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Abstract We investigated the adsorption of Tag enzyme,
using sessile droplets, on different microfluidic materials.
In propagating adsorption materials, the contact angle
(CA) of a sessile Tag droplet continually recedes and
collapses due to adsorption. Contrastingly, in contained
adsorption materials it exhibits an initial reduced CA due
to an instantaneous adsorption, however remains time-
invariant. Spectrophotometer analysis on SUS8, a propa-
gating adsorption material, reveals a gradual loss of Taq
from the droplet onto the surface during droplet collapsing,
as opposed to a rapid saturated adsorption in Teflon, a
contained adsorption material. AFM micrographs of the
adsorbed surfaces suggest a network-like structure in SUS
and distinctly different pillar-like structures in Teflon. With
this understanding, we have successfully applied a SUS8-
Teflon coating to impart a time-invariant contact angle with
minimal loss of Taq in surface microfluidic devices.
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1 Introduction

Droplet based surface microfluidics (SpF), utilizing di-
electrophoresis (Ahmed and Jones 2006; Gunji and
Washizu 2005) or electrowetting (Paik et al. 2003; Yi and
Kim 2006) for actuation and subsequent manipulation of
liquid and droplets, is emerging as a promising and new
alternative approach to conventional closed channel mi-
crofluidics. A simple SpF device for liquid actuation (i.e.,
drawing of liquid from a parent droplet to form satellite
picoliter droplets) as shown in Fig. 1 is constructed with a
pair of planar microelectrodes patterned on an insulating
substrate (e.g., glass or Si) which is then coated with a thin
dielectric layer. The dielectric layer should serve two
critical functions (Yoon and Garrell 2003) for successful
liquid actuation—(1) as an insulator preventing electrolysis
and (2) impart the necessary contact angle (i.e., surface
tension) at the droplet—surface interface, ideally to induce a
sessile droplet contact angle (CA) over 50°. While a
number of different materials, either hydrophilic or
hydrophobic, may be successfully applied as a dielectric
coating for liquid actuation of low ionic strength water
droplets, we find that they fail to satisfy the necessary CA
requirements when the droplet is comprised of protein
suspension.

This experimental work focuses specifically on the
characteristics of protein adsorption influencing the CA of
a droplet containing the Thermus aquaticus (Tag) (Kim
et al. 1995) DNA polymerase enzyme on various mate-
rials relevant to microfluidics. Tag polymerase enzyme, a
model globular protein (Haynes and Norde 1995), was
chosen for this study as it is a critical component in the
popular polymerase chain reaction (PCR) DNA amplifi-
cation method, widely adopted in microfluidic genetic
analysis (Hong and Quake 2003; Lagally and Mathies
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Fig. 1 a A simple surface microfluidic (SuF) structure constructed by
an insulating substrate with microelectrode patterns coated with a thin
dielectric layer. b Cross-sectional view showing a parent droplet
placed between the electrodes and atop the dielectric coating. ¢ When

2004; Prakash and Kaler 2006). Moreover, it has been
proven (Erill et al. 2003) that Tag adsorption drastically
reduces the yield of PCR, invariably to the extent of
unsuccessful DNA amplification. Haynes and Norde
(1995) have pointed-out that ironically our knowledge of
structural rearrangements, driving force(s) and mechanism
of protein adsorption is extremely limited, often with
many presumptions. Thus, a clear and satisfactory
understanding of protein adsorption in materials is pivotal
to the successful development and implementation of
genetics and proteomic analysis in microfluidic applica-
tions, where the yield and success of an assay is often
hindered by undesired protein/enzyme adsorption partic-
ularly impacted by the miniaturized fluidic environment
harnessed in microfluidics (Huber et al. 2003).

Recent studies (Koutsopoulos et al. 2004; Sweryda-
Krawiec et al. 2004) have suggested a new interpretation
for protein adsorption in which adsorption occurs in either
a single or two-steps, in hydrophilic and hydrophobic
materials, respectively. However, in this study we noted
that for the Tag enzyme even a superhydrophobic material
(i.e., CA of water >150°) can exhibit adsorption behavior
similar to a hydrophilic material (i.e., CA < 60°). Hence
for assays involving Tag categorizing materials according
to their wettability property (i.e., either hydrophilic or
hydrophobic) influencing adsorption appears to be inade-
quate. Therefore in this work we have categorized mate-
rials based on their Tag adsorption behavior as described
below.

