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Cyclic olefin copolymer (COC) based microfluidic devices offer unique opportunities in developing
high quality chips for a variety of applications but critical issues such as the bonding strength,
biocompatibility and flow need to be addressed before this can be realized. In this study, we introduce
a simple microfluidic device fabricated on COC (Topas) substrates that were modified by ultraviolet
(UV) photo-grafting of a hydrophilic monomer 2-hydroxyethyl methacrylate (HEMA). This water
soluble acrylic monomer was used to increase the bond strength, surface wettability and
hemocompatibility. Thermal bonding of the microfluidic chips was accomplished at temperatures well
below the glass transition temperature (7) of the COC polymer. Moreover, this process produced
COC microchannels with modified surfaces that had stable permanent hydrophilic properties.
Therefore, it can be used for Bio-MEMS applications in electrophoretic analysis where stable electro-
osmotic flow (EOF) is important. The bond strength and burst pressure of the HEMA modified chips
increased significantly to 1.70 MPa and 4.20 MPa for bonding at 10 °C below T,. The COC surfaces
were characterized using contact angle, EOF measurements, and Fourier transform infrared
spectroscopy. The hydrophilicities of the substrates improved significantly with increase in degree of
poly-HEMA immobilization and a maximum grafting yield of about 0.13% was obtained for a short
irradiation time of 12 min with 25% of HEMA monomer. /n vitro fibrinogen and fluorescent labeled
bovine serum albumin adsorption results indicated that the COC surface can easily be tuned against
protein adsorption by controlling the grafting yield. The in vitro platelet adhesion tests confirmed that
the hydroxyl functionality greatly improved the surface hemocompatibility of COC by reducing the
number and the degree of activation of the adherent platelets.

field of microfluidics and BioMEMS.?* The advantages of
polymers over glass and silicon as a substrate for microfluidic
devices include their biocompatibility, disposability, good
chemical resistance, optical properties, low cost and capacity for
high-volume production®”’ using established manufacturing
techniques such as hot embossing and injection molding.

In this regard, COC polymer based microfluidic devices offer
many advantages for high quality chips due to its high glass
transition temperatures (7,s) with excellent transparency,®® low
dielectric loss, low moisture absorption, and good chemical
resistance. However, a few key issues need to be resolved before
there can be wider adoption of COC. Firstly, a simple means to
obtain high strength thermal bonds between COC substrates has
to be developed to ensure that microchannels can be sealed
readily. Secondly, the hydrophilic property that is rendered on

1. Introduction

There has been growing interest in the development of biochips
based on MEMS technologies for widespread use in a wide
variety of applications in diagnostics, drug sensing, and charac-
terization of biological entities. Typically, biomaterials such as
DNA, enzymes, proteins and microorganisms can be utilized in
a biochip. The first generation microfluidic devices were fabri-
cated on glass or silicon’* but due to limitations including
complexity of fabrication methods, geometrical design
constraints, complicated sealing process and high manufacturing
cost, polymer based LAB-ON-A-CHIP devices or micro total
analysis systems (LTAS) have become hot research topics in the
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the surface of COC microchannels using an appropriate treat-
ment ought to be stable and permanent and should not vary with
ageing (or storage time). This is important in order to avoid
‘hydrophobic recovery’’® which has been reported in COC
surfaces that were rendered hydrophilic using the plasma
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modification technique. Thirdly, the modified surface that has
been constructed onto the surface of COC microchannels has to
be blood compatible/hemocompatible in order to evade
nonspecific protein adsorption, thrombus formation or other
undesirable responses. Surface modification is necessary because
aqueous buffer solutions do not naturally flow readily into
hydrophobic COC channels in a microfluidic device. Moreover,
biological molecules absorbed by hydrophobic channel surfaces
can impede flow due to clogging in the channel.

During the fabrication of a microfluidic device, the channel
has to be sealed without any channel deformation and distortion.
A variety of techniques such as thermal bonding,'** thermal
lamination,* ¢ ultrasonic bonding, adhesive tape,'”'® glue,'**°
and laser bonding have been employed for this purpose. The
advantage of thermal bonding is that it allows the formation of
homogeneous microchannels with uniform surface properties.
However, the risks/susceptibilities of thermal bonding which is
commonly done above T, are that variations in the bonding
temperature and pressure may destroy the dimensional integrity
of the channel networks in the device without providing a strong
thermal bond between the polymer substrates. For this reason,
there have been attempts to develop different techniques for low
temperature sealing below T.

