
the exit port demonstrates the same pH as the control
Therefore, this confirms that the mixing performance of the
passive micromixer containing 18 mixing loops and a short
microchannel length of 6.2 mm was capable of inducing total
mixing of the two injected pH solutions. This demonstrates
the feasibility of the technology, applied with APTES bonding,
followed by functional micromixers on hydrophobic poly-
mers, which were capable of ultimately mixing two injected
samples.

CONCLUSIONS

The fabrication of a micromixer based on polymers has
been successfully demonstrated. A high total surface energy
that was similar to glass was essential for PDMS-thermo-
plastic film bonding, and characterization by CAM, SFE, and
XPS has shown that the thermoplastic films have been func-
tionalized with APTES. With reduced dimensions and vary-
ing flow throughput in the form of passive micromixers, we
produce to our knowledge the first reported PDMS-thermo-
plastic film bonding with micromixing of two different dyes,
the propulsion of fluidic flow created by the mixing loops
that formulate air through a surfactant, and by a pH test,
we have demonstrated that the designed and fabricated
micromixer is capable of complete mixing. The PDMS micro-
mixers consisted of varying dimensions that did not disrupt
the bonding process as several aspect ratios were under
exerted pressure for adhesion. At first, the ink was unable
to travel through the mixing loops, and we have demon-
strated that this was not a factor of the given aspect ratios,
but due to the hydrophobicity within the microchannel. By
application of a solvent before use, we can alter the surface
chemistry of the polymer film shortly to ensure that
injected solutions can flow into all sections of the micro-
mixer. The application of a micropump may assist on
increasing the pressure gradient within the microchannel to
create dispersion of the liquid within the mixing loops, or
functionalization of the microchannel/mixing loops with po-
lar structures may also aid this issue. These preliminary
results demonstrate the feasibility of the fabrication tech-
nology, bonding technique, and application of the micro-
mixer. Future experiments will analyze the bonding
strength by load-displacement curves and analyze biologi-
cal material for mixing before integration into a micro-total
analysis system (u-TAS).
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