In the first category, termed here as propagating
adsorption materials, a sessile droplet containing the Taq
enzyme has a tendency to adsorb laterally in a network-like
manner onto the surface and continually seek and adsorb
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a voltage is applied to the electrodes, a liquid finger projects from the
parent droplet, and d satellite droplets are formed once the voltage is
turned off. Such SpF structures can be utilized to realize valveless
microfluidic devices for lab-on-a-chip applications

onto virgin surfaces along the periphery of the droplet. This
intrinsic adsorption property causes the droplet to collapse
with a gradually receding CA, wherein the droplet spreads
into a thin film (i.e., the CA is time dependent up to and
even after an observed 600 s time period), and a progres-
sive loss of Tag from the droplet is noted. The CA in these
propagating adsorption materials recedes well below 30°
making it highly unsuitable for reliable droplet actuation in
SuF applications demanding a much higher and stable CA,
as stated earlier. Contrastingly, in another category of
material, termed contained adsorption materials, adsorp-
tion is almost instantaneous causing an initial reduction in
contact angle (i.e., the CA is static or time invariant after
600 s). Importantly, the CA in these materials remains
stable, typically CA > 40°, ideally suited for droplet
actuation in SPF applications. Furthermore in these con-
tained adsorption materials, the loss of Tag from the
droplet saturates immediately after the initial instantaneous
adsorption and no further appreciable loss of Tag is ob-
served.

Prior Taq adsorption studies concluded that this enzyme
extensively adsorbs onto surfaces in microfluidic device
and adversely affects Taqg based assays, however, only
investigated silicon and glass materials influencing
adsorption and speculated the quantity of Taq adsorption
onto these two surfaces (Erill et al. 2003; Wang et al.
2006). Another adsorption study by Yoon et al. (2003) for
electrowetting microfluidic application examined the
adsorption of the protein BSA and enzyme lysozyme on a
Teflon surface. There investigation definitively suggested
that adsorption of BSA and lysozyme either under passive
conditions (i.e., without the influence of an external driving
force) or active conditions (i.e., under the influence of an
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electric field) occurs onto Teflon causing a reduction in CA
of a sessile droplet.

Herein, 13 different materials commonly used in mi-
crofluidic devices (including Teflon) are investigated for
their Taq adsorption behavior and characterized into one of
the two classes defined earlier, i.e., propagating adsorption
or contained adsorption material (as defined earlier), by
employing the following analysis methods (a) contact an-
gle analysis to observe the change in the CA of a droplet
(i.e., change in droplet surface tension), (b) droplet based
spectrophotometer analysis to quantify the enzyme ad-
sorbed onto a surface, and (c) atomic force microscope
(AFM) to visualize the adsorbed enzyme on a surface.

2 Materials and experimental observations
2.1 Materials and methods

Table 1 lists 13 different materials (including manufac-
turer/supplier information) commonly used in microfluidics
that were investigated for their Tag adsorption behavior.
For those materials that were obtained in liquid form, the
materials were spin coated (model: WS-400A, Laurell
Tech Corporation, USA) on a 2 in. X 4 in. glass slide
(Corning Incorporated, USA). The thicknesses of the
coatings were measured using a surface profilometer (Al-
phaStep, Tehcor Inc, USA) and were as follows. These spin
coated materials include: SU8 2000.5 (thickness 0.5 pm),

PMMA (1 pm), PDMS (200 pm), Teflon® (1 pm), Min-
cor® (~1 pm), trimethylchrolosilaneTM (<0.2 um) and
HPR504 (~1.1 pm). All other materials were obtained as
planar sheets and used as—is; these include: poly(vinylidene
chloride), polyethylene glycol, polyethylene and Para-
Film® wax. All materials were handled in a class 100
clean-room environment thereby avoiding surface con-
tamination impacting adsorption.

The Taq polymerase enzyme was obtained from three
independent suppliers [Invitrogen, USA, (Lot no. 1381637
and 1362544); Applied Biosystems, USA, (Part no.
GO0581); Fermentas, Canada, (Lot no. 4912)] and was used
in identical experiments to confirm the obtained data. The
Taq enzyme consists of a single polypeptide with an
approximate molecular weight of 94 kDa and an elonga-
tion of 130 A in its crystal form. For all of the below
analysis, data from a Tag enzyme concentration of about
0.30 mg/mL is presented in the following sections. The
contamination-free water used for dilution was either di-
ionized water (resistivity 18.5 MQ-cm) or biological grade
water (no DNAs or RNAs detected, Fluka Biochemika,
Switzerland).