Tsao et al** developed a low temperature bonding method for
PMMA and COC using the UV/ozone treatment technique fol-
lowed by thermal bonding. From their crack opening displace-
ment tests, an increase in bond strength by about two orders in
the treated samples (0.984 mJ cm 2 for PMMA and 0.806 mJ
cm 2 for COC for bonding at 90 °C) as compared to the
untreated samples (<0.003 mJ cm~? for PMMA and COC) that
was attributed to high surface wetting was reported. However,
the highest bond strength of COC (Zeonor 1020R, T, = 105 °C)
they obtained for thermal bonding at below T, (at 100 °C) was
0.9 mJ cm~2 which is lower than the bond strength for untreated
Zeonor (1.1 mJ cm—?) bonded at 110 °C. Moreover, the draw-
back of this process was that the surface properties of the treated
surface were unstable and its hydrophilicity changed when the
treated substrates were washed using different solvents because
loosely bound low molecular weight polymer products were
removed. Bhattacharyya and Klapperich®® used the radio
frequency plasma and ultraviolet-ozone (UVO) treatments to
modify the surface of polystyrene (PS) and cyclic polyolefin
copolymer (Zeonor 750R) and performed thermal bonding at
below their T,. Using the three-point bend test, they showed that
UVO treatment increased the bond strength from 2 MPa and
1.5 MPa for untreated Zeonor and PS, to 8 MPa and 8.5 MPa for
treated COC and PS respectively. However, their bond strength
data that are based on the three-point bend test cannot be
compared readily with the work done by others that are generally
based either on bond strength measurements from lap shear
specimens or on burst strength measurements from pressurized
leak testing.

Using injection molded Topas 8007 (T, = 80 °C) substrates,
Mair et al.®® conducted burst pressure measurements on chips
that were thermally bonded both at 7,, (80 °C) and at T, + 15°C
(95 °C). The burst pressures in the former and latter chips were
4 MPa and 12 MPa respectively (see Fig. 7 in ref. 23). However, it
was apparent that there was distortion and change in shape and
dimensions of their microchannels after thermal bonding

(see Fig. 8 in ref. 23). They did not study the extent of channel
deformation after thermal bonding or the influence of such
deformation on burst pressure. It is important to note that
channel deformation during thermal bonding at above T, should
not be ignored because it can have a significant effect® on the
burst pressure of the chip. In contrast, Bhagat and his co-
workers® obtained a burst pressure of 1.7 MPa for their COC-
5013 microfluidic device. From the above, it is apparent that
much remains to be done to develop reliable techniques to obtain
COC chips with high thermal bond strength. Although many
COC based microfluidic devices?¢-32 have also been studied, there
are limited studies on the improvement of bond strength and
hemocompatibility of modified COC surfaces.

Therefore, the focus of the present work is to develop a suit-
able treatment that will not only lead to high thermal bond
strength for bonding below T, but will also impart durable
hydrophilicity and biocompatibility to COC. The surface graft-
ing of 2-hydroxyethyl methacrylate (HEMA) to COC utilizing
the UV technique will be outlined. HEMA was selected since it
has been found to reduce protein adsorption®® and is a water
soluble biocompatible monomer that can be grafted onto the
surface of various polymer substrates. It will be shown that large
improvements in bond strength (comparable to that for PMMA
chips) and biocompatibility are obtained. Significantly, high
bond strengths could be obtained for thermal bonding at
temperatures well below the glass transition temperature (7) of
the COC polymer. Although, a variety of methods such as
plasma polymerization, vy-irradiation, laser treatment, ozone
treatment UV-grafting have been used to functionalize’>***° the
COC polymer surface, to our knowledge there has not been any
study whereby HEMA has been employed as the precursor
molecule in UV-photografting. Moreover, the advantage of UV-
photografting is that molecular fragmentation and random chain
scission that are commonly associated with other surface treat-
ment methods can be avoided.

2. Experimental

Cyclic olefin copolymer (COC) resin, comprising Topas 5013
(Ticona, Florence, KY, US), with T, of 130 °C, was selected as
the substrate material. Polymer sheets of dimensions 75 mm x
25 mm x 1 mm were injection molded (Battenfeld injection
molding HM 25/60) at 270 °C from the pellets. Prior to injection
molding, the resins were dried for 8 hours under vacuum at 20 °C
below their T, to remove any moisture. The sheets were then cut
into the desired sizes for further use as polymer substrates for
UV-grafting. 2-Hydroxyethyl methacrylate (HEMA) of 99%
purity, benzophenone (98% purity), FITC-BSA and fibrinogen
from human were purchased from Sigma Aldrich, Singapore.
Chemically pure grade (ACS grade) acetone, methanol and
ethanol (Merck, Singapore) were used without further
purification.

