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ABSTRACT: Fouling at liquid−solid interfaces is a pernicious problem for a wide
range of applications, including those that are implemented by digital microfluidics
(DMF). There are several strategies that have been used to combat surface fouling
in DMF, the most common being inclusion of amphiphilic surfactant additives in
the droplets to be manipulated. Initial studies relied on Pluronic additives, and
more recently, Tetronic additives have been used, which has allowed manipulation
of complex samples like serum and whole blood. Here, we report our evaluation of
19 different Pluronic and Tetronic additives, with attempts to determine (1) the
difference in antifouling performance between the two families, (2) the structural
similarities that predict exceptional antifouling performance, and (3) the
mechanism of the antifouling behavior. Our analysis shows that both Pluronic and Tetronic additives with modest molar mass,
poly(propylene oxide) (PPO) ≥50 units, poly(ethylene oxide) (PEO) mass percentage ≤50%, and hydrophilic−lipophilic balance
(HLB) ca. 13−15 allow for exceptional antifouling performance in DMF. The most promising candidates, P104, P105, and T904,
were able to support continuous movement of droplets of serum for more than 2 h, a result (for devices operating in air) previously
thought to be out of reach for this technique. Additional results generated using device longevity assays, intrinsic fluorescence
measurements, dynamic light scattering, asymmetric flow field flow fractionation, supercritical angle fluorescence microscopy, atomic
force microscopy, and quartz crystal microbalance measurements suggest that the best-performing surfactants are more likely to
operate by forming a protective layer at the liquid−solid interface than by complexation with proteins. We propose that these results
and their implications are an important step forward for the growing community of users of this technique, which may provide
guidance in selecting surfactants for manipulating biological matrices for a wide range of applications.
KEYWORDS: digital microfluidics, nonspecific adsorption, fouling, pluronics, tetronics, electrowetting

■ INTRODUCTION
Surface fouling is the (typically unwanted) nonspecific
adsorption of biological molecules onto a phase interface. The
most important type of fouling is the adsorption of biopolymers,
typically proteins, from aqueous media onto a solid surface, a
process that is often driven entropically. This phenomenon is a
serious problem for a wide range of applications, including
implanted medical devices,1,2 bioreactors,3 filtration mem-
branes,4,5 and diagnostic devices.6,7 Fouling is exacerbated in
many of these applications because of a high surface-area-to-
volume ratio, and the extent of fouling is often mitigated by
coating surfaces with hydrophilic, noncharged polymers, which
can attract a tightly bound layer of water molecules that resist the
adsorption of proteins when exposed to aqueous media.6−11

Digital microfluidics (DMF) is a fluid-handling technique in
which nano- to microliter droplets are manipulated by
electrostatic forces on an array of insulated electrodes.12

Because of its capacity to precisely and automatically dispense,
mix, merge, and split discrete droplets, DMF is becoming an
increasingly popular tool for biological and biochemical
applications,13 including single-cell Omics analysis,14,15 anti-

biotic susceptibility testing,16,17 and diagnostic immuno-
assays.18,19 DMF devices typically comprise two substrates
with droplets sandwiched between them. All surfaces on these
substrates are coated with a fluorinated and hydrophobic
polymer (such as Teflon-AF, Fluoropel, or Cytop), to reduce the
surface energy for aqueous droplet manipulation. Unfortunately,
this requirement precludes the use of the hydrophilic antifouling
coatings that are used in other applications,6−11 making the
technique particularly susceptible to fouling. This is a major
challenge for DMF, as the unwanted adsorption and
accumulation of proteins and other biological molecules on
the device surfaces can cause device failure.

There are numerous strategies20−23 that have been employed
to mitigate the effects of fouling in digital microfluidics; none are
perfect, and the challenge remains a critical one in the field. The
most common strategy has been the inclusion of amphiphilic
poloxamer (trade name Pluronic) additives in aqueous solutions
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to enable manipulation of droplets. Pluronics are block
copolymers that feature two hydrophilic poly(ethylene oxide)
(PEO) chains flanking a hydrophobic poly(propylene oxide)
(PPO) core, as shown in Figure 1a. In particular, Pluronic F68
was reported to be useful in reducing fouling in DMF devices
from dilute protein solutions more than a decade ago.24,25 Since
that time, this strategy has been employed in research
reports26−36 from groups all over the world for a wide range
of applications of DMF.

