
FU
LL

 P
A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim506 wileyonlinelibrary.com

  1.     Introduction 

 For the past two decades, chemists have been integral players 
in the development of so-called “labs-on-a-chip,” motivated by 
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advantages such as rapid reagent delivery 
and heat transfer, precise control over 
short-lived intermediates, and reduced rea-
gent use and waste generation. [ 1–6 ]  Many 
lab-on-a-chip methods are implemented in 
enclosed micrometer-dimension channels 
(or “microchannels”), but an alternative 
paradigm, known as “digital microfl u-
idics” is growing in popularity. In digital 
microfl uidics (DMF), discrete volumes of 
liquids are manipulated electrostatically 
by the application of a sequence of poten-
tials to an array of electrodes coated with 
a hydrophobic insulator. [ 7 ]  Each droplet on 
the array is independently controlled, and 
can be made to mix and merge with any 
other droplet, offering unparalleled pro-
cess control for chemical reactions. These 
advantages have been leveraged in applica-
tions ranging from multiplexed chemical 
synthesis [ 8–12 ]  to integrated cell culture and 
analysis. [ 13–18 ]  

 A challenge for all lab-on-a-chip tech-
niques is the non-specifi c adsorption of 
biomolecules to device surfaces (or “bio-

fouling”). The large surface area-to-volume ratio of both types 
of microfl uidic systems (microchannels and DMF) results in 
enhanced biofouling, which leads to sample loss and cross-
contamination. A popular strategy to combat this problem is 
to coat device surfaces with hydrophilic/non-charged materials 
that swell with water and resist non-specifi c adsorption. This 
strategy has been used repeatedly in microchannels, with many 
reports of hydrophillic/non-charged surface coatings including 
polyethylene glycol (PEG) [ 19,20 ]  and other materials. [ 21,22 ]  Unfor-
tunately, this strategy is not tenable for digital microfl uidics, 
as DMF devices must have low surface energy (i.e., be hydro-
phobic) to reduce friction, which enables aqueous droplet trans-
lation. Thus, most DMF device surfaces are formed from fl uo-
ropolymers such as Tefl on-AF (DuPont) or Cytop (Asahi Glass), 
which have low surface energy, but are (unfortunately) suscep-
tible to biofouling. 

 Given the limits on device surface properties, previous 
attempts to reduce biofouling in DMF have been non-con-
stitutive (i.e., have not involved modifi cation of the device 
structure itself). Examples include immersion of droplets in 
a water-immiscible oil, [ 23,24 ]  biasing the driving potential to 
favor adsorption/repelling of particular analytes, [ 25 ]  stripping 
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and re-application of coverings between experiments, [ 26 ]  and 
solution-additives to reduce fouling. [ 27–29 ]  These strategies are 
useful and are appropriate for specifi c applications, but they are 
not universal. A universal strategy would comprise a modifi ca-
tion to the device itself, which could then be used for any appli-
cation. We introduce such a strategy here. 

 We report the synthesis, application, and characterization 
of a new polymer coating, and describe its application to dig-
ital microfl uidics. As shown in  Figure    1  , the new coating is 
an amphiphilic copolymer of fl uorinated polyethylene glycol 
(FPEG) residues and perfl uorinated methacrylate (FA) moie-
ties. This new “FPEG-FA” copolymer coating was inspired by 
the marine antifouling literature, [ 30–33 ]  and results in signifi cant 
reductions in biofouling in digital microfl uidics. Most interest-
ingly, the act of DMF droplet operation is observed to cause 
the FPEG-FA material to become “activated.” Evaluation of this 
effect by fl uorescence microscopy, atomic force microscopy, 
X-ray photoelectron spectroscopy, and contact angle measure-
ments suggests that the material undergoes a rapid voltage-
mediated rearrangement at the air-(or liquid)-polymer interface. 
This phenomenon, which has not been reported before, may 
be worth exploring for application to the wide range of applica-
tions that could benefi t from the ability to dynamically generate 
patterns with varying surface properties.   

  2.     Results and Discussion 

  2.1.     Device Coatings 

 DMF devices must have surfaces with high hydrophobicity 
(i.e., aqueous contact angles ∼110–120°) to be capable of 
manipulating aqueous droplets. In practice, this is typically 
accomplished by coating DMF devices with amorphous fl uo-
ropolymers such as Tefl on-AF. A major shortcoming of such 
surfaces is their vulnerability to biofouling, which can be exac-
erbated for DMF, as exposure to electric fi elds can “activate” 
such surfaces, increasing their tendency to foul. [ 34–36 ]  With this 

in mind, we hypothesized that we might be able to improve 
upon the performance of conventional DMF device coatings 
by developing new materials with varying surface chemistry 
and hydrophob/philicity, modulus and elasticity properties, a 
strategy that has been useful in the development of antifouling 
surfaces used in marine systems. [ 37–39 ]  

