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Abstract

Rapid prototyping of polydimethylsiloxane (PDMS) is often used to build microfluidic devices.

However, the inherent hydrophobic nature of the material limits the use of PDMS in many ap-

plications. While different methods have been developed to transform the hydrophobic PDMS

surface to a hydrophilic surface, the actual implementation proved to be time consuming due to

differences in equipments and the need for characterization. This paper reports a simple and easy

protocol combining a second extended oxygen plasma treatments and proper storage to produce

usable hydrophilic PDMS devices. The results show that at an plasma power of 70 W, an ex-

tended treatment of over 5 minutes would allow the PDMS surface to remain hydrophilic for more

than 6 hours. Storing the treated PDMS devices in DI water, would allow them to maintain their

hydrophilicity for weeks. Atomic force microscopy (AFM) analysis shows that a longer oxygen

plasma time produces a smoother surface.
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I. INTRODUCTION

Polydimethylsiloxane (PDMS) is one of the most widely used silicone-based polymers

in microfluidics [1]. The ease of fabrication, low cost, bio-compatibility, elastomeric prop-

erty and optical transparency are attractive reasons for its wide usage in rapid prototyping

[2]. However despite these advantages, the intrinsic hydrophobicity of PDMS restricts its

use in certain applications. Analysis of biological samples and chemical synthesis require

hydrophilic surfaces [4] in order to work expeditiously. Electrophoretic separation [5] also

requires adequate surface wettability. Stable droplets [6] and bubbles [7] formation require

the continuous phase fluid to preferentially wet the channel walls. From the above mentioned

applications, surface properties of PDMS are to be considered in the design and fabrication

of microfluidic devices.

In the past, the surface properties of PDMS has been modified using different methods

such as coating of the inner walls [8], attachment of active groups [9], plasma oxidation

[10], thermal aging [11] and chemical coating [12]. However, most methods require hours

to process and to characterize before one can effectively use the devices. In addition, the

varieties in technologies and equipments of different laboratories cause further delay in the

implementation of the technology. Recognizing this predicament, this paper reports a simple

protocol to produce PDMS with hydrophilic channel walls without the use of additional

chemicals or equipment. The characterisation of this method also ensures that the device

can be stored for days before use while maintaining the hydrophilicity of the channel walls

within a time span reasonable for experimentation.

Oxygen plasma treatment has been used extensively by many in the fabrication of PDMS

microfluidic devices. The treatment of oxygen plasma on PDMS introduces polar functional

groups [13] which is mainly the silanol group (SiOH). This group changes the surface prop-

erties of PDMS from being hydrophobic to hydrophilic. On the one hand, normal plasma

treated surfaces undergo hydrophobic recovery within minutes [14] after bonding and ther-

mal treatment. On the other hand, extended plasma treatment induces undesirable surface

cracks [13] which affects the bonding integrity of the device. Hydrophobic recovery of PDMS

has been well studied by sessile water contact angle measurement [15], scanning electron

microscopy (SEM) [16] and X-ray photoelectron spectroscopy [17]. The main reasons for

hydrophobic recovery are the reorientation of the polar groups from the surface to the bulk
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[17], diffusion of pre-existing low-molecular-weight (LMW) species from the bulk to the sur-

face [16] and condensation of the hydroxyl groups [18]. The recovery rate is also affected by

storage condition such as temperature [11], humidity [19], aqueous fluid [20] and surfactants

[21] used to store the PDMS device. To our knowledge, limited or very few studies report on

surface modification using a bonded and sealed PDMS device. Most studies are conducted

using thin PDMS membranes which are not bonded together to form a typical concealed

microfluidic device. The main purpose of the technique reported in this paper is to perform

surface modification of a fully bonded and functional microfluidic device.

II. MATERIALS AND METHODS

The test devices used in this work is fabricated using standard soft lithography [22]. To

summarise, we casted the PDMS substrate (Sylgard 184, Dow Corning) on a master mold

made of the thick-film resist SU-8. The thickness of the SU-8 layer is 100 µm. The PDMS

substrate with the microchannel was first peeled off from the master mold. A manual

puncher (Harris Uni-Core, World Precision Instruments, Inc., Florida, USA) of 0.75 mm

diameter was then used to create the fluidic access into the device. Oxygen plasma created

by a plasma reactor (790 Series, Plasma-Therm, Inc., Florida, USA) was then used to bond

the former PDMS substrate to a slab of blank PDMS. The bonded PDMS devices were then

placed in an oven at 150 ◦C for two hours to ensure good bonding between both surfaces.

Figure 1 shows the schematic sketch of the microchannel used in the test. The straight

channel has a width of 150 µm and a height of 100 µm. Contact angle measurement are

carried out for a stationary water plug in the channel as depicted in Fig. 1(a).