For the contact angle measurements, the sample was
placed on an ice bath, while for the spectrophotometric and
AFM measurements the sample was kept in an artificially
humidified enclosure (i.e., an ice filled Styrofoam box).
The temperature of the surface/enclosure was noted to be
between 2 and 6°C, and the relative humidity in the
enclosure was about 85%. As a test, we also periodically

Table 1 Materials commonly used in microfluidic devices investigated here for their Taq adsorption behavior using contact angle measurement

Material Supplier Contact angle (CA) of sessile droplet Implied material classification®

DI-H,0 Taq (enzyme)

(time invariant)

t=5s t=600s

Glass Corning, USA 25° 14° <8° Propagating adsorption
Polyethylene glycol (PEG) J.T. Bakar, USA 35¢ 25° <10° Propagating adsorption
Polymethyl methacrylate (PMMA) MicroChem, USA 60° 45° <10° Propagating adsorption
Poly(vinylidene chloride) (PVDC) S.C. Johnson, Canada 95° 45° <20° Propagating adsorption
Trimethylchrolosilane (SafetyCoat™) I.T. Baker, USA 95° 52° <30° Propagating adsorption
Polyamide DuPont, USA 55° 55° <8° Propagating adsorption
HPR 504 Shiply, USA 60° 58° <10° Propagating adsorption
SUS8 (2000.5) MicroChem, USA 60° 60° <10° Propagating adsorption
Polyethylene film (PE) Glad Metric, Canada 65° 60° <10° Propagating adsorption
Mincor® S 300 BASF, Germany 165° 115° <10° Propagating adsorption
Teflon® AF (polytetrafluoroethylene) ~ DuPont, USA 110° 60° 58° Contained adsorption
ParaFilm® Wax film Ameri. Natl. Can™, USA  115° 46° 43° Contained adsorption
Poly dimethylsiloxane (PDMS) Dow Corning, USA 90° 75° 40° Contained adsorption

? Materials on which the contact angle recedes (<30° after 600 s and continues to recede) due to Tag (enzyme) adsorption are classified as
“‘propagating adsorption’’ materials, while those with static droplet contact angle (>40° after 600 s and remains time-invariant) are classified

“‘contained adsorption’’ materials. [CA error +2°]
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quantified (Prakash et al. 2006) the volume of droplets
ranging from 2 to 10 pL in such an environment for 15 min
(well above the time span of our intended adsorption
measurements) to verify minimized evaporation losses and
noted no appreciable change in volume within a 5% mea-
surement error.

2.2 Contact angle measurements

The adsorption of proteins and enzymes is often studied
using time-dependent contact angle change, as it facilitates
easy visual observation of adsorption impact on a sessile
droplet (Orasanu-Gourlay and Bradley 2006; Pancera and
Petri 2002; Sweryda-Krawiec et al. 2004; Yoon and Garrell
2003). Moreover as emphasized earlier, CA is a critical
parameter (Yoon and Garrell 2003) in SuF applications and
hence we employed CA analysis for Taq adsorption studies
on differing surfaces.

The influence of Tag adsorption on contact angle for
each of the above materials (Table 1) was studied using an
automated contact angle analyzer (First Ten Angstroms
Instrument, USA). CA measurements were obtained using
an automated method similar to that described elsewhere
(Cheng et al. 1990). All CA data presented here are the
mean of a minimum of three independent measurements.
The standard deviation was typically below 4° and the
measurement error was +2°.

For all materials a comparison is drawn between the
surface wettability of water [i.e., CA of a de-ionized water
(DI-H,0) droplet] to a water droplet (or a PCR sample)
containing the Tag. We observed that while the CA of
water droplets on all of these materials was static with no
appreciable change over time (within +2° averaged error),
the same is not the case when the droplet contains the Taq
enzyme. As summarized in Table 1, if a droplet contained
Tagq, one of the following two behaviors was observed. Due
to Taq adsorption, either the droplet starts to collapse in
which case it is categorized as a propagating adsorption
material, or there is an instantaneous reduction in the CA
but no collapsing of the droplet (i.e., static CA) and hence
categorized as contained adsorption material (note: a de-
tailed definition with criteria for categorization stated ear-
lier). Our finding suggests that Taqg has a high adsorption
affinity to most surfaces (either propagating or contained
adsorption material) and causes a change in CA much more
rapidly than most other proteins and enzymes on similar
surfaces discussed in literature (Sweryda-Krawiec et al.
2004; Yoon and Garrell 2003).

For a better understanding of the two distinct droplet
behaviours, a detailed analysis is provided in Fig. 2 for
SU8 and Mincor® (propagating adsorption materials),
compared with Teflon® and Wax (contained adsorption
materials). Presented in Fig. 2 is a CA analysis as a func-
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tion of time for both water and Tag droplets in these
materials. In Fig. 2a—d, propagating adsorption materials
SU8 (a hydrophilic material with water CA 60°) and
Mincor® (a superhydrophobic material with water CA
165°), show a receding CA (Gu and Li 1998) due to Taq
adsorption and within 10 min the CA reduces to <10°. This
passive adsorption causing receding CA is irreversible,
unlike an externally induced CA change, example using
electric fields (Lam et al. 2001; Yoon and Garrell 2003).