A more recent trend is the use of poloxamines as antifouling
additives in DMF. These substances, which are sold under trade
name Tetronic, also feature block copolymer chains of PEO and
PPO, but in the shape of an “X” around an ethylene diamine
core. As shown in Figure 1a, in normal configuration, the PEO
block is on the outside with the PPO block in the center (like
Pluronics), but in the reverse configuration, the PPO block is on
the outside of the molecule. In particular, the reverse-configured
Tetronic 90R4 (T90R4) has been shown to allow manipulation
of whole blood, serum, cell lysates, and other high protein
content solutions in DMF devices.37−40 These applications were
historically not possible for DMF devices operated with aqueous
droplets suspended in air; thus, T90R4 has been a “game-
changer” for the DMF community, enabling interesting new

applications such as the operation of portable serological assays
in pin-prick/blood samples in remote field trials.38

The discovery of the unique properties of T90R4 in the
context of the general utility of block copolymers of PEO and
PPO for DMF raises important questions about their antifouling
effects, including: (1) Is the exceptionally powerful antifouling
property unique to Tetronic 90R4 (perhaps related to its reverse
structure) or to the Tetronic family at large? and (2) What are
the structural and physical properties shared between surfactants
with outstanding antifouling performance? Here, we describe
our work evaluating 19 different Pluronic and Tetronic
formulations based on their abilities to enable actuation of
serum (i.e., the viscous, protein-rich solution that remains after
clotting whole blood) in DMF. Surfactant additives enabling
long-term actuation of this sample were identified, and their
physical and structural properties were examined.

In this paper, we also present our findings related to a third
question: (3) What are the mechanisms of the reduction in
biomolecule adsorption for poloxamer and poloxamine
additives? Here, we considered two general hypotheses, as
illustrated in Figure 1b. In hypothesis (i), surfactant unimers are
thought to reduce protein adsorption to device surfaces by
directly interacting with proteins43,44 (either in complexes or
micelles), reducing their affinity to the surface. In hypothesis

Figure 1. Surfactant additives to reduce fouling in digital microfluidics. (a) Structures of Pluronic41 and Tetronic42 surfactants, illustrating the R-
groups for “normal” and “reverse” forms of the latter. (b) Schematic illustrating the potential processes involved in surfactant-mediation of fouling in
DMF devices. As shown, surfactant unimer, shown with hydrophobic cores (orange) and hydrophilic tails (green) similar to the structure of Pluronic,
may self-aggregate to form micelles or complex with biomolecules (red ovals) or adsorb to the interface between the droplet and the hydrophobic
device surface.
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(ii), surfactant unimers are thought to reduce protein adsorption
to device surfaces by forming a contiguous, adsorbed layer at the
interface between droplet and hydrophobic device surfaces, thus
shielding the surface from proteins. To test these hypotheses, a
sample matrix containing bovine serum albumin (BSA) with
surfactant additives was characterized by various techniques to
evaluate plausible antifouling mechanisms. We propose that the
results of this study are intriguing and instructive, laying the
groundwork for the selection of surfactant additives for a wide
range of applications for digital microfluidics, going forward.

■ EXPERIMENTAL SECTION
Reagents and Materials. Unless specified otherwise, reagents

were purchased from Sigma-Aldrich (Oakville, Canada). Pluronics and
Tetronics (BASF Corp., Germany) were generously donated by BASF
Corporation (Wyandotte). Parylene-C dimer was from Specialty
Coating Systems (Indianapolis), and Teflon-AF 1600 was from
DuPont (Wilmington). PFC110 fluorinated solvent was purchased
from Cytonix (Beltville). Fatty-acid free reagent grade bovine serum
albumin was purchased from Proliant Biologicals (Ankeny). Gibco fetal
bovine serum was purchased from Thermo Fisher (Mississauga,
Canada). Poly(ethylene glycol) 8000 (PEG 8000) was purchased from
BioShop (Burlington, Canada). Stock solutions of bovine serum
albumin (BSA), Pluronics, and Tetronics were prepared in Dulbecco’s
phosphate-buffered saline (DPBS) at 80 g/L and 10% wt/wt,
respectively. Stock protein solutions and Pluronic L92 were stored at
4 °C until use; others were kept at room temperature.
DMF Device Fabrication and Operation. Digital microfluidic