The fully bonded and leak free devices subsequently underwent a second oxygen plasma

treatment. A total of six different treatment times were used to study the effectiveness of

the protocol proposed. While the plasma power was kept constant at 70 W, the treatment

times were varied as 100, 200, 300, 400 and 500 seconds. Immediately after the plasma

treatment, the devices were immersed in a container filled with DI water. Air bubbles are

removed by injecting DI water through the access holes and storing in a vacuum chamber

for 7 days. This duration provides a realistic time scale in commercial context, where the

storage and delivery of the devices may take longer than in the laboratory environment.

The vacuum ensures that all air bubbles trapped in the devices were removed and devices
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8 mm

Flat slab of PDMS (0.5 cm thick) Channel Access hole PDMS

(1 cm thick)

FIG. 1: Schematic sketch of the test device used in the experiment (not to scale, the channel

has a length of 8 mm): (a) Water plug in a hydrophobic channel (θ > 90◦), (b) Water plug in a

hydrophilic channel (θ < 90◦), (c) cross section

are stored at a constant low temperature.

For the characterization experiments, the devices were removed from the vacuum chamber

and DI water within the microchannels was removed manually using syringes. In order to

ensure a minimal amount of DI water remaining in the channel, manual pumping of the

syringes were repeated at least 20 times. Thereafter, DI water is pumped into the device

at a very slow rate of 1 µl/hr using a precision syringe pump (KDS 250, KD Scientific).

The flow is then stopped when the fluid just entered the inlet port. A stabilisation time

of 5 mins is then used to obtain a near static image of the clear meniscus of the water/air

interface. An epi-fluorescent inverted microscope (Nikon, Eclipse TE2000-S) was used to

observe the meniscus of the the liquid inside the channel. A sensitive interline transfer

CCD camera (HiSense MKII, Dantec Dynamics, Denmark) was employed for recording the

meniscus image. Images of the interfaces were then taken at period of 0, 2, and 4 and 6

hours from the time the devices are exposed to the ambient air. In addition, to ensure fair

experimental conditions, all the fluids are pumped out manually after each recording4.
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FIG. 2: Evaluation of contact angle using the customised MATLAB program (the image is taken

using a bonded pristine PDMS device): (a) Original image, (b)Processed image

Figure 2 shows an example of the meniscus image taken at the interface for a bonded

pristine PDMS microfluidic device. A total of 20 pictures using 10 similar devices for each

plasma parameter are then evaluated and averaged using a customized MATLAB program.

The program first imports the bitmap image and convert it into a binary form. Subsequently,

the water/air interface was detected by the contrast of the interface. The radius of curvature

R was detected by curve fitting. With the known channel width W of 150 µm, the contact

angle is determined in degree for hydrophobic case as (Fig. 3(a)):

θ =
180◦

π
arccos

(
−W

2R

)
(1)

For the hydrophilic case, the contact angle is (Fig. 3(b)):

θ =
180◦

π
arccos

(
W

2R

)
(2)

The measured results for the case of a bonded pristine PDMS microfluidic device (without

the second plasma treatment) agrees well with the reported result measured using conven-

tional contact angle measurement with a sessile water droplet. For our case, the contact

angle measured was about 120◦ while the reported case was about 112◦ [3]. Therefore, it is
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FIG. 3: Geometry of the water/air meniscus (grey shaded area represents water) (a): Hydrophobic

case (θ > 90◦), (b)Hydrophilic case (θ < 90◦).

reasonable to assume that our measured results also correlate fairly well with measurement

using a sessile droplet.

To further ascertain the surface properties of the proposed protocol, atomic force mi-

croscopy (AFM) analysis (Veeco, D5000) were performed on blank PDMS slabs measuring

1 cm × 1 cm × 1 cm before and after oxygen plasma treatments. The AFM images were

obtained using the tapping mode. The scanning area used was 10 µm by 10 µm. All AFM

tests were carried out within 1 hour after exposure to the oxygen plasma. The root mean

square (RMS) roughness were measured on the area without the nanocracks[26] which was

formed due to the oxygen plasma treatment. However, these nanocracks can be useful.

Recent studies have shown that these nanocracks can be decorated with adhesive proteins

which supports the growth and modulation of biological cells [27].

Figure 4 depicts the root mean square (RMS) roughness at different oxygen plasma

exposure time. The result distinctively shows that exposure to oxygen plasma treatment

decreases the roughness of the PDMS surface. For instance, without any oxygen plasma

treatment, the RMS roughness measures 3.6 nm. However, the RMS roughness decreases to

0.9 nm after a treatment of 500 seconds.
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FIG. 4: Root mean square roughness as a function of treatment time with oxygen plasma. Re-

spective AFM images are taken of specimen with oxygen plasma exposure of (a): 0 s, (b): 100 s,

(c): 200 s, (d): 300 s, (e): 400 s and (f) 500 s.