2.1. Preparation of COC microfluidic chips

Two types of microdevices were fabricated on the Topas 5013
substrates. The chips for the electro-osmotic flow (EOF)
measurements that contained microchannels which were 6 mm
long, 200 pm wide and 50 pm high (aspect ratio of 4) were
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fabricated by injection molding. In contrast, the chips with the
micro-mixer configuration were made by hot embossing using
a Zr-based bulk metallic glass (BMG) die,*! provided by Anand’s
research group at MIT. Prior to embossing, the polymer
substrates were annealed at 140 °C for 1 h to remove any residual
stresses. Just before embossing, the substrates were cleaned using
acetone and dried at ambient temperature to remove any surface
contamination. The distance between any two adjacent
embossed microchannels in the micro-mixer was 500 pm whereas
the height and width were 40 and 50 pm respectively. Hot
embossing was carried out at 140 °C and 2.94 kPa with a holding
time of 4 min using a Specac hydraulic press. The patterned COC
substrates were peeled off from the BMG die at room tempera-
ture, after which holes that acted as reservoirs were punched in
the substrate. Finally, chips were made by thermal bonding
another flat Topas 5013 substrate onto the base substrate con-
taining the microchannels.

2.2. UV-grafting on the COC substrate

The ultra-violet (UV) grafting process was performed using
a UV flood curing system (Techno Digm, Singapore). The UV
(A =365 nm) intensity was adjusted by changing the distance from
the UV lamp to the substrate. The initial weight of each substrate
plate Wy was recorded. Initially, HEMA solutions with 5, 10, 15, 20,
25 and 30 wt% monomer concentration in water (or methanol) were
prepared. Next, a solution containing 10 wt% of benzophenone
(BP) photo-initiator in acetone was added to the above HEMA
solutions and stirred to ensure good mixing. The photo-polymeri-
zation experiments were conducted using the approach by Ranby
and Yang,*** where the solution mixture containing BP and
monomer was deposited on the COC substrate (1 mm thick) using
a micropipette. This coated substrate was then carefully covered
with another piece of COC of the same size to distribute the liquid
droplet uniformly. The substrates were then exposed to UV light
(from the top) for a fixed duration between 1 and 20 minutes to
enable the monomer to graft onto the COC surfaces. After drying at
50 °Cin an oven for 45 minutes the weight of each treated substrate
plate Wy was noted.

The substrates were then washed with hot water and methanol
mixture followed by acetone to remove the residual unreacted
monomer and photo-initiator and any loose homopolymer
before they were dried at room temperature for 8§ h. The final
weight Wy of each sample was then measured. The grafting yield
(Gy) and grafting efficiency (GE) of HEMA on COC were
determined using the following equations:*>=#7

Gy = (Wgp/W1) x 100%, [Wgp = Wiy — Wi (1
GE = (WGp/ Wp) X 1000/0, [Wp = WII - W[] (2)

where Wgp is the weight of the grafted polymer, Wp is the weight
of the polymer formed that contains the total weight of the graft
polymer and homopolymer, W7 is the initial weight of the non-
grafted COC substrate, Wy and Wy are the weights of the
grafted COC substrate before and after washing off.

In the context of the current work, GE is related to the effi-
ciency of the BP and the UV process in immobilizing HEMA
onto the COC surface. Some of these immobilized HEMA may

have been grafted onto the COC surface, whilst some may have
joined together to form HEMA homopolymer that may not be
attached to the surface. The grafting yield Gy indicates the
amount of HEMA monomer that has been grafted successfully
onto the COC surface. At least 4 tests were conducted for each
data point.

2.3. Surface characterizations and analysis

The chemical compositions of the unmodified and modified
surfaces were determined using a Perkin-Elmer GX Fourier
transform infrared spectroscope (FTIR) equipped with an
attenuated total reflection (ATR) unit. The resolution was 4 cm™!
and 32 scans were carried out for each run.

An X-ray photoelectron spectroscopy (Kratos Ultra XPS
system) with monochromatic Al Ko as an X-ray excitation
source operating at 15 kV and 10 mA was used to determine the
elemental compositions on the surfaces. The sampling area on
the specimen was typically about 700 um by 400 um. A step-scan
interval of 1 eV was used for wide scans, and 0.1 eV for high-
resolution scans and the acquisition times were 60 s for both
resolutions. The pass energies for XPS were 160 eV for wide scan
and 40 eV for the detailed scan. The core-level spectra were
obtained at a photoelectron takeoff angle of 90°, measured with
respect to the sample surface. Binding energies were referenced to
the saturated hydrocarbon peak at 285 eV.