 Here, we introduce a new type of coating for DMF devices 
that presents both hydrophobic and hydrophilic functionalities 
as surface domains. [ 40,41 ]  The new copolymers were prepared by 
a free-radical polymerization of a perfl uorinated methacrylate 
(FA) with PEGylated–fl uoroalkyl methacrylate monomer 
(FPEG) using AMBN as an initiator. The macromolecular archi-
tecture of the resultant copolymers has a random distribution 
of two co-monomer graft-chains of FA and FPEG appended to a 
fl uorocarbon backbone (Figure  1 A). The feed composition was 
varied to obtain a series of copolymers with different content 
of PEGylated-fl uoroalkyl co-units. We labeled the copolymers 
according to the molar composition of the FPEG co-units in 
the copolymer; e.g., “50FPEG-FA” has ≈50 mol% of FPEG in 
the copolymer (Table S1 in the Supporting Information). In 
designing the material, we anticipated that the perfl uoroalkyl 
grafts would impart maximum hydrophobicity for moving 
droplets while the grafted FPEG units would allow for resist-
ance of protein adsorption. 

 The combination of rigid fl uoropolymer chains with fl ex-
ible FPEG-units resulted in a series of copolymers with widely 
varying bulk properties. For example, 50FPEG-FA resembles 
a transparent elastomer like polydimethyl siloxane (PDMS), 
30FPEG-FA is soft and fi bril-like, and 10FPEG-FA is a coarse 
powder (Figure  1 B). It follows that the addition of FPEG-chains 
to the copolymer increases the elasticity and lubricity, and we 
hypothesized that this would improve the resistance to bio-
fouling (and thus result in improved device performance) for 
digital microfl uidics. 

 In typical DMF applications, droplets are manipulated in a 
“two-plate” format, sandwiched between two coated substrates 
(Figure  1 C). Initial experiments with manipulation of water 
droplets led to an important observation: devices that are coated 
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 Figure 1.    FluoroPEG-co-fl uoromethacrylate (FPEG-FA): a new class of device coatings for digital microfl uidics. A) Structure of x(FPEG-FA), where x ≈ 
0.5, 1, 2, 5, 10, 30 and 50 mol% FPEG units. B) Pictures of 10FPEG-FA (coarse powder), 30FPEG-FA (fi bril-like), and 50FPEG-FA (resembles an elas-
tomer) showing the effect of FPEG composition on bulk properties. C) Side-view schematic of a DMF device showing a droplet sandwiched between 
the hydrophobic surfaces of the two plates.



FU
LL

 P
A
P
ER

508 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with FPEG-FA containing relatively low FPEG content (i.e., 
10% or less) support droplet movement with similar character-
istics (velocity, reliability, etc.) to those coated with Tefl on-AF. 
In contrast, in devices that are coated with FPEG-FA with high 
FPEG content (i.e., 30% and 50%) droplets move very slowly or 
not at all. This is consistent with our expectation – too many 
FPEG groups on the surface likely increases the surface energy 
such that aqueous droplets experience high friction, reducing 
the ability for droplets to move. After ascertaining that the 
new coatings (those with low FPEG content) support aqueous 
droplet movement, we were ready to evaluate their hypothe-
sized resistance to biofouling.  

   2.2. Device Longevity  

 When digital microfl uidic devices are used to manipulate 
aqueous droplets containing proteins and other biomolecules 
for extended periods of time, non-specifi c adsorption increases 
the surface energy and eventually renders the device inoper-
able. Thus, a quantitative assay for device lifetime [ 27 ]  was used 
to evaluate the performance of the new FPEG-FA coatings. As 

shown in  Figure    2  A–B, droplets were driven back and forth 
along a path of four electrodes until the droplets were no longer 
moveable, recording the time and the number of electrode 
steps.  

 Cell culture media containing 10% serum, a concentrated 
mixture of proteins, amino acids, salts, sugars, and other 
constituents, was used as a “worst case” test matrix for these 
experiments. This mixture is so problematic for DMF that it 
has a device lifetime of “zero” under standard conditions; that 
is, for this mixture, surface fouling is immediate, and droplets 
are completely unmovable. To facilitate droplet movement, the 
mixture was supplemented with pluronic (block copolymers 
of polyethylene oxide, PEO and polypropylene oxide, PPO) 
additives, a common strategy for increasing DMF device life-
time. [ 27,28 ]  Four pluronic species, F68, F88, P105 and L92, were 
chosen to span a broad range of molecular weights and PEO/
PPO ratios and block lengths. 