devices were formed from bottom and top plates. Most bottom plates
were formed by inkjet printing silver electrodes on a Novele printing
media (Novacentrix, Austin) as detailed elsewhere.45 Briefly, a device
design (described previously46) was created using AutoCAD and
Inkscape and was then printed using an Epson C88+ printer (Markham,
Canada), followed by drying overnight at room temperature. The
printed sheets were then coated by chemical vapor deposition with a
layer of parylene-C (∼6 μm thick) and spin-coated with Teflon-AF
1600 (∼44 nm thick) from a 1% solution in PFC110 at 2000 rpm for 30
s. For some experiments, bottom plates with a similar design were
formed from glass patterned with chromium electrodes (and coated
with parylene-C and Teflon-AF as above) as described elsewhere.37

Top plates were prepared by forming spin-coated layers of Teflon-AF
1600 with the same parameters (∼44 nm thick) on indium tin oxide
(ITO)-coated glass slides (25 mm × 75 mm) (Delta Technologies,
Loveland). Two layers of double-sided tape (3M Company, Maple-
wood) were used as spacers (∼180 μm) between top and bottom plates.
DMF devices were interfaced via pogo-pin connector to the open-
source DropBot Control system (http://microfluidics.utoronto.ca/
dropbot/) and droplet movement (driven by applying sine-wave
voltage traces of 87−95 VRMS or 25 μN/mm2 at 10 kHz, conditions
found to be below the saturation forces46 for all liquids tested) was
programmed by MicroDrop software as described previously.46,47

Device Longevity Assays. A device longevity assay protocol was
adapted from previous work,46 in which droplets were automatically
actuated back and forth between a pair of electrodes while monitoring
droplet position and velocity by measuring the capacitance. Each step
comprised the application of actuation voltage for 8 s, and the number
of steps was set at 75, 150, or 900 for 10 min, 20 min, or 2 h experiments,
respectively. Each condition was evaluated in three replicate 4.3 μL
droplets. Each actuation step was deemed successful for droplets that
moved onto the actuated electrode (4 mm) within 8 s with an average
velocity (the ‘threshold’) of at least 0.5 mm/s. In experiments with
serum samples, 13 Pluronic (L35, F38, L44, L62, L64, F68, F88, L92,
P104, P105, F108, P123, and F127) and 6 Tetronic (T304, T904,
T90R4, T908, T1107, and T1304) surfactants were evaluated at four
concentrations: 0.5×, 1×, and 2× the critical micelle concentrations
(CMCs) reported in the literature, and at 0.1% wt/wt, all in 90% FBS v/
v in DPBS for 20 min. (F38 and T1304 do not have literature CMC
values and therefore, the concentrations tested were 0.1, 0.5, 1, and 2%

wt/wt.) In 2 h experiments with fetal bovine serum, a subset of four
surfactants. P104, P105, T904, and T90R4 were each evaluated at 0.1%
wt/wt in samples containing 90% v/v FBS in DPBS. Finally, in
experiments with samples containing BSA, three Pluronic (F68, P104,
P105) and two Tetronic (T904 and T90R4) surfactants were each
evaluated for 10 min windows at concentrations ranging from 0.0001 to
1.0% wt/wt [except for F68 (0.0001−2.0% wt/wt)] (with at least 4
concentrations per surfactant) in DPBS containing 0.40, 4.0, and 40
mg/mL BSA. In these experiments, the lowest concentration of
surfactant was recorded that enabled successful completion of 75 steps
at the velocity threshold indicated above. During device longevity assay,
all reservoirs were filled (and repeatedly refilled) with DPBS to reduce
evaporation.
CriticalMicelle ConcentrationMeasurements.A stock solution