Static water contact angle measurements were made using
a video-based FTA 200 video Series contact angle apparatus.
Measurements were made on a 1-2 ul droplet of de-ionized water
that was placed on the surface. For each sample, at least six
different spots were measured and the data were averaged.

The morphologies of both the untreated and modified COC
surfaces were examined using a JEOL JSM-5600 scanning elec-
tron microscope (SEM). Prior to this, the substrates were sput-
tered coated for 180 s. The accelerating voltage used was 20 kV.

2.4. Thermal bonding and bond strength

Thermal bonding at between 90 °C and 130 °C was conducted
using a Carver laboratory hot press. Preliminary tests were
conducted to optimize the bonding pressure and bonding time in
order to avoid undesirable deformation of the microchannels
during thermal sealing. These parameters were then utilized to
prepare specimens for the lap shear tests and burst pressure
measurements. The bonding pressure and bonding time were
kept constant at 3.0 MPa and 6 min respectively. Prior to
bonding, the COC substrates were cleaned in ethanol and dried
at room temperature. The bond strength of the modified and
unmodified substrates was determined using lap shear specimens
in an Instron 1130 tensile testing machine under room temper-
ature conditions at a crosshead speed of 0.5 mm min~'. The
thickness of each substrate was 1 mm and the specimens had an
overlap area of 15 x 10 mm? At the start of each test, the
distance between the tension grips was kept constant. Eight
samples were tested for each specimen condition.

2.5. Burst pressure test

The integrity of the thermal seal and the performance of the
thermally sealed microdevice were assessed using a burst pressure
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test. During testing, the chip was connected to a syringe pump
(ISCO Teledyne Technologies Company, Model 100DM), which
was fitted with a pressure transducer with an accuracy of 0.5% in
the range of 0.069-68.9 MPa. To facilitate the burst test, a plastic
PEEK NanoPort assembly (Science Team Services, Singapore)
was glued onto the reservoirs of the thermally bonded plates
using Araldite epoxy adhesive. After applying some epoxy
adhesive, the substrates and the port were clamped for 24 hours
at room temperature. Connections were made to the syringe
pump using a natural fluoroethylene propylene (FEP) tube with
a polyether ether ketone (PEEK) zero-dead-volume (ZDYV)
union. The ZDV union was connected to the 1/16” OD (outer
diameter) tubing which can withstand a pressure rating of
41.4 MPa.

2.6. Measurement of electroosmotic flow pugor

The current monitoring method*® was employed to measure the
electroosmotic flow (EOF) under an applied electric field of 500
V em™'. A separate set of thermally sealed microdevices con-
taining a 60 mm long, 50 um deep and 200 um wide microchannel
was utilized for the EOF experiments. The Tris—HCI buffer with
pH 8.49 was used as the testing buffer solution. The higher ionic
strength of the buffer was 20 mM phosphate, while the lower
ionic strength was 19 mM phosphate. Platinum electrodes were
inserted into the two reservoirs, and a voltage of 500 V was
applied to the reservoir containing the 20 mM phosphate buffer.
The EOF was calculated using the relationship ugor = L*vt,
where L is the length of the channel, ¢ is the migration time for
the diluted buffer solution to reach the steady state, and v is the
total applied voltage.

2.7. Surface protein adsorption

To measure the nonspecific adsorption of protein, the in vitro
protein adsorption experiments were conducted in phosphate
buffered saline (PBS) solution. Prior to adsorption, the unmod-
ified and modified samples were hydrated in PBS for 6 h. Then
the surfaces were exposed to 1 mg ml~' of FITC-BSA and 0.25
mg ml~' bovine fibrinogen respectively, for 1 h at 37 °C. The
samples exposed to fibrinogen were then transferred into another
24-PS well containing fresh PBS and rinsed ~40 times by vigilant
shaking. After that the samples were again transferred into other
new PS wells containing 1 ml PBS and 1 wt% sodium dodecyl
sulfate (SDS) in order to detach the adsorbed protein from the
surface by sonication for 15 min. A Micro BCA protein assay kit
(Pierce, USA) was used to quantify the eluted proteins in the SDS
solution calculated from the absorbance at 562 nm using an
absorptiometer (Tecan Infinite 200 series, Switzerland). On the
other hand, the samples exposed to FITC-BSA (fluorescein iso-
thiocyanate labelled bovine serum albumin) were rinsed by fresh
PBS for 3-5 times and dried at room temperature for 4 h. Then
surfaces were observed under fluorescent microscope. The rela-
tive fluorescent intensity of the adsorbed protein on the grafted
surface was compared with the unmodified COC sample.