 The results of the device longevity assay are shown in 
Figure  2 C–F, which leads us to several conclusions. First and 
most importantly, FPEG-FA-coated devices are superior to 
standard Tefl on-AF-coated devices regardless of which plu-
ronic additive is used. These improvements are signifi cant; for 
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 Figure 2.    Device longevity assay. A,B) show frames from a movie depicting the movement of two droplets on device one during a longevity assay. In 
(A), two droplets are shown in an initial position. In (B), the droplet at the top of the device has completed one step, and the droplet at the bottom of 
the device has completed two steps. In each assay, a droplet was actuated back and forth across four electrodes until droplet movement failure was 
observed. C–E) Maximum actuation time (blue bars, left axes) and the maximum number of steps (green bars, right axes) for DMF device bottom 
plates coated with Tefl on-AF and 0.5, 1, 2, 5, and 10FPEG-FA. Droplets contained cell culture medium supplemented with 10% serum and one of four 
Pluronic additives: A) F68, B) F88, C) P105, D) L92. Each condition was repeated three times on two different devices, and error bars represent ± 1 S.D.
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example, using a 0.5FPEG-FA coating instead of a Tefl on-AF 
coating for P105-containing droplets extends the device lifetime 
from 102 to 580 actuation steps (representing a 5.5-fold increase 
in the number of steps). This extension should dramatically 
improve the ability of DMF devices to perform long-term, multi-
day assays, as the DMF cell culture and analysis experiments 
reported previously [ 13–16 ]  have used a few (≈20–40) droplet actua-
tion steps per day punctuated by long periods of incubation. 

 Second, in general terms, coatings with lower%FPEG per-
form better — i.e., for most conditions tested, devices coated 
with 0.5FPEG-FA, 1FPEG-FA, 2FPEG-FA, and 5PEG-FA had 
longer lifetimes than devices coated with 10FPEG-FA. Third, 
there are subtle differences in device performance when used 
with different pluronic additives — for example, F68 and F88 
have similar ratios of PPO/PEO but different molecular weights 
(F68: 8400 Da, F88: 11,400 Da), and the best coating for drop-
lets containing F68 is 0.5FPEG-FA, while the best coating for 
droplets containing F88 is 2FPEG-FA. Thus, we recommend 
that future users may want to consider which additives are to 
be used when choosing the FPEG% of the coating. 

 To validate the effects on device longevity, a second test was 
run using an automated DMF actuation system. [ 42 ]  A program 
was developed to continuously manipulate droplets of cell cul-
ture media containing P105 on devices coated with 1FPEG-FA 
or with Tefl on-AF until capacitance measurements failed to 
meet a set threshold. As shown in Figure S1, Supporting Infor-
mation, the FPEG-coated devices had approximately 3× greater 
longevity when compared to Tefl on-AF-coated devices. Further, 
the instantaneous velocities logged for droplets on the Tefl on-
AF-coated devices were observed to decrease gradually as a func-
tion of time (consistent with biofouling-mediated failure), while 
those for FPEG-coated devices were observed to remain constant 
(suggesting that the failure mechanism was not biofouling). 

 To confi rm that the device lifetime observations correlate 
with protein fouling, a series of experiments were conducted 
using FITC-labeled bovine serum albumin (FITC-BSA) as a 
tracer. [ 28 ]  DMF device surfaces were exposed to the tracer under 
both passive conditions (incubation with tracer for 1 or 10 h 
with no electric fi eld) and active conditions (incubation with 
tracer for 1 or 5 min while applying DMF driving potential). 
The results (Figure S2, Supporting Information) show that 
Tefl on-AF-coated devices have the highest level of fouling, 
and among the FPEG-FA coated devices, the lowest fouling 
levels are observed for the low%FPEG surfaces (i.e., 0.5FPEG-
FA, 1FPEG-FA, 2FPEG-FA, and 5FPEG-FA). Moreover, the 
low%FPEG surfaces are the most stable over time – for these 
surfaces, there was little change between 1 and 10 h of passive 
fouling or 1 and 5 min of active fouling. These results are con-
sistent with protein fouling being the cause of device failure 
and resistance to this effect being the source of improvement 
in device lifetime in Figure  2 . 

 The near-perfect superiority of the FPEG-FA coatings relative 
to Tefl on-AF for device longevity (i.e., 19 out of 20 conditions 
tested in Figure  2 C–F) suggests several interesting questions. 
What is the mechanism of the observed effects? Further, are the 
FPEG-FA coatings simply better at resisting biofouling on “pas-
sive” surfaces? Or are FPEG-FA coatings particularly well suited 
for resisting fouling after application of driving voltages? Exper-
iments designed to probe these questions are described below.  