of pyrene (100 μM) was prepared in acetone. In each experiment, 10 μL
of the stock pyrene solution was pipetted into a 2 mL centrifuge tube
and allowed to dry in the fume hood for 15 min. An aliquot (1 mL) of
surfactant solution with concentration between 0.001 and 4.0% wt/wt
in DPBS was added to each tube, which was agitated in a rotatory mixer
overnight; 300 μL aliquots of the surfactant solution were then
transferred to wells in a Falcon 96-well black bottom well plate. The
fluorescence intensities in each well were measured on an Infinite M200
pro monochromator plate reader (Tecan, Crailsheim, Germany) with
excitation at 335 nm (9 nm bandwidth) and emission at 380 nm (20 nm
bandwidth) at 23 °C, with gain and number of flashes set at 107 and 25,
respectively. The average fluorescence was plotted as a function of
surfactant concentration, and the critical micelle concentration was
determined from the intercept of two lines of regression. The first line
was fitted to the average fluorescence intensities from the lowest 4 to 6
concentrations (the actual number of concentrations was determined
from regressing successive number of data points until yielding a
maximum R2 value). The second line was fitted to the average
fluorescence intensities from the highest three concentrations.
Dynamic Light Scattering (DLS) and Asymmetric Flow Field

Flow Fractionation (AF4). Solutions of BSA and one of the
surfactants in DPBS were prepared such that the final concentrations
were 4 mg/mL (BSA) and 0.01% wt/wt (P104, P105, T904, T90R4),
0.1% wt/wt (F68) or 8 mM (sodium dodecyl sulfate, SDS),
respectively. For DLS analysis, a 1 mL aliquot of BSA/surfactant
mixture was pipetted into a 1.5 mL semi-micro disposable cuvette
(BrandTech, Wertheim, Germany) and was evaluated in a Zetasizer
Nano S (Malvern Panalytical, Malvern, U.K.), with refractive index of
sample material (RI) and absorption coefficient (k) set to 1.45 and
0.001, respectively. Data collection and analysis were completed by the
companion Zetasizer software (Version 8.01) using the “protein
analysis” model.

For AF4 analysis, solutions of BSA/surfactant mixtures were
separated using Wyatt Eclipse DualTec FFF (Wyatt Technology,
Santa Barbara) equipped with a short channel, a 10 kDa regenerated
cellulose membrane, and a 350 μm wide channel spacer. Briefly, 60 μL
of sample was injected and eluted from the short channel using 1× PBS
as the mobile phase. The system was operated with a detector flow of 1
mL/min and a focus flow of 1.5 mL/min. The separation was done in
six steps: (1) elution mode (1 min, cross-flow Vx = 3 mL/min), (2)
focus mode (1 min,Vx = 0 mL/min), (3) focus + inject mode (1 min,Vx
= 0 mL/min), (4) focus mode (2 min, Vx = 0 mL/min), (5) elution
mode (20 min, Vx = 3 mL/min), (6) focus + inject mode (5 min, Vx = 0
mL/min). The detectors comprised a UV absorbance detector (Agilent
1260 Infinity VWD) operated at 250 nm, a RI detector (Wyatt Optilab
T-rEX), and a multiangle light scattering detector (Wyatt Dawn Helios
II). Data collection and processing were programmed using the
companion software, Wyatt Astra 6.1, using the “DEBEYE” light
scattering model.
Intrinsic Tryptophan Fluorescence Measurements. Solutions

of BSA and one of the subset surfactants in DPBS were prepared such
that the final concentrations were 4 mg/mL (BSA) and 0.01% wt/wt
(P104, P105, T904, T90R4) or 0.1% wt/wt (F68), respectively. A 1 mL
aliquot was pipetted into a disposable fluorimeter cuvette (759115,
Brand, Wertheim, Germany), and fluorescence spectra were collected
using a FluoroMax-3 Spectrofluorometer (Horiba, Kyoto, Japan) at
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room temperature (25 °C) in the range of 310−410 nm (in 5 nm
intervals) with excitation wavelength at 280 nm. A control sample of
BSA was prepared and analyzed identically but with 8 mM SDS in
DPBS. In each case, spectra were collected from blanks (surfactants in
buffer and buffer only) under the same conditions and subtracted from
the sample spectra.
Fluorescent Labeling, Purification, and Quantification of

Surfactants. Three surfactants (F68, P105, and T904) were
fluorescently conjugated with 5-(4,6-dichlorotriazinyl)-
aminofluorescein (5-DTAF) using a modification of the procedure
described in Ahmed et al.48 Briefly, 10% wt/wt stock surfactant
solutions were prepared in 0.1 M sodium bicarbonate solution at pH
9.5, and a stock solution of 20 g/L (40 mM) 5-DTAF was prepared in
DMSO. Each stock surfactant solution was further diluted in 0.1 M
sodium bicarbonate to 90% of its experimentally determined CMC
(Table 1) and mixed with an appropriate volume of the 5-DTAF stock
solution such that the molar ratio of 5-DTAF to surfactant was 4:1. The
reaction mixtures were incubated at room temperature on a rotatory
mixer overnight. The reaction products were then purified using a PD
minitrap G-25 spin protein purification column (Cytiva, Marlborough).
Each 5-DTAF conjugated surfactant solution was purified three times in
succession according to the protocol provided by the manufacturer,
using DPBS to condition the columns and elute the surfactants.