2.8. Platelet adhesion

The interactions between blood and the COC samples were
studied using the platelet adhesion experiment. The experiments

were conducted using fresh platelet-enriched plasma (PRP) that
was isolated from human blood by centrifugation at 1000 rpm
for 10 min. The platelets were suspended in a buffer solution that
had a concentration of 7 x 10° platelets per ml. Both the
unmodified and modified samples (each with a surface area of
10 mm x 10 mm) were placed into a 24-PS well. Then, 30 pl of
fresh platelet-rich plasma (PRP) was carefully dropped onto the
top of each sample surface. After incubation for 60 min at 37 °C,
the surfaces were carefully and slowly rinsed several times using
PBS (pH 7.4). After thorough washing, the platelets that adhered
to the untreated and grafted surfaces were fixed with 2.5%
glutaraldehyde/PBS solution for 1 hour, followed by the dehy-
dration procedure using a series of different concentrations of
ethanol-water mixtures (0, 30, 40, 50, 60, 70, 80, 90, 100 vol% of
ethanol) for 30 min. These surfaces were then examined at
a magnification of 1500 in a JEOL JSM-5600 scanning electron
microscope (SEM), and the number of platelets per unit surface
area was determined.

3. Results and discussion
3.1. Grafting yield and efficiency

The influence of HEMA concentration on the grafting efficiency
(GE) and the grafting yield (Gy) for 10 wt% BP at a constant UV
exposure time of 720 seconds is summarized in Table 1. The BP
concentration of 10 wt% was selected because preliminary tests
had indicated that higher levels of BP lowered the grafting yield
due to the uncontrolled acceleration of homopolymer formation
and termination reaction by the initiated monomer radicals. It
can be seen in Table 1 that Gy increases with increase in HEMA
concentration and reached a peak value of 0.13% at 25 wt%
HEMA. The drop in Gy at higher concentrations of HEMA
indicated that higher monomer concentration enhanced the rate
of homopolymer formation rather than surface graft polymeri-
zation. Based on this, most of our studies will focus on COC
surfaces that were modified by UV grafting using 25 wt% and
10 wt% BP (denoted as HGCOC-25 treatment condition).

The effect of UV exposure time on Gy and the contact angle
for the HGCOC-25 condition is shown in Fig. 1. It can be seen
that Gy increased with increasing irradiation time reaching
a peak value of 0.13% at 720 seconds after which it plateaued off
to a value of 0.11%. The slightly lower values of grafting yield Gy
with longer irradiation time has been attributed to photo-
degradation of the grafted polymer chains due to prolonged
exposure to UV light.** Moreover, it is apparent from the inset in
Fig. 1 that the grafting efficiency (GE) increased with irradiation
time reaching a peak value of 60% at 900 seconds before
decreasing slightly at longer times. The continued increase in GE
beyond 720 seconds, at which Gy attained a maximum value,
indicated that there was some cross-linking between the mono-
mers, and between the monomers and grafted polymers. It can be
seen from Fig. 1 that the contact angle dropped from 88° for
untreated COC to between 32° and 35° (£3°) for the modified
surface after an irradiation time of 720 seconds. This clearly
indicated that UV-photografting of the COC surface using
HEMA increased the surface hydrophilicity. It is also evident
from Table 1 that the lowest contact angle was obtained with
25 wt% HEMA treatment.
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Table 1 Effect of monomer concentrations on the grafting yield, grafting efficiency and hydrophilicity for the photografting of HEMA onto COC

surface
Sample type HEMA (%) BP (%) Time/s Gy (%) GE (%) Contact angle/°
Untreated 0 0 0 0 0 88 (£2.5°)
HGCOC-5 5 10 720 0.03 (£0.005) 19 (£3.1) 76 (£2.6°)
HGCOC-10 10 10 720 0.07 (£0.005) 41 (+£3.4) 53 (£2.6°)
HGCOC-15 15 10 720 0.10 (£0.005) 50 (£3.8) 39 (£2.6°)
HGCOC-20 20 10 720 0.11 (£0.006) 54 (+4.0) 36 (£2.8°)
HGCOC-25 25 10 720 0.13 (£0.006) 57 (£3.9) 32 (£3.0°)
HGCOC-30 30 10 720 0.11 (£0.007) 60 (+4.2) 35 (£3.0°)
160 0.24
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Fig. 1 Effects of UV irradiation time on the contact angle and grafting yield for HGCOC-25 sample (the inset diagram shows the change of grafting

efficiency with identical exposure time from 60 to 1200 seconds).