  2.3.     Surface Topography and Dynamics 

 Surface topography plays an important role in the wetting 
behavior of polymer coatings, [ 43,44 ]  and we hypothesized that 
the topography of FPEG-FA surfaces might be related to the 
device longevity effects described above. To test this hypothesis, 
atomic force microscopy (AFM) was used to evaluate “passive” 
(i.e., native devices, never used) and “activated” (i.e., devices 
that had been exposed to a potentiated droplet and then dried) 
surfaces coated with 1, 5, and 30FPEG-FA, as well as Tefl on AF. 
As shown in  Figure    3  A, all of the passive surfaces were smooth, 
with root-mean square (RMS) roughness values ranging from 
0.2–0.9 nm. By contrast, the activated surfaces were markedly 
roughened, with RMS roughness values of 7.0, 10, 1.4, and 4.5 nm 
for 1, 5, and 30FPEG-FA and Tefl on-AF, respectively. Interest-
ingly, the ≈nm scale of these roughened features are similar to 
the dimensions of proteins in solution. Moreover, the coatings 
that show the greatest changes in surface roughness, 1 and 
5FPEG-FA, are those that correspond to the highest device life-
times (Figure  2 ). As far as we are aware, this is the fi rst observa-
tion or report that digital microfl uidic droplet actuation affects 
the topography of a device surface.  

 AFM phase images of the surfaces (Figure  3 B–D) reveal 
additional observations about the nature of the topographical 
dynamics. The phase distribution for Tefl on-AF is nearly the 
same for the passive and activated surfaces, while the phase dis-
tributions for FPEG-FA surfaces vary considerably upon activa-
tion, with notable differences associated with FPEG content. For 
the FPEG-FA surfaces, we hypothesize that the phase changes 
upon activation represent the migration of FPEG domains rela-
tive to the fl uoroalkyl bulk material. These domains appear scat-
tered for low FPEG-content coatings (5FPEG), but they appear 
aggregated for high FPEG-content coatings (30FPEG). When 
viewed in the context of the roughness data (Figure  3 A), the 
phase images are consistent with the formation of perpendic-
ular FPEG-domain protrusions for low FPEG-content materials 
upon activation, while the FPEG domains seem to aggregate in 
the plane of the surface for high FPEG-content materials. To 
probe the lifetime of this effect, 5FPEG-FA surfaces were evalu-
ated 1 h after activation and again at 30 h after activation. As 
shown in Figure S3 in the Supporting Information, the phase 
aggregation seems to disperse with time, consistent with a slow 
recovery to a passive-like state. 

 X-ray photoelectron spectroscopy (XPS) was used to probe 
the relationship of surface rearrangement upon exposure to 
DMF droplet actuation to chemical functional group compo-
sition. Carbon 1s photoelectron intensities were measured for 
passive and activated surfaces. As shown in  Figure    4  A, pas-
sive Tefl on-AF surfaces feature peaks corresponding to -CF 3  
(≈295 eV) and -CF 2 - (≈292 eV). Upon activation, Tefl on-AF 
surfaces expose a peak corresponding to - C -(CF 3 ) 2  (≈285 eV), 
an effect previously seen for this material upon annealing. [ 45 ]  
As shown in Figure  4 B-C, FPEG-FA surfaces also have peaks 
corresponding to -CF 3  and -CF 2 -, but in addition have a peak 
corresponding to -O-C = O (≈289 eV) and overlapping contribu-
tions from -CH 2 -, -CH 2 -O-, and - C H 2 -CF 2 - (≈285 eV). Figure  4 D 
shows a quantifi cation of peak areas corresponding to the 
relevant moieties. As shown, 5FPEG-FA surfaces undergo 
signifi cant changes upon activation: signals originating 
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 Figure 3.    Surface topography and dynamics. A) Root-mean-square (RMS) roughness values determined from 2 × 2 µm 2  regions on AFM height images 
of DMF devices coated with Tefl on-AF or 1, 5, or 30FPEG-FA, in passive (blue) and activated (red) state. Images were captured from three separate 
regions on three different devices for each condition. Error bars represent ± 1 S.D. AFM phase images (500 × 500 nm) of B) Tefl on-AF, C) 5, and 
D) 30 FPEG-FA in passive (left) and activated (right) state.

 Figure 4.    Surface chemistry. C-1s XPS spectra of DMF devices coated with A) Tefl on-AF, B) 5FPEG-FA, and C) 30FPEG-FA in passive (blue) and 
activated (red) state. Peaks corresponding to -CF 3  (≈295 eV), -CF 2 - (≈292 eV), - C -(CF 3 ) 2  (≈285 eV), -O-C=O (≈289 eV) and -CH 2 /-CH 2 -O/- C H 2 -CF 2  
(≈285 eV) are highlighted. D) Plot of peak areas for passive (blue) and activated (red) Tefl on-AF (top), 5FPEG-FA (middle), and 30FPEG-FA (bottom). 
Each condition was repeated three times on two different devices, and error bars represent ± 1 S.D. E) Schematic depicting the proposed model for 
the dynamic behavior of the 5FPEG-FA surface from passive (left) to activated (right) upon voltage actuation.
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from fl uorinated moieties (-CF 3  and -CF 2 -) 
decrease (by 2.3% and 4.8%, respectively), 
while signals originating from (and adjacent 
to) PEG (-O-C = O, -CH 2 -, -CH 2 -O-, and - C H 2 -
CF 2 -) increase by 6.0%. In contrast, there is 
little or no change observed upon activation 
for fl uorinated or PEG groups in 30FPEG-FA.  