The concentrations of purified 5-DTAF conjugated surfactants were
determined using a colorimetric assay described by Ghebeh et al.49

First, calibration standards of underivatized F68, P105, and T904 were
prepared by dissolving surfactants in DPBS with concentrations of 0.00,
0.01, 0.05, 0.08, 0.10, 0.15, and 0.20% wt/wt. A 200 μL aliquot of each
surfactant standard was mixed with 100 μL of cobalt thiocyanate
solution (3 g of cobalt nitrate and 20 g of ammonium thiocyanate in 100
mL of water), 80 μL of ethanol, and 200 μL of ethyl acetate. The
mixture was then centrifuged at 10,000 rpm for 2 min, forming a blue
pellet at the bottom of the tube. The supernatant was decanted away,
and the blue pellet was washed with multiple 200 μL aliquots of ethyl
acetate until the supernatant became colorless. The washed pellet was
redissolved in 1 mL of ice-cold acetone, and 300 μL aliquots of this
light-blue solution were transferred to wells in a Falcon 96-well black
bottom well plate. The well plate was kept on ice to minimize
evaporation until loading on a well-plate reader. Absorbance measure-

ments at 623 nm were collected on an Infinite M200 Pro
monochromator plate reader with temperature, bandwidth, and
number of flashes set to 23 °C, 9 nm, and 25 nm, respectively. All
measurements were made in triplicate, and average blank absorbance
(from 300 μL aliquots of neat acetone) was subtracted from the average
sample absorbances to yield corrected absorbances. These data were
then plotted as a function of surfactant concentration to establish
calibration curves for underivatized F68, P105, and T904. Once the
calibration curves were established, the assay was repeated with purified
5-DTAF conjugated surfactants, comparing their corrected absorbance
values to the calibration curves to determine their concentrations.

The conjugation efficiency for modifying surfactants with 5-DTAF
was determined by absorbance. Briefly, a series of calibration standards
of 5-DTAF with concentrations ranging from 0.0001 to 0.1000 mM was
prepared by diluting 40 mM stock 5-DTAF solution in DPBS. Next, 400
μL aliquots of each of the 5-DTAF standards and each of the purified 5-
DTAF conjugated surfactant solutions were transferred to wells in a
Falcon 96-well black bottom well plate. Absorbance measurements at
498 nm were collected on an Infinite M200 Pro monochromator plate
reader with temperature, bandwidth, and number of flashes set to 23
°C, 9 nm, and 25 nm, respectively. All measurements were made in
triplicate, and the average blank absorbance (from 400 μL aliquots of
DPBS) was subtracted from the average sample absorbances to yield
corrected absorbances. The corrected absorbances from the 5-DTAF
standards were plotted as a function of 5-DTAF concentrations to
establish a calibration curve. Finally, the concentrations of 5-DTAF
fluorophores found in the conjugated surfactant solutions were
determined by comparing the corrected absorbances of those solutions
to the calibration curve.
Supercritical Angle Fluorescence (SAF) Microscopy Meas-

urements. No. 1 22 × 22 mm micro-cover glasses (VWR
International, Mississauga, Canada) were spin-coated with 0.5% wt/
wt Teflon-AF 1600 in FC-40 at 3000 rpm for 30 s. The coated cover
glasses were baked at ∼170 °C on a hot plate for 15 min. The average
thicknesses of the Teflon layers were determined to be 7.66 ± 0.48 nm
using a Bruker Resolve atomic force microscope (AFM, Massachusetts)
with an SNL-D probe. Three fluorescently labeled surfactants (F68,
P105, and T904) were diluted to 0.1% wt/wt in DPBS, and in 40 mg/
mL BSA in DPBS. Separate control solutions of 30 μM fluorescein were