3.2. Bond strength test and burst test

It is apparent from Fig. 2 that all the UV photografted samples
could be thermally bonded at between 90 °C and 130 °C at
temperatures significantly below the 7, (130 °C) of the Topas
substrate. It can be seen from Fig. 2a that the grafted samples had
very good bond strength and the lowest possible bonding temper-
ature was 90 °C. The bond strength for the grafted substrates at 90
°Cwas 0.51 MPa which was comparable to that (0.64 MPa) for the
untreated COC that was thermally bonded at 120 °C. The bond
strength increased with increasing bonding temperature (see Fig. 2a)
reaching a considerably high value of 2.10 MPa at 130 °C which
corresponds to the T,. The above compared very favorably with
thermal bonding in the untreated COC samples which could only be
accomplished at temperatures of 120 °C and higher.

It is interesting to note that grafted samples that were bonded
at 95 °C possess ~10% higher bond strength than the non-
grafted samples that were bonded at 120 °C. Moreover, the
bond strength of grafted samples that were bonded at 120 °C
and 130 °C exhibited bond strengths that were 165% and 150%
higher compared to their corresponding unmodified

counterparts. Clearly, surface modification of COC by UV
grafting using HEMA monomer permits high bond strengths to
be obtained for bonding at temperatures well below T, without
causing any deformation of the microchannels in microfluidic
devices.

The burst pressure test data for COC chips prepared from the
different grafted samples are shown in Fig. 2b. It is apparent
from Fig. 2b that the burst pressure strength increased signifi-
cantly with increasing bonding temperature. The chip that was
bonded at 120 °C exhibited a very high burst pressure of 4.20
MPa. The thermal bond in the HEMA modified chips that were
bonded at 130 °C was so high that all the samples for this
bonding temperature failed at the connector joints of the testing
equipment (at pressures above 5 MPa). The burst pressure for the
HEMA modified chip that was bonded at 110 °C (~3.65 MPa)
and 120 °C (~4.23 MPa) was 2.1 and 2.5 times higher respec-
tively, as compared to the untreated chip (1.71 MPa) that was
bonded at 120 °C. It is evident that UV grafting with HEMA is
a very effective way of producing strong and robust COC
microfluidic devices.
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Fig. 2 The effect of bonding temperature on the (a) lap shear strength
and (b) burst pressure strength for HGCOC-25 specimen.

3.3. Surface characterization and analysis

The influence of the HEMA monomer concentration on the
degree of surface grafting on the COC surface will now be
examined using the surface analysis results. The FTIR-ATR
spectra of the pure monomer, untreated COC and HEMA
grafted COC (HGCOC) are shown in Fig. 3. The absorption
peaks at 1724 cm~! and 3422 cm™! for the HGCOC samples in
Fig. 3 indicated the presence of the HEMA ester and hydroxyl
(O-H) groups respectively. The peak at 1636 cm™' in the
monomer (see Fig. 3(ii)) corresponds to the unsaturated C-C
double bond. It is interesting to note that this peak disappeared
after UV grafting which indicated that the C—C double bond was
utilized for the HEMA surface modification. Moreover, the
carbonyl peak position was shifted from 1714 cm™' in pure
monomer to 1724 cm™' in the HEMA modified COC which also
indicated the absence of o—f unsaturation in the grafted surfaces.
The high intensities for the OH and C=O peaks in the pure
monomer solution were consistent with the presence of these
bonds in HEMA. The gradual increase of the hydroxyl (OH) and

3422 em™

\1’-':4 om?

% Transmittance (au)

t

i 3422 em™
1724 cm’

500 1000 4500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig.3 Typical ATR-FTIR spectra of untreated COC, HEMA monomer
and UV-grafted COC surfaces: (i) control, (i) HEMA monomer, (iii)
HGCOC-10, (iv) HGCOC-15, (v) HGCOC-25 and (vi) HGCOC-30.

keto (C=0) peaks in the grafted COC in Fig. 3(iii)—(v) indicated
that the extent of HEMA grafting on the modified surface
increased when the monomer concentration was increased from
5 wt% to 25 wt%.

Fig. 4 demonstrates the survey spectrum of virgin COC and
COC that had been modified with solutions with several different
HEMA concentrations. The XPS spectrum of the virgin COC
had a small oxygen peak at a binding energy (BE) of 536 eV
which represents the intrinsic low-level oxidized carbon state on
the COC surface. The common peak at 285.1 eV that was present
in all the COC samples can be assigned to the binding energy of
Cls. Fig. 4 clearly shows that after surface modification, the
height of the oxygen peak increased drastically. Detailed
elemental analysis showed that the HGCOC-25 surface
composed of 27% and 73% of atomic oxygen and carbon
respectively (data not shown), whereas the untreated COC
surface contained 6% oxygen and 94% carbon. Therefore, it is
apparent that the amount of oxygen on the grafted COC surfaces
increased as the grafting yield of HEMA increased with
increasing monomer concentrations.