As seen in Fig. 2b, d, the rate of change in CA exhibits a
step-wise reduction, especially in the first few minutes, and
appears to be similar to a ‘‘adsorption-clicks’ mechanism
of bovine lipid extract surfactant that decreases the surface
tension (i.e., CA) as described by Lu et al. (2003). It is
worth nothing that it is not uncommon for proteins and
surfactants to exhibit identical adsorption characteristics
influencing CA change (Beverung et al. 1999).

In contrast, contained adsorption materials in Fig. 2e-h,
namely Teflon (a hydrophobic material with water CA
110°) and Parafilm wax (a hydrophobic material with water
CA 115°), a static CA is observed (i.e., no change in CA
over time), although due to Tag adsorption there is an al-
most instantaneous reduction in CA by about 50% (i.e., 60°
in Teflon and 45° in Parafilm wax) compared to the CA of a
pure water droplet. This impact of adsorption on CA is
consistent with that observed in literature. For example, an
earlier study (Yoon and Garrell 2003) of the proteins BSA
and enzyme lysozyme on Teflon showed a ~20% reduction
in CA due to adsorption, while for the Tag on the same
Teflon surface we observe more than double that change
occurring more rapidly. In literature (Haynes and Norde
1995; Koutsopoulos et al. 2004), it has been suggested that
irreversible adsorption of proteins lead to conformational
restructuring and/or extensive spreading of the protein onto
a surface. This perhaps explains the herein observed
change in CA in differing materials and the reduced PCR
yield (Erill et al. 2003; Wang et al. 2006) in microfluidic
devices due to Tag adsorption.

Srinivasan et al. (2004) have suggested (without char-
acterized evidence) that for low concentration protein
suspensions, a possible thin film of oil between the protein
droplet and the surface may minimize adsorption. While
their claim lacked evidential support, to eliminate any
suspicion on the influence of such a possible thin oil film
interface impacting CA/adsorption, we replicated the above
CA experiments under (mineral and silicone) oil (i.e.,
emulsion-like environment, wherein the droplet containing
water/Taq is placed on the surface covered with oil). Since
the density of water (p = 0.98 g/cm®) is greater than oil
(p =093 g/cm3) (Tian et al. 2001), the droplet (containing
the Taq) quickly sinks to the surface. In this scenario as
well, we noted identical droplet collapsing effect in prop-
agating adsorption materials and a non-collapsing (with an
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Fig. 2 Detailed contact angle (CA) analysis of propagating adsorp-
tion materials (SU8 and Mincor) and contained adsorption materials
(Teflon and Parafilm Wax). The CA measurement for sessile droplets
images both the droplet and a reflection of the droplet as seen in the
above images. The CA is measured as an average of steepest exterior
tangent of the droplet and the reflected image. a, b CA analysis on
SU8 surface. In 10 min, for a Taq droplet the CA recedes gradually
from ~60° to 8°, while for DI-H,O it remains unchanged at ~60°. ¢, d
CA analysis on Moncor surface. Here too the CA recedes, however,

instantaneous reduction in CA) effect in contained
adsorption materials. This perhaps suggests that at bio-
logically relevant Tag concentrations, the thin oil film, if at
all present at the interface, may well be squeezed out from
the droplet—surface interface because proteins can lower
the liquid—oil interfacial tension (Beverung et al. 1999), as
rightly speculated by Srinivasan et al. (2004).

2.3 Spectrophotometer analysis

The purpose of the spectrophotometric studies was to fur-
ther investigate the adsorption on SUS8 (a propagating
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more rapidly from 185° to 8° in 10 min, while the CA of DI-H,O
remains unchanged at 165°. Note that the CA is incapable of receding
beyond 8° due to liquid surface tension effects and furthermore the
inability of the analyzer to resolve lowers CAs. e, f CA analysis on
Teflon surface, where a Tag droplet has an instantaneous reduction in
CA, compared to DI-H,0, however, remains unchanged over time
(i.e., time invariant or static CA) at 58°; g, h a similar effect to Teflon
is also observed in Parafilm wax with static CA for Taq droplets at
43°

adsorption material) and Teflon (a contained adsorption
material) coated surfaces, since more recently these two
materials are popularly used in emerging droplet based SpuF
devices (Jenke et al. 2007; Paik et al. 2003; Sato et al.
2006; Wang et al. 2007; Xu et al. 2006; Yi and Kim 2006;
Yoon and Garrell 2003). The adsorption in these materials
was studied by monitoring (ND-1000, NanoDrop, USA)
the amount of Tag enzyme adsorbed onto the surfaces over
a comparable time scale as the earlier CA measurements.
Here 2 pl droplets, with a measured initial Tag concen-
tration, were placed on the surface for varying time periods
(60-300 s), before it was retrieved (Prakash et al. 2006)
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from the surface and analyzed to determine the remaining
concentration of the Taq in the droplet. The inverse of such
measurements provides the implied adsorption on a sur-
face, the findings of which are shown in Fig. 3. It is readily
apparent that the initial Tag adsorption, both in SU8 and
Teflon surfaces, is very rapid (i.e., <60 s), similar in
characteristic to that reported by Story et al. (1991) for
other enzymes. However, beyond this short time period
adsorption activity, adsorption in SU8 and Teflon show
dissimilar behavior as explained below.