 The AFM (Figure  3 ) and XPS (Figure  4 A–D) 
data together paint an interesting picture 
for the topographical dynamics for surfaces 
coated with low FPEG-content FPEG-FA. 
The data suggest that when a DMF driving 
potential is applied to an aqueous droplet 
positioned on such a surface, FPEG domains 
move from underneath the fl uoroalkyl bulk to 
being exposed, forming perpendicular protru-
sions out of the plane of the device in as little 
as one minute of activation. This transition is 
represented schematically in Figure  4 E. 

 If the mechanism proposed in Figure  4 E 
is correct, FPEG-FA joins a few reports of 
materials that can be dynamically modulated 
by application of electric potential; however, 
we propose that the phenomenon reported 
here is uniquely well suited for DMF. For 
example, Lahann et al. [ 46 ]  reported a surface 
coating in which charged moieties can be 
exposed or hidden depending on the polarity 
of an applied potential. Likewise, Yeo et al. [ 47 ]  
reported methods to electrochemically modify 
a surface to either cleave or promote attach-
ment of a peptide that promotes cell adhe-
sion. These methods, while exciting, require 
that the surface alternate between being 
hydrophobic and hydrophilic – completely 
unsuitable for DMF, which requires a hydro-
phobic surface (at all times) to enable aqueous 
droplet movement. In an alternative strategy, 
Shivapooja et al. [ 48 ]  reported a technique to 
electromechanically distort a polymer surface 
to promote macroscale detachment effects 
(e.g., release of a barnacle); this strategy 
would also likely be untenable for DMF, as 
macro-scale topographical features are known to impede droplet 
movement. [ 49 ]  Beyond DMF, materials with dynamic surface 
properties (such as FPEG-FA and the examples above [ 44–46 ] ) are 
of great interest because of the potential to dynamically gen-
erate patterns with different properties for sensing and tissue 
engineering. But unlike the examples above, [ 44–46 ]  FPEG-FA is 
a bulk material that can be tuned to have different mechanical 
properties (Figure  1 B), such that it might serve as a device struc-
ture (rather than being useful only as a coating). Thus, we pro-
pose that FPEG-FA may be appropriate for applications such as 
drug delivery, [ 50 ]  bioanalysis, [ 51 ]  and therapeutics. [ 52 ]  

 Regardless of context, the putative mechanism represented in 
Figure  4 E is interesting and merits study, as it is the fi rst report of 
a constitutive method for DMF that can a) reduce protein adhe-
sion (Figure S2, Supporting Information) and b) improve device 
longevity (Figure  2  and Figure S1, Supporting Information). To 

further probe this effect, we evaluated two additional properties: 
surface wettability and elastic modulus/adhesion.  

  2.4.     Surface Wettability 

 If the scheme depicted in Figure  4 E is correct, we would expect 
to observe signifi cant changes in surface wettability upon acti-
vation. That is, for low%FPEG surfaces, the contact angle for 
water (CA W ) should decrease as hydrophilic FPEG moieties 
migrate to the surface. Likewise, the contact angle for n-hexa-
decane (CA H ) might change, depending on the oleophobicity of 
FPEG relative to the fl uoroalkyl bulk. 

 CA W  measurements were collected for surfaces after activa-
tion (by applying DMF driving potential) for 0, 2, 4, 6, 8, and 
10 min. As shown in  Figure    5  A, passive FPEG-FA surfaces 
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 Figure 5.    Surface wettability. Static contact angles measured for A) water (CA W ) and B) n-Hex-
adecane (CA H ) for devices after exposure to DMF driving potentials for 0, 2, 4, 6, 8, or 10 min. 
Devices were coated with Tefl on-AF (blue diamonds), 0.5FPEG-FA (red squares), 1FPEG-FA 
(green triangles), 2FPEG-FA (purple Xs), 5FPEG-FA (blue asterisks), 10FPEG-FA (orange cir-
cles), 30FPEG-FA (blue lines), and 50FPEG-FA (pink without markers). Each condition was 
repeated six times on three different devices, and error bars represent ± 1 S.D. The images 
(inset) depict the change in CA w  for 2FPEG-FA upon activation for 2 min.
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are hydrophobic, with CA W  measurements (after “0 min” of 
exposure to DMF driving potential) ranging from 114 ± 0.8° 
to 123 ± 1°, similar to that Tefl on-AF (121 ± 0.7°). But after 
activation, there is a precipitous drop in CA W , which saturates 
within 2–4 min. All of the surfaces exhibit this phenomenon, 
but the magnitude is greatest for the FPEG-FA coatings with 
low%FPEG content (with much as 15° reduction in CA W  within 
2 min), supporting the mechanism proposed in Figure  4 E. Note 
that these are not “active” measurements of droplet CA W  during 
the application of an electric fi eld (as is often reported for elec-
trowetting [ 53,54 ] ), but rather are CA W  measurements of non-
potentiated water droplets after the application and removal 
of an electric fi eld (and after drying and dispensing a fresh 
water droplet for analysis). Thus, these measurements refl ect 
semi-permanent changes to the material itself (e.g., surface 
rearrangement to expose FPEG groups) rather than temporary 
electrowetting-driven changes related to charge accumulation at 
the liquid-solid interface.  