Fig. 5a shows the high resolution Cls XPS spectra of
HGCOC-25 surface. The broad Cls peak has been resolved into
three components representing C atoms attached to other C and
O atoms. The binding energy values 285 eV, 286.5 eV and
289.1 eV corresponding to C-H or C-C, C-OH and O-C=0,
respectively. Similarly, Fig. 5b shows the O 1s spectra of
HGCOC-25 that is fitted with three subpeaks at 531.8 eV (C=
0), 532.5eV (O-H) and 533.4 eV (CO-O-C). However, the XPS
spectra (Cls) for untreated COC exhibited two peaks only as
previously demonstrated.'®#°

3.4. Microchannel dimensional integrity after thermal bonding

To confirm that the microchannels were thermally sealed without
any distortion in channel geometry and no change in channel
dimensions, polished cross-sections of the chips were examined
under the SEM. It can be seen from Fig. 6a that both the
dimensional and geometrical integrity of the channel were
maintained after thermal bonding for 6 min at 110 °C under 3
MPa bond pressure. It is apparent from the inset in Fig. 6a which
shows a magnified picture of the interface that the side walls of

15036 | J. Mater. Chem., 2011, 21, 15031-15040

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1jm11750e

View Online

4000 -
— 3000 - 1
(7]
-9
L
> 2000 -
=
7]}
1
Q
@ 1000 -
E M

0 T T
100 300 500
BE (eV)

10000 -
M
§ 8000 m
>
& 6000 4
0
G
& 4000 4
E

2000

0 T T
100 300 500
BE (eV)

12000 -
10000
]
8000 A
6000 -

4000 -

Intecnsity (CPS)

2000 -

100 300 500
BE (eV)

8000 - [\
6000 -
4000 -

2000 -

Intecnsity (CPS)

100 300 500
BE (eV)

Fig. 4 Typical XPS spectra of the untreated and UV grafted COC surfaces: (i) control, (i) HGCOC-10, (iii) HGCOC-15, and (iv) HGCOC-25.
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Fig. 5 Core-level XPS spectra for (a) Cls control, (b) Cls HGCOC-25
and (c) O 1s HGCOC-25.

the bonded microchannel remained straight. Fig. 6b shows
a micrograph of a microchannel that has been injected with
a fluorescent protein solution of FITC-BSA that was prepared
using PBS (pH 7.4). The purpose of using the fluorescent proteins
was twofold: to determine the protein adsorption, and to facili-
tate assessment of any leakage during the pressure test. It was
apparent from Fig. 6 that good sealing was obtained without
causing any leak or shape distortion of the microchannel during
the encapsulation process by thermal bonding. This serves to
further confirm that surface grafting of COC using HEMA is an
effective way to establish low temperature thermal sealing of
microfluidic devices.

3.5. Protein adsorption

Fig. 7a shows the amount of fibrinogen adsorption on the surface
of modified COC prepared under different HEMA monomer
concentrations. It is apparent from Fig. 7a that the adsorbed
amount of fibrinogen decreased from 0.69 (+0.08) pg cm~2 to
0.45 (£0.08) pg cm? with increase in HEMA monomer
concentrations. Fig. 7b shows the fluorescent intensity of the
FITC-BSA adsorbed on the modified COC surfaces. The inten-
sity of fluorescent light indicates the amount of protein adsorp-
tion. The lower intensity of fluorescent light with increasing
HEMA monomer concentration indicated that the surfaces that
had been modified using more HEMA are less sensitive to
protein adsorption. On the other hand, the high fluorescent
intensity from unmodified COC surface indicated substantial
protein adsorption on that surface. The suppression of protein
adsorption with monomer concentration can be attributed to the
increase in grafting yield.>® Thus, such significant reduction in
protein revealed that COC surface grafted with HEMA would be
an important technique in the field of capillary electrophoretic
separation of proteins and peptides. A detail study on capillary
electrophoresis based on HGCOC will be reported separately.