III. RESULTS AND DISCUSSION

Figure 5 shows the contact angle as a function of exposure time to air. Generally, a

longer plasma treatment results in a smaller contact angle. A PDMS microchannel without

additional plasma treatment (circles in Fig. 5) have an almost constant contact angle of

120◦. The contact angle of a fresh surface treated for 100 seconds is 46◦ and increases to

about 115◦ after 6 hours exposure to air. A treatment time of 200 seconds decreases the

contact angle of the fresh surface further to 21◦. The contact angle again approaches 115◦

after 6 hours exposure to air. PDMS channels with treatment time longer than 300 seconds

have a fresh contact angle of 17◦ and can maintain a contact angle between 50◦ and 60◦

after 6 hours exposure to air. The representative images of the meniscus of the water plug

in microchannels with different treatment time are depicted in Fig. 6.

From the obtained results, the concept of producing hydrophilic microchannels in PDMS

which can be stored and used when needed for experiments appears very promising. De-

vices treated with the second oxygen plasma of 100 and 200 seconds can only retain the
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FIG. 5: Contact angle as a function of exposure time in air

hydrophilicity (contact angle of less than 90◦) for about 3 hours after exposure to air. How-

ever, with a treatment time from 300 to 500 seconds the devices remain hydrophilic and

never fully regain their hydrophobicity during the time period of our investigation. This

difference also suggests that a longer plasma time of 300 seconds or more may provide an

efficacious remedy to the production of bonded and sealed hydrophilic PDMS microfluidic

devices.

A possible explanation for the above difference is that as the PDMS devices are bonded,

the ionized gas is only able to enter into the inner channel walls via the fluidic access holes.

As result, a limited amount of ionized gas diffused into the inner channel walls and does

not results in the formation of brittle silica layers which facilitate the migration of low

molar mass molecules from the bulk of the structure to the inner walls [23]. According

to one-dimensional diffusion approximation of t = x2/2D, where t is the diffusion time,

x is the characteristic length and D is the diffusion coefficient of oxygen plasma ions, the

exposure time is well sufficient to cover the entire channel length. For instance, with a

diffusion coefficient on the order of 10−3 [28], the plasma takes only about 0.032 seconds to
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(a) 0 sec (b) 100 sec (c) 200 sec

(d) 300 sec (e) 400 sec (f) 500 sec
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FIG. 6: Images of air/water interfaces in a PDMS microchannel treated with second oxygen plasma

after bonding: (a) Not treated, (b) Treated for 100 s, (c) Treated for 200 s, (d) Treated for 300 s,

(e) Treated for 400 s and (f) Treated for 500 s.

diffuse along a channel length of 8 mm. Devices with longer treatment time show minimum

changes to the hydrophobic recovery rate when the plasma time increases from 300 to 500

seconds. This could be due to a saturation of the ionized gas which is able to diffuse into

the microchannel. The second plasma treatment done after the devices are well bonded

ensures that minimum damage is incurred at the inner channel walls despite prolonged

plasma treatment time.

The results also ascertain that storage of PDMS devices in water and under vacuum is

able to prolong the hydrophilicity of the PDMS device for at least seven days or more. The

high surface energy of water prevents the reorganization of the silanol group (SiOH) on the

inner channel walls [24]. This hypothesis suggests that changing the surface energy of the

fluid may affect the storage time of hydrophilic PDMS devices.

As shown in Fig. 4, a longer exposure time creates a smoother surface which also affects

the hydrophobic recovery kinetics of the PDMS surfaces. The hydrophobic recovery rate

decreases with increasing plasma exposure time [25] and this agrees well with measured
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contact angles reported above. However, as the confinement of the channel influences the

result of the plasma treatment, the in-channel surface analysis cannot effectively be compared

with the case of a planar surface. For example, the measured minimum contact angle reached

in our study was 17◦ which is well above the complete wetting condition of less than 10◦

obtained for a planar surface. This difference could well be due to the nature of exposure.

In our case, limited oxygen ions can only enter the channel through the inlets access, while

a planar surface has a direct exposure to the oxygen ions.

IV. CONCLUSIONS

In summary, the concept of producing hydrophilic PDMS devices through the use of a

second extended oxygen plasma treatment after bonding and the storage in DI water under

vacuum condition proves to be feasible. The method reported in this paper can maintain the

hydrophilicity of the devices for several weeks. At 70 W plasma power and treatment time

longer than 300 seconds, the PDMS surface can remain hydrophilic for more than 6 hours

after the exposure to ambient air. The reasonably low contact angle between 50◦ and 60◦

is sufficient for most microfluidic appllications. The time span of 6 hours is also enough for

most experiments in microfluidics. Surface analysis reveals that a longer plasma treatment

time produces a much smoother surface.
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