 The tendency for amphiphilic polymer coatings to become 
“activated” under certain conditions is a well-known phenom-
enon; for example, many amphiphilic coatings become more 
hydrophilic after prolonged submersion in water. [ 55–57 ]  To test 
this effect for the DMF devices used here, devices were sub-
mersed in water and periodically removed, dried, and probed 
for CA W  (Figure S4A in the supplementary materials). As 
expected, low%FPEG coatings become more hydrophilic within 
72 h, with reductions in CA W  of similar magnitude to those 
observed for electric fi elds (Figure  5 A). As far as we are aware, 
the data in Figure  5 A are the fi rst to show this type of effect for 
voltage-mediated activation of a bulk material. 

 To test for changes in oleophobicity, contact angle measure-
ments for hexadecane (CA H ) were collected before and after 
activation by applying DMF driving potential (Figure  5 B) or 
submersion in water (Figure S4B in the supplementary mate-
rials). Interestingly, all of the FPEG-FA coatings have CA H  
values (in the range of 80° for passive surfaces) that are much 
higher than those for Tefl on-AF (66°), suggesting that FPEG-FA 
is more oleophobic than Tefl on-AF. Upon activation, a similar 
trend is observed for CA H  as is observed for CA W , with reduc-
tions in contact angle (indicating increasing oleophilicity) for all 
surfaces, but with the largest changes observed for low%FPEG 
FPEG-FA coatings. Again, these results are consistent with 

rearrangement of low%FPEG FPEG-FA coatings to expose 
FPEG chains to the surface.  

  2.5.     Elastic Modulus and Adhesion 

 As indicated by the images in Figure  1 B, the surfaces evaluated 
in this study have widely varying elastic properties. To quan-
tify this parameter, AFM measurements were used to generate 
relative Young's modulus ( E ) values, which ranged from stiff 
(Tefl on-AF  E  = 249 kPa) to moderate (5FPEG-FA  E  = 152 kPa), 
to elastomeric (30FPEG-FA  E  = 32 kPa). But Young's modulus 
is only part of the story – if the scheme depicted in Figure  4 E 
is correct, we would expect to observe changes in the interfacial 
tension between the AFM tip and the surface (particularly for 
low%FPEG surfaces like 5FPEG-FA) upon activation with DMF 
driving potential. 

 AFM force-distance curves were generated for Tefl on-AF, 
5FPEG-FA and 30 FPEG-FA ( Figure    6  A). As expected, the AFM 
tip experiences little adhesion when brought into contact with 
the stiff Tefl on-AF surface (whether passive or activated). In 
contrast, the AFM tip experiences signifi cant adhesion when 
brought into contact with passive FPEG-FA surfaces, particu-
larly for the very soft 30 FPEG-FA. The most interesting obser-
vation is in the difference between passive and activated FPEG-
FA surfaces: upon activation, the adhesion strength  increases  for 
5FPEG-FA, while it decreases for 30FPEG-FA. These magni-
tudes of these differences (Figure  6 B) are signifi cant, and sup-
port the hypothesis outlined in Figure  4 E – that is, upon acti-
vation, 5FPEG-FA surfaces rearrange to expose FPEG groups, 
which are attractive to the AFM tip. In addition, the sudden rise 
in force value after retraction in the force curve for activated 
5FPEG-FA (arrow in Figure  6 A, not observed for Tefl on-AF 
or 30FPEG-FA), suggests regions of entropic stretching, [ 58,59 ]  
which further supports the hypothesis of signifi cant surface 
rearrangement upon activation.    