In SU8, the concentration of Tag in the droplet steeply
dropped from the initial 0.29 to 0.20 mg/mL during the
first 60 s. Beyond this time, the enzyme loss in the droplet
occurred more gradually and within 300 s the concentra-
tion in the droplet fell to 0.14 mg/mL. This two-phase loss
of enzyme concentration from the droplet implies a ~50%
adsorption of the Tag onto the SUS surface. As indicated in
Fig. 3 this phenomenon is seen as a gradual increase in the
Taq adsorbed onto SUS8 reaching an adsorption value of
0.15 mg/mL in 300 s. It has been postulated (Beverung
et al. 1999) that such changes in the rate of adsorption is a
consequence of an initial interfacial conformational change
and a subsequent ratio of protein-to-surface interaction that
influences phased adsorption. Although it is alluring to
attribute the time dependent continual Taq adsorption on
SUS8 to a ~200% change in surface area as a result of
droplet spreading, this is clearly not the only contributing
factor, as suggested subsequently by the AFM investiga-
tions of the SU8 and Teflon surfaces.

Contrastingly, in Teflon while the Taq concentration
initially dropped from 0.29 to 0.22 mg/mL, a 25% loss,
unlike SUS8 no further loss was observed in the remainder
of the 300 s experimental time frame. As seen in Fig. 3,
adsorption onto the Teflon surface reaches a saturated Tag
adsorption concentration of 0.07 mg/mL. Although the first
adsorption data-point was obtained after 60 s due to mea-

Adsorption of Taq on surfaces
SU8 surface

o
-
()]

o
-
o

0.05

L__Teflon surface
0.00 T T T

0 50 100 150 200 250 300
Time (sec)

T T 1

Adsorbed Tag (mg/mL)

Fig. 3 Spectrophotometer analysis quantifying Taq adsorption on
surfaces. In both SU8 and Teflon, categorized as propagating and
contained adsorption materials, respectively, an initial rapid adsorp-
tion is observed. This is followed by a gradually increasing adsorption
of Tag in SU8 (0.15 mg/mL in 5 min). In Teflon however the initial
adsorbed amount (0.07 mg/mL) is the saturated value
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surement constraints, this 7ag adsorption in Teflon is be-
lieved to be an almost instantaneous adsorption, as implied
from the earlier CA measurements wherein the droplet
containing Tag shows an instantaneous reduction in CA by
nearly half compared to pure water.

Clearly, unlike Teflon, which exhibits a time invariant
adsorption, the SUS8 coated surface continues to adsorb Tag
unabated, over the 300 s time period investigated. [Note:
due to the constraints with our spectrophotometric mea-
surements, adsorption data could not be obtained if the CA
receded below 20° (i.e., >300 s for Taq droplets on SUS).
Hence all spectroscopic measurements were made within
300 s].

2.4 AFM scanning

AFM measurements (NanoWizard, JPK Instruments, Ger-
many) reported here principally focused on high-resolution
nanoscale examination of the SU8 and Teflon surfaces,
after Taqg adsorption. The AFM scans were performed in
tapping mode with a silicon tip (Tap200A1, mechanical
resonance frequency: 300 kHz, force constant: 40 N/m,
Budget Sensors, Bulgaria). For comparison purposes AFM
micrographs of an example area of both bare SU8 and
Teflon, and Taqg adsorbed SU8 and Teflon surfaces are
shown in Fig. 4a—d. The surface morphologies of the bare
SUS8 (Fig. 4a) and Teflon (Fig. 4c) appear to be identical
and are considered smooth surfaces with a maximum sur-
face roughness of about ~1.5 nm.

Upon adsorption on the two surfaces, it is readily evi-
dent that the propagating adsorption material SU8 shows
surface landscape with massive and unordered deposition
of Tagq, ranging up to about 700 nm in height (Fig. 4b).
There appears to be islands of Tag aggregation in a net-
work like fashion, similar to that observed for other pro-
teins in literature (Orasanu-Gourlay and Bradley 2006).
Contrastingly, Teflon surface exhibits only a scarce
adsorption of Tag and furthermore, the adsorbed species
form pre-dominantly high aspect-ratio 200 nm pillar-like
structures on the surface (Fig. 4d), easily distinguishable
from a SUS8 adsorbed surface.