Table 1. Physical Properties of the Pluronic and Tetronic Surfactants Used in This Study

surfactant
average molecular
weight (g/mol)a

ave. PPO
chain length

(n)b

ave. PEO
chain length

(m)b
% PEO
contenta

hydrophilic−lipophilic
balance (HLB)a

literature CMC value used
for screening (% wt/wt)a,b

experimental CMC valuec
(% wt/wt) at 23 °C in DPBS

Pluronic
L35 1900 16.4 21.6 50 19 1.0
F38 4700 15.9 83.6 80 31
L44 2200 22.8 20.0 40 16 0.79
L62 2500 34.5 11.4 20 7 0.10 1.7
L64 2900 30 26.4 40 15 0.14 1.6
F68 8400 29.0 152.7 80 29 0.40 1.0
F88 11,400 39.3 207.3 80 28 0.29
L92 3650 50.3 16.6 20 6 0.032
P104 5900 61.0 53.6 40 13 0.0010 0.43
P105 6500 56.0 73.9 50 15 0.0040 0.47
F108 14,600 50.3 265.5 80 27 0.032 0.69
P123 5750 69.4 39.2 30 8 0.0025
F127 12,600 65.2 200.5 70 22 0.0035

Tetronic and Tetronic Reverse
T304 1650 17.1 15.0 40 16 1.00
T904 6700 69.3 60.9 40 15 0.70 1.1
T90R4 7200 72 64 40 7 0.014 1.0
T908 25,000 86.2 454.5 80 31 1.00
T1107 15,000 77.6 238.6 70 24 0.70
T1304 10,500 108.4 96.4 40 14

aProvided by manufacturer and suppliers, BASF Corp. and Sigma-Aldrich. bData adapted from the literature53−56 without solvent specified and at
37 °C. cData generated here using a modified thin-film rehydration method.57
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also formed in DPBS containing unlabeled F68, P105, and T904 (also
at 0.1% wt/wt) with and without 40 mg/mL BSA.

Supercritical angle fluorescence (SAF) microscopy measurements
were made using a custom modular platform built around an IX-83
inverted microscope body (Olympus, Japan), as described in detail
elsewhere.50 Briefly, a 488 nm laser was passed through a spatial filter
featuring an annulus (7.38 mm inner diameter and 8.25 mm outer
diameter), and the image of the annulus was projected into the back
focal plane of a high NA 100× objective (UApoN 100×/RI 1.49 oil,
Olympus, Japan). Emission was collected by the same objective and
projected through a tube lens onto the camera. Images were collected
using a Prime BSI sCMOS camera (Photometrics, Arizona) using
micromanager51,52 in 16-bit HDR mode. Images were processed using
an automated python script [https://github.com/YipLab/IX83-
Modules/tree/master/SAF] relying on a Hough′s Circle Transform
to identify the SAF ring as described previously.50 Briefly, the ring was
typically found at around 325 pixels from the center, and the intensities
of pixels 0−324 and 325−351 along the radius were averaged and
recorded as the “subcritical fluorescence signal” and the “SAF signal,”
respectively. In each experiment, a Teflon-AF-coated cover glass was
aligned relative to the 100× objective (with the noncoated side facing
the objective) with a few drops of type-F immersion oil (Olympus,
Canada) between the lens and the cover glass. For labeled surfactant
samples, a 20 μL droplet of sample was pipetted onto the Teflon-coated
side and allowed to equilibrate for 2 min. The objective was focused on
the solid−liquid interface, the 488 nm laser source was engaged and a
SAF image was acquired from the droplet with exposure time set at 250
ms. For control (fluorescein) solutions, an additional intensity
adjustment step was applied prior to image acquisition. In brief, the
488 nm laser intensity was adjusted using a linear polarizer
(LPVISE100-A, Thorlabs) to match the subcritical intensity of each
control to its respective labeled surfactant sample. Each sample and
control were evaluated five times (in five different droplets), and the
mean SAF intensities were computed by averaging the SAF intensity of
individual image.
Atomic Force Microscopy. Teflon-AF-coated cover glasses were

prepared as described above (for SAF microscopy) and were assembled
in a live cell chamber (A7816, Thermo Fisher, Canada). A 1000 μL
aliquot of PBS or PBS with 0.1% w/w F68 or T904 was loaded into the
chamber. The chamber was then placed into an ultrasonic bath for 2
min, followed by an 8 min incubation. The micro-cover glass was then
scanned by tapping-mode AFM (Bruker, Resolve) using a Bruker
Resolve atomic force microscope (Massachusetts) with a sharp AFM
tip (SNL-10-A). The frequency of tapping was tuned to the highest
peak between 10 and 50 kHz. After engaging the tip, a 5 μm × 5 μm
image of the surface was acquired as a 512 × 512 points dataset at a scan
rate of 0.25 Hz. Each image took approximately 35 min to acquire. The
data were processed using version 1.90 of the Nanoscope Analysis
software. Images were first flattened to the second degree to remove
bowing and then filtered using a 3 × 3 median filter.
Quartz Crystal Microbalance with Dissipation (QCM-D)

Measurements. Quartz crystal microbalance with dissipation
(QCM-D) measurements was acquired using gold sensors (QSX 301,
Biolin Scientific, Sweden) that had been spin-coated with 0.5% wt/wt
Teflon-AF 1600 in FC-40 at 3000 rpm for 30 s. In each experiment, a
coated sensor was loaded into a QSense Analyzer system (QSense E4,
Biolin Scientific, Sweden) equipped with QSoft software, operating at
constant flow rate (0.1 mL/min) and temperature (23 °C). After
equilibration in PBS, the sample (PBS, PBS containing surfactant, or
PEG 8000 at 0.001% wt/wt) was pumped over the sensor until the
signals were stable (i.e., when the frequency shift changed less than 1 Hz
in 10 min). Finally, PBS was pumped over the sensor to remove any
unbound solutes. The viscoelastic properties of adlayer surfactants were
analyzed using the Voigt model. The frequency shifts of the sensors
(Δf) and the dissipation energy shifts (ΔD) were used to calculate the
total mass of adlayer surfactants using Dfind analysis software (Biolin
Scientific, Sweden).
Replicates and Variance. All quantitative data are reported as the

average values for at least n = 3 replicates per condition, with error bars
plotted as ± 1 standard deviation of the mean.

■ RESULTS AND DISCUSSION
Pluronic/Tetronic Droplet Additives for DMF Longev-

ity. This study was designed to probe the properties of Pluronic
and Tetronic surfactants, which are block copolymers of the
relatively hydrophilic PEO and hydrophobic PPO (Figure 1a).
When included as droplet additives in digital microfluidics, these
substances exhibit remarkable antifouling behavior (Figure 1b).
Nineteen such surfactants (Table 1) were selected on the basis
of attainability, spanning a wide range of molecular weights
(1900−25,000 g/mol), length of PPO (16−108 units), and
mass percentage of PEO (20−80%).

The primary tool used here was a DMF “longevity assay” in
which droplets are continuously translated on a device to
measure their velocity as a function of time. This kind of analysis
has been described previously,22,24,58,59 but (i) without adequate
control for actuation conditions and (ii) for limited durations.
To clarify the former�device longevity is dramatically affected
by fouling (the effect under investigation here), but also by other
phenomena that are unrelated to fouling, including localized
dielectric breakdown and/or satellite droplet ejection, known as
“velocity saturation effects”.46 If the two types of phenomena
(fouling vs saturation effects) are not carefully controlled, the
device longevity data may not be a reliable indicator of the effects
of fouling. Thus, for the data included here, we have (for the first
time to our knowledge) controlled for potential velocity
saturation effects. Specifically, force−velocity curves46 (used to
determine the saturation force for each fluid) were collected for
all surfactant solutions evaluated here, and care was taken to use
subsaturation-force conditions in all longevity assays. (Repre-
sentative force−velocity curves are shown in Figure S1.) To
clarify the latter, the reports that have been published to
date22,24,58,59 have only evaluated droplet movement longevity
for a few minutes or less, without (in some cases) reporting that
time and evaporation were carefully controlled. Here, we
evaluated several controlled times for longevity assays for 20 min
and 2 h with measures (filling all reservoirs with aqueous buffer
to saturate the atmosphere) to mitigate evaporation, to reflect
the boundaries of what might be required for the diverse
applications that make use of DMF.

Video clips and representative data from 20 min device
longevity assays are shown in Movie S1 and Figure 2�one
droplet is completely immobile (representing immediate,
catastrophic fouling), another droplet starts moving but then
slows until it ceases to move (representing an unacceptably high
fouling rate), and a third droplet is mobile throughout the entire
experiment (representing an acceptable fouling rate). In typical
experiments, these data were scored as a function of number of
movement steps completed within a particular velocity thresh-
old. For the experiment represented in Figure 2 that followed
150 programmed steps, the droplets completed 150, 28, and 0
steps, corresponding to normalized longevity scores of 1.00,
0.19, and 0.00, respectively.

As a first test, samples containing 90% v/v fetal bovine serum
(FBS) were formed containing a dilution series of each of the 19
surfactants and were subjected to longevity assays. The raw data
for these tests are shown in Table S1. An obvious initial finding
from these data is that the presence of micelles does not have a
strong effect on serum droplet movement. That is�most
surfactants either did or did not permit serum droplet
movement, regardless of whether the concentration of surfactant
was above or below the critical micelle concentrations reported
in the literature (Table 1, column 7) or in new measurements
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reported here (Table 1, column 8, Figure S2). However, upon
closer inspection of the data, other interesting trends were
apparent.

A summary of the results in Table S1 is shown as a heat map in
Figure 3. As described in the introduction, surfactant T90R4 was
expected to perform well in this test, which was observed here, in
the center of Figure 3. Somewhat surprisingly, a cluster of other
surfactants was also found to allow for perfect droplet movement
of this problematic fluid. This cluster of high-performing
additives has an intermediate molecular weight (centered
around ∼7000 g/mol), a low mass percentage of PEO
(≤50%), and a long PPO length (≥50 units). To reiterate, the
results in Figure 3 are quite remarkable, illustrating how some of
the surfactants that have been used the most in DMF (including
F68) do not permit movement of serum, at all, while others that
have never been used before in DMF (including T1304) allow
for perfect actuation of this sticky, protein-rich liquid. The
discovery of this cluster of surfactants that may be useful for
these purposes is likely to be important for the field.

We then turned our attention to long-duration (2 h) longevity
assays. This period is likely to be “overkill” for many
experiments, representing the extreme of what might be needed
for select applications. In these tests, a subset of surfactants that
resulted in perfect mobility in the original screening study
(P104, P105, T904, and T90R4) were evaluated, again on the
basis of DMF device longevity for 90% v/v FBS. The results are
summarized in Figure 4, which are surprising for a number of
reasons. First, we were skeptical that any additives could allow
for the extreme condition of serum droplets moving
continuously between two electrodes for 2 h; the finding that
three additives allowed this to occur is surprising. Second, of the

four that were tested, the surfactant that has recently been the
most popular in DMF, T90R4, exhibited the worst long-term
longevity, with an average longevity score of 0.38 ± 0.06 (46 ±
7.2 min). In contrast, P104, P105, and T904 all exhibited perfect
longevity for the duration of the experiment. In considering
these remarkable results, we note that P104, P105, and T904
have a hydrophilic−lipophilic balance (HLB) of 13−15, which
indicates high water-solubility and capability to stabilize oil-in-
water emulsions. In contrast, T90R4 has an HLB of 7. More
study is needed, but it seems likely that HLB is a key parameter
to consider in future studies.

The findings described above suggest potential answers to
questions (1) and (2) from the introduction. First, it seems
likely that the reverse structure of T90R4 is not necessary for the
reduction of fouling in DMF. In addition, the X-shaped Tetronic
structure does not define this trait, either, as several candidates
from both the Pluronic and Tetronic family perform similarly.
Finally, it seems that some combination of modest molecular
weight, low mass percentage of PEO (≤50%), long PPO length
(≥50 units), and an HLB of 13−15 may be useful to consider in
future studies. Of course, there are other factors that might be
considered for different applications, including effects on cell
culture and viability, interference with detection and analysis, or
the capacity to dispense cleanly in DMF (without forming long
droplet “tails”). But it is remarkable to see that serum, a liquid
that was formerly out of reach for DMF experiments (operated
in air) because of catastrophic fouling, can be manipulated
continuously on DMF devices for hours at a time, with the
selection of an appropriate Pluronic or Tetronic additive.
Antifouling Mechanism of Pluronic/Tetronic Addi-

tives in Digital Microfluidics. After evaluating the relation-
ship between surfactant properties and DMF longevity experi-
ments, we turned