  3.     Conclusion 

 In an attempt to reduce the effects of biofouling in microfl u-
idics, we designed, synthesized, and characterized amphiph-
ilic copolymers of fl uorinated polyethylene glycol (FPEG) and 
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 Figure 6.    Surface adhesion. (A) Force – distance curves showing interaction of the AFM tip with passive (blue) and activated (red) DMF device surfaces 
coated with Tefl on-AF (left), or 5 (middle) or 30 (right) FPEG-FA. The sharp increase in force in activated 5FPEG-FA as the tip moves away from the 
surface (arrow) represents regions of elastic stretching. (B) Plot of adhesion forces for passive (blue) and activated (red) surfaces. For each condition, 
curves were generated from three different devices at three separate regions. Error bars represent ± 1 S.D.
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perfl uorinated methacrylate (FA), known as FPEG-FA. The new 
coatings have a signifi cant impact on device lifetime (which 
is limited by biofouling), allowing for up to 5.5-fold improve-
ment relative to the state of the art. The mechanism of these 
effects was examined by fl uorescence microscopy, atomic force 
microscopy, X-ray photoelectron spectroscopy, and surface con-
tact angle measurements. Interestingly, the enhanced lifetime 
(and reduced fouling) of the FPEG-FA copolymer correlates 
with an apparent surface reconstruction to yield physicochem-
ical heterogeneities at the air-polymer interface. Further, this 
surface rearrangement appears to be driven by application of 
digital microfl uidic driving potentials. We propose that FPEG-
FA is a useful new material for digital microfl uidics, and more 
generally, the voltage-mediated dynamic nature of this material 
merits consideration for applications in drug delivery, bioanal-
ysis, and therapeutics.  

  4.     Experimental Section 
  Reagents:  All reagents were purchased from Sigma-Aldrich (Oakville. 

ON) unless specifi ed otherwise. Methacryloyl chloride, triethylamine 
and dichloromethane were freshly distilled before use. Trifl uorotoluene 
(TFT) was stored under nitrogen in a sealed bottle. The PEGylated–
fl uoroalkyl alcohol, Zonyl FSO-100, F(CF 2 CF 2 ) 4 (CH 2 CH 2 O) 5 CH 2 CH 2 OH 
( M  n  = 700 g/mol,  M  w / M  n  = 1.2) was stored under vacuum overnight 
prior to use. 2,2′-Azodi (2-methylbutyronitrile (AMBN) (from Akzo 
Nobel, Concord, ON) was recrystallized from methanol and stored at 
4 °C before use. 1 H ,1 H ,2 H ,2 H -Perfl uorodecyl methacrylate (FA) was 
used without further purifi cation. PEGylated–fl uoroalkyl methacrylate 
monomer (FPEG) was synthesized from Zonyl-FSO-100 and 
methacryloyl chloride according to a conventional esterifi cation reaction 
with triethylamine as an acid-acceptor and hydroquinone as a radical 
inhibitor (85% yield). Parylene-C dimer was from Specialty Coating 
Systems (Indianapolis, IN), and Tefl on-AF 1600 was from DuPont 
(Wilmington, DE). Deionized (DI) water had ρ = 18 MΩ cm at 25 °C. 

  Preparation and Characterization of FPEG-FA Copolymers:  In 
a typical preparation of the copolymer, the co-monomers FPEG 
(3.23 g, 4.3 mmol) and FA (2.29 g, 4.3 mmol) were kept in a Schlenk 
fl ask under vacuum for 8–10 h. TFT (25 ml) and AMBN (82 mg) was 
added to this monomer mixture. The resultant solution was purged 
with dry nitrogen for 10 min, and then degassed by four freeze–pump–
thaw cycles. The fl ask was sealed and the mixture was stirred at 65 °C 
for 65 h. The copolymer was precipitated in methanol (300 mL) and 
kept under vigorous stirring for 10 h. It was then allowed to settle, 
separated from the supernatant solution, and purifi ed by repeated 
precipitations from chloroform solutions into methanol (yield 70%). The 
copolymer described above contained 50 mol% FPEG co-units; other 
variations were formed containing 0.5, 1, 2, 5, 10, 30% FPEG co-units 
with percentages determined by NMR (as described in the Supporting 
Information). 

  DMF Device Fabrication, Assembly, and Operation:  Digital microfl uidic 
devices were fabricated in the University of Toronto Nanofabrication 
Center (TNFC). Patterned chromium electrodes on glass, used as 
bottom plates of DMF devices, were formed by photolithography 
and etching as described previously. [ 60 ]  Three device designs were 
used; device one featured an array of fourteen square (4 × 4 mm) 
actuation electrodes, device two featured an array of eight rectangular 
(16.4 × 6.7 mm) electrodes, and device three featured an array of 
80 square actuation electrodes (2.2 × 2.2 mm each) connected to 12 
rectangular reservoir electrodes (16.4 × 6.7 mm or 16.4 × 6.4 mm each). 
After patterning, substrates were coated with Parylene-C (7 µm) by 
evaporating 15 g of dimer in a vapor deposition instrument (Specialty 
Coating Systems). Substrates were then coated either with Tefl on-AF 
(300–350 nm) or FPEG-FA (350–400 nm). Tefl on-AF was spin-coated 

(1 wt/vol% in Fluorinert FC-40, 1500 rpm, 30 s) and then postbaked on 
a hot-plate (160 °C, 10 min). FPEG-FA was dip-coated in the respective 
copolymer solutions (1 wt/vol% in trifl uorotoluene) for 3 minutes, after 
which substrates were removed, cured overnight at room temperature, 
and then annealed at 100°C for 6 h in an oven. Unpatterned top plates 
were formed by coating indium tin oxide (ITO)-coated glass substrates 
(Delta Technologies, Stillwater, MN) with Tefl on-AF as above. Devices 
were assembled with top (coated with Tefl on-AF) and bottom (coated 
with Tefl on-AF or FPEG-FA) plates separated by a spacer formed from 
2 pieces of double-sided tape (total thickness 140 µm). Unit droplets 
(i.e., those covering a single actuation electrode) in these devices were 
≈4 µL for device one, ≈10 µL for device two, and ≈1.6 µL for device three. 
To actuate droplets, sine-wave driving potentials (180 V rms  for mobile 
droplets on device one ,  110 V rms  for stationary droplets on device two, 
and 110 V rms  for mobile droplets on device three, all at 10 kHz) were 
generated by amplifying the output of a function generator (Agilent 
Technologies, Santa Clara), and were applied to sequential electrodes on 
the bottom plate relative to the electrode on the top plate. For devices 
one and two, potentials were applied to the electrodes manually; for 
device three, potentials were applied using an automated droplet control 
system described in detail elsewhere. [ 42 ]  

  DMF Device Longevity Analysis:  DMF device longevity was evaluated 
using device one with methods described previously. [ 27 ]  Briefl y, RPMI 
1640 cell culture medium was supplemented with 10% fetal bovine 
serum (FBS) (Life Technologies/Invitrogen Canada, Burlington, ON) 
and one of four Pluronic additives (w/v%): F68 (0.05), F88 (0.06), P105 
(0.02), L92 (0.02). At least 3 droplets of each solution were evaluated 
on at least 2 different devices. Device failure was defi ned as any case in 
which a droplet required more than 15 seconds to complete a movement 
step from one electrode to the next, and the number of steps and the 
time until device failure were recorded for each condition. 

  AFM and XPS Analysis:  AFM and XPS measurements were used to 
characterize DMF device-two bottom plates in either passive or activated 
state. Passive substrates were used without special preparation. 
Activated substrates were prepared by assembling a top and bottom 
plate and potentiating a stationary unit droplet of DI water for 10 min, 
supplementing with additional water when needed to compensate for 
evaporation. After activating, the devices were disassembled, the water 
was wicked away with a KimWipe, and the activated portion of the 
substrate was evaluated within 5–10 min (or in some cases, after one 
or several hours). A Dimension 5000 atomic force microscope (AFM) 
(Digital Instruments, Santa Barbara) was operated in tapping mode to 
obtain topographic and phase images using NCH rectangular shaped 
silicon probes (Nanoworld, Switzerland) with resonance frequencies 
in the range 280–320 kHz and a spring constant of 40 N/m. Force-
distance curve measurements and indentation curves were collected 
using an MFP-3D Molecular Force Probe AFM (Asylum Research, Santa 
Barbara) and MLCT V-shaped silicon nitride cantilevers (Bruker, Santa 
Barbara), respectively. The cantilevers had a nominal spring constant of 
0.05 N/m, and were calibrated before each experiment by the thermal 
noise method. [ 61 ]  The resulting curves were analyzed with custom 
analysis software (Igor Pro, Wavemetrics). XPS spectra were acquired at 
Surface Interface Ontario using a Thermo Scientifi c Theta Probe (East 
Grinstead, UK) utilizing monochromatic Al K-alpha X-rays for excitation. 
The emission angle was 50 degrees (relative to surface normal), which 
probes a sampling depth of 8–10 nm. Regional spectra (C1s) were 
acquired at high energy resolution and processed using Avantage 
software (Thermo Scientifi c). A Shirley background function was used 
to approximate the experimental backgrounds. Surface elemental 
compositions were calculated from background-subtracted peak areas 
derived from transmission function-corrected regional spectra. Scofi eld 
Al K-alpha sensitivity factors were used to calculate the relative atomic 
percentages. Spectra were collected from three separate regions on two 
different devices for each condition. 

  Contact Angle Studies:  Contact angles were measured with a Kruss 
DSA100 (Hamburg, Germany) goniometer at room temperature, using 
the sessile drop fi tting method (Drop Shape Analysis System) for 5 µL 
droplets of water and hexadecane. The substrates were DMF device-two 
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bottom plates (with no top plate). Prior to analysis, a top/bottom 
plate device was assembled and a unit droplet of DI water (stationary, 
positioned over one electrode) was potentiated for 0, 2, 4, 6, 8, or 
10 min. During this activation process, when necessary, additional DI 
water was added to compensate for evaporation. After potentiation, 
the water was wicked away, the device was disassembled, and a (fresh) 
interrogating droplet was positioned above the electrode surface that 
had been potentiated. Contact angle measurements were recorded from 
3 devices (6 readings each) for both of the interrogating liquids.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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