The amount of adsorbed Taqg in either SU8 or Teflon
surface has been quantified by the earlier spectrophotometer
analysis with good confidence. In addition, we performed a
semi-qualitative comparison of the Tag adsorbed SUS8
(Fig. 4b) and Teflon (Fig. 4d) surfaces from the AFM
images. AFM image analysis to produce adsorption esti-
mation was performed using the following techniques: (a)
image contrast-threshold increment to distinguish back-
ground from Taq adsorbed area, (b) background subtraction
method to remove portions of un-adsorbed area, and (c)
pixel based histogram analysis to quantify the height of the
adsorbed structures. From the SU8 and Teflon adsorbed
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(a} 1.426 nm

0 nm

10pm

Fig. 4 AFM scans of a SUS8 surface, a propagating adsorption
material, and ¢ Teflon surface, a contained adsorption material,
showing smooth surface topologies. b a SU8 Tag adsorbed surface
appears as a aggregation and network of the Tag in a propagating
manner. This perhaps explains the droplet collapsing phenomena
where the droplet CA recedes until it spreads into a thin film.

processed images, we estimate ~75% more adsorption in
SU8, as compared to Teflon. However, this appears incon-
sistent from the earlier (actual) Tag concentration mea-
surements using the spectrophotometer, which indicated
only a 50% increased adsorption in SU8. We reason that the
AFM image analysis for adsorption quantification may be
inaccurate for the following reasons, (1) the scanned area
(2,500 um?) is only a fraction of the total droplet—surface
contact area, (2) the density of the adsorbed structures is
unknown and assumed to be homogenous, and (3) the ad-
sorbed surface appears random and unordered, as evident
from the AFM micrographs; however, the AFM adsorption
estimations assumes a adsorption pattern for the entire
droplet—surface contact area to be identical to the fractional
AFM scanned area. Evidently, for our study the AFM
micrographs/images are best suited for nanoscale observa-
tions rather than adsorption quantifications.

Nevertheless, it is apparent that the SU8 adsorbed sur-
face landscape is very different, showing massive and
unordered adsorption of Tag enzyme, compared to pillar
structures in Teflon. This suggests that the adsorption on
Teflon is significantly different from that on SU8 and
furthermore, where in one case SUS8 gives rise to large
propagating structures causing droplet collapsing, in the
case of Teflon, the pillar like structures are non-propagat-
ing or contained beneath the non-collapsing droplet area,
another feature from which the categorization names were
coined. These pillar-like arrangements perhaps contribute
to higher CA in adsorbed Teflon surfaces as compared to

Teflon

{c) 1,928 nm

(d) 234.7 nm

Contrastingly, in Teflon d the Tag adsorption appears scarcely in
pillar structures and contained beneath the droplet. Droplet collapsing
is not observed in Teflon, however, for droplets containing the Tagq, a
50% instantaneous reduction in CA is noticed, as compared to pure
water, attributed to the Tag adsorption

SUS8, similar to artificially fabricated pillar structures
(McHale et al. 2005) that induce high CA.

2.5 PCR assay

Some materials are known to inhibit the PCR (Shoffner
et al. 1996). To verify the compatibility of Teflon in SpF
applications involving Tag assays (e.g., PCR), a droplet
PCR experiment was performed. A Tag polymerase PCR
sample was prepared (Prakash et al. 2005) with siRNA
vector template with primer sequences, 5'-CTG GGA AAT
CAC CAT AAA CGT GAA-3’ and 5-GCT TAC CGT
AAC TTG AAA GTA TTT CG-3". Droplet of the PCR
sample (1, 3 and 5 pL) were then placed on a Teflon coated
glass surface and overlaid with oil to prevent evaporation
during thermal cycling. Upon completion of 35 thermal
cycles (94°C for 30 s and 68°C for 30 s), the samples was
retrieved and analyzed by capillary electrophoresis (CE)
(Prakash and Kaler 2006). The CE electropherogram of the
PCR (3 pL) confirmed the successful amplification of a
340 bp product as shown in Fig. 5, confirming the non-
inhibiting nature of the Teflon surface for PCR assays.
Moreover, the yield of the droplet PCR experiments were
comparable with conventional tube PCR (data not shown),
suggesting minimal adsorption of Tag onto Teflon that does
not adversely impact the PCR. Furthermore, the yield of
the droplet PCR assays on Teflon surface remained con-
sistent, within the detection limits of CE, even with varying
reaction droplet volumes (1-5 pL). This complements our
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6 - CE analysis of droplet PCR
on Teflon surface

4 340bp

2 Primer peak

Fluorescence Intensity
w

0 T T T T T T |
150 160 170 180 190 200 210 220

Time (sec)

Fig. 5 Electropherogram of droplet PCR sample on Teflon surface
using siRNA vector sample. A weak primer peak is seen at 185 s and
strong 340 bp amplification is seen at ~205 s. The length of the
resulting product was verified by arrival time of the fluorescence
peak. The Teflon surface coating did not inhibit the PCR reaction and
is also ideally suited for surface or closed-channel microfluidic
devices, as it is a contained adsorption material for Taq (i.e.,
relatively less adsorption with time-invariant droplet contact angle)

earlier time invariant CA and adsorption measurements of
Teflon surfaces.