3.6. Blood platelets adhesion

Platelet adhesion is of the most important phenomena in deter-
mination of the biocompatibility of the materials. In this study,
in vitro platelet adhesion experiments were used to evaluate the
blood compatibility of the grafted COC substrates. The assess-
ment of platelet adhesion is important because the tendency for
platelet adhesion affects the thrombogenicity of blood when it is
in contact with a biomaterial surface. Thrombus formation on
blood contacting surfaces is undesirable as it can cause

This journal is © The Royal Society of Chemistry 2011

J. Mater. Chem., 2011, 21, 15031-15040 | 15037


http://dx.doi.org/10.1039/c1jm11750e

View Online

Fig. 6 (a) SEM micrograph of cross-section of a thermally sealed
microdevice showing good integrity of the microchannels (bonding
temperature = 110 °C, bonding pressure = 3 MPa, bonding time = 6
min); (b) microchannels in micromixer that were filled with FITC-BSA
solution indicating good sealing with no leakage.

restriction of blood flow.>! Therefore, a surface that exhibits little
or no platelet adhesion is highly desirable for microfluidic
devices. Typical SEM micrographs of adherent platelets on the
untreated and HEMA grafted COC surfaces are shown in Fig. 8.
It is apparent that the unmodified COC surface had many more
adhered platelets, and that some of the platelets formed aggre-
gates (see Fig. 8a) that are commonly called thrombi. Moreover,
some deformed platelets which consisted of platelets with some
radiating white streaks (commonly called pseudopodia) were
present on the untreated COC surface. In contrast, there was
significantly less platelet distortion and adhesion on the surfaces
of grafted substrates. It can be seen for the HGCOC-25 substrate
(see Fig. 8b) that the few adhered platelets that existed were
mostly isolated and round, which indicated that the HEMA
polymer graft reduced the degree of activation of the COC
surface to platelet adhesion. However, the sample in Fig. 8c

I

Control HGCOC-5 HGCOC-15 HGCOC-25

Fibrinogen A dsorption (ug/cm?)

120

100 -

i

Control HGCOC-§ HGCOC-15 HGCOC-25

Relative Intensity (au)

Fig. 7 Influence of monomer concentration in the HEMA grafted COC
on (a) the amount of in vitro fibrinogen and (b) FITC-BSA adsorbed.

which was also grafted with 25 wt% HEMA solution but irra-
diated to UV for 1200 seconds showed a slightly higher number
of adhered platelets with some small thrombi. This may be due to
the higher surface roughness (43 nm) in the latter sample.

The statistical results for platelet adhesion on the different
surfaces are given in Table 2. It can be seen from Table 2 that the
amount of adhered platelets per unit surface area of the COC
sample decreased sharply with increase in HEMA monomer
concentration. This is probably related to both the hydrophilicity
and difference in HEMA content of the modified COC surfaces.
It was noted that the platelet adhesion for the HGCOC-25 and
HGCOC-30 samples was similar which indicated that the
optimal surface properties have been attained. Hence, it is
evident that the hemocompatibility of COC can be improved by
using HEMA surface grafting.

3.7. Electroosmotic mobility ()

Table 3 shows the results of EOF mobility in the untreated chip,
freshly prepared HEMA-grafted chip and aged HEMA-grafted
chips. The grafted HEMA polymer affects the surface charge
density and ¢ potential of the modified surface and hence will
have an influence of the EOF in the microchannel. It can be seen
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Fig. 8 Typical SEM micrographs of untreated and UV treated COC surfaces after platelet adhesion for 60 min: (a) control surface, (b) UV grafted
surface with 25% HEMA for 720 seconds, and (c) UV grafted surface with 25% HEMA for 1200 seconds.

Table 2 Number of adhered platelets on various UV grafted COC
surfaces

No. of

Sample adhered platelets/mm?
Untreated >136 (£10)
HGCOC-5 121 (£10)
HGCOC-10 103 (£10)
HGCOC-15 90 (£8)
HGCOC-20 69 (£8)
HGCOC-25 50 (+4)
HGCOC-30 46 (+4)

in Table 3 that the EOF in the untreated microchannels was
3.60 x 10~* cm? V~! s! and was significantly increased to 7.71 x
10~*cm? V-! 57! for the HEMA grafted HGCOC-25 sample. No
significant difference in EOF mobility was observed between the
freshly UV grafted samples and aged samples that had been
stored at room temperature for 21 days. This indicated that the
surface properties of the HEMA grafted COC chips are highly
stable and will not be affected by ageing due to storage.

4. Conclusions

A suitable treatment that not only leads to high bond strength for
thermal bonding below T, but that will also impart durable
hydrophilicity and biocompatibility to COC has been developed.
This was achieved by surface grafting 2-hydroxyethyl methac-
rylate (HEMA) monomer to COC utilizing the UV photo-
technique. Significant improvements in bond strength and
biocompatibility were obtained with HEMA grafting by using
a solution containing 10 wt% benzophenone (BP) initiator and
25 wt% HEMA and an UV irradiation time of 720 seconds.
Critically, using this method we were able to produce a stable
hydrophilic surface and improve the reproducibility of analysis
and stability of EOF for the microchip electrophoresis. Hence,
HEMA coated COC microchips can be utilized widely in Bio-
MEMS applications in the analysis of biomolecules.
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