3 Discussion

Herein, we have combined macroscale observation, such as
droplet contact angle and adsorption concentration mea-
surements, with nanoscale AFM data to compare the
adsorption of the Taqg enzyme on ‘‘propagating’’ and
‘‘non-propagating or contained’’ materials utilized in SpF
based biochemical applications.

Although we found that the 7aqg has different adsorption
rate on different materials/surfaces (inferred from the time-
dependent change in CA and spectrophotometer analysis),
this is not uncommon for protein/enzyme adsorption.
While, to the best of our knowledge, no detailed adsorption
study is available for the Tag, a number of prior studies
using other commonly used proteins such as lysozyme
(Assis 2003; Beverung et al. 1999; Haynes et al. 1994; Luk
et al. 2000; Norde and Favier 1992; Prime and Whitesides
1993; Story et al. 1991; Yoon and Garrell 2003), creatine
phosphokinase (Pancera and Petri 2002), glucose 6-phos-
phate dehydrogenase (Pancera and Petri 2002), bovine
serum albumin (Haynes and Norde 1995; Norde and Favier
1992; Popat and Desai 2004; Sweryda-Krawiec et al. 2004;
Yoon and Garrell 2003), immunoglobulin (Vermeer et al.
2001), and many other proteins/enzymes have invariably
shown unique adsorption rates on different materials,
including some of the materials/surface presented in this
work. The differences in rate of adsorptions may be
attributed to a number of inter-playing mechanisms com-
monly postulated in literature including: tendency of pro-
tein hydrophobic/hydrophilic chain to either align towards
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(or away) from the adsorbing surface (Koutsopoulos et al.
2004; Orasanu-Gourlay and Bradley 2006; Pancera and
Petri 2002), surface free-energy (i.e., charge) (Noinville
et al. 2002), electrostatic attraction/repulsion (Assis 2003;
Haynes et al. 1994; Yoon and Garrell 2003), thermody-
namics (Haynes and Norde 1995; Norde and Haynes 1995),
unique interfacial tension between the protein and
adsorbing surface (Beverung et al. 1999), and relationship
between protein penetration and steric hindrance from the
structure of the protein and adsorbing material (Luk et al.
2000; Moskovitz and Srebnik 2005; Sofia et al. 1998). It is
worth noting that many authors have suggested that the
adsorption mechanisms themselves may not be fully
understood (Haynes and Norde 1995; Luk et al. 2000;
Sweryda-Krawiec et al. 2004; Yeo et al. 2006).

Our study focused on the experimental characterization
and impact of Taq adsorption onto materials commonly
used in microfluidic PCR applications; hence it is beyond
the scope of the current study to assertively attribute the
Taq adsorption to any one of the above mechanisms.
However, our data suggest that Taq adsorption in propa-
gating adsorption materials is uniquely distinct from that
occurring in contained adsorption materials and this dif-
ference may be postulated to be a combination of any (or
all) of the above known adsorption mechanism. Further-
more, from literature evidence (Beverung et al. 1999;
Haynes and Norde 1995; Koutsopoulos et al. 2004), it may,
however, be postulated that the irreversible adsorption
phenomena causing conformational restructuring and/or
extensive spreading of the protein onto a surface due to
interfacial tension best describes our observed droplet CA
change behavior. It is also worth noting that, within the
limitations of the current Tag adsorption study of the 13
different materials, those that fell into the propagating
adsorption category include hydrophilic, hydrophobic as-
well-as superhydrophobic surfaces, while those in the
contained adsorption category include only hydrophobic
surfaces.

Nevertheless, our finding suggests that Teflon provides a
superior surface coating for SuF applications, one that
exhibits minimal adsorption, as compared to other surfaces
listed in Table 1. Furthermore, on Teflon the adsorbed
species give rise to nanoscale structures which may be
responsible for maintaining a larger contact angle (D’Urso
et al. 2007), compared to SU8 or even other superhydro-
phobic materials (e.g., Minc0r®, see Table 1). Thus for
biological applications utilizing open or closed channel
microfluidic requiring considerable adsorption preclusion,
Teflon is a more versatile, biocompatible (Lehmann et al.
2006) coating for handling complex fluidic samples (e.g.
PCR samples). Alternatively, for biofilm applications
requiring surface-immobilized proteins benefit from
monolayer adsorption and hence propagating adsorption
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materials listed in Table 1 (including SU8) can be advan-
tageously utilized (Pancera and Petri 2002).

While data presented above were obtained from 0.3 mg/
mL, we also noted that Taq concentration (i.e., dilution in
pure water with no ions) ranging from a minimal concen-
tration as low as 0.1 mg/mL to as high as 1 mg/mL, a range
outside the concentration typically used in PCR experi-
ments, yielded identical adsorption behavior as presented
earlier. Furthermore, we observed that the dilution of the
Tag enzyme in a commonly used ionic buffer solution TBE
(Tris—Boric Acid—-EDTA, OmniPur, USA) at biologically
relevant buffer strengths ranging from 0.1 to 10x, also
exhibited identical droplet behavior. This suggests that the
suspension of Tag in most biological samples (e.g., PCR
solution, pure water, salt buffers) does not affect its strong
enzyme—surface interaction and adsorption.

A few studies (Bi et al. 2006; Luk et al. 2000; Popat and
Desai 2004; Prime and Whitesides 1993) have found
polyethylene glycol (PEG) and its derivates to have re-
duced affinity to proteins. We however found PEG to be a
propagating adsorption material in the case of Tag sam-
ples, causing a droplet to collapse as indicated in Table 1.
This implies that it may not be suitable for SuF applica-
tions involving Taq assays. Moreover, PEG could not be
utilized in our SuF application because the water CA on
PEG is only about 35° (Popat and Desai 2004), well below
our minimal ~50° requirement for droplet liquid actuation
in SpF. In prior work (Kanagasabapathi et al. 2006) we
have shown that SU8 dielectric coating, one of the prop-
agating adsorption materials investigated here, enables
successful liquid actuation, however, exhibits rapid reced-
ing CA for droplets containing the 7ag. On the other hand,
Teflon, a contained adsorption materials, only exhibits an
instantaneous adsorption with an induced static CA of ~60°
for Tag droplets, a CA ideally suited for SpF liquid actu-
ation. However, Teflon has very poor adhesion to glass
resulting in unreliable coating and also has a lower
dielectric strength compared to SU8 (Ktefion:2-1, Ksusg:3).
Hence, we adopted (Kanagasabapathi et al. 2006) a two-
layer coating for SpF liquid actuation applications using
Taq samples—a SUS underlying coating (0.5 pm) to pro-
vide the dielectric properties and adhesion strength to an
upper Teflon coating (~0.6 um) which prevents droplet
collapsing and provides the necessary Taq droplet time-
invariant CA of ~60°. This SU8-Teflon composite coating
only demanded a ~15% increase in actuation voltage as
compared a SUS8 only dielectric coating. Furthermore, this
composite coating exhibited (Kanagasabapathi et al. 2006)
good coating integrity (i.e., no visible wear/tear) even after
2 h of rapid PCR thermal cycling (50°-95°) and a time-
invariant Taq droplet CA even at this elevated temperature
condition.

4 Conclusion

In conclusion, herein we have provided a detailed contact
angle analysis of sessile droplets that are influenced by Tag
adsorption on a number of differing materials/surfaces
(listed in Table 1), followed by spectrophotometer and
AFM analysis of SU8 and Teflon surfaces, as examples of
propagating and contained adsorption materials. We found
that in propagating adsorption materials (e.g., SUS), Tag
adsorption occurs continually and within 10 min the
droplet completely collapses. Contrastingly, in contained
adsorption materials (e.g., Teflon), there is an instanta-
neous reduction in contact angle (~50%) due to Taq
adsorption, however, the contact angle remains time-
invariant past the initial change. Spectrophotometric anal-
ysis to determine the loss of adsorbed Taq compliments
and supports the contact angle data as it reveals a continual
loss of Taq in SU8 while adsorption saturation is quickly
reached on a Teflon surface. AFM micrographs further
confirmed the massively adsorbed Taq on SUS surface and
scarcely pillar-like adsorbed structures on Teflon.
Undoubtedly, Teflon therefore offers a superior surface
coating especially for SuF applications involving protein/
enzyme assays, with minimal adsorption behavior.

The present study provides a practical application ori-
ented understanding of Tag adsorption on materials com-
monly used in microfluidics. This is hoped to benefit the
SpF microfluidic community in choosing materials/coating
that will best suit an application involving Tagq assays,
particularly the PCR. Efforts are currently in progress for
further investigation into each of the materials listed in
Table 1 using measurement methods presented here and
other techniques (e.g., ellipsometry for adsorbed mono-
layer observation and MEMS cantilevers for mass quanti-
fication). This is hoped to over come the current
measurement limitation and provide a real-time under-
standing of the adsorption mechanism, particularly in
shorter time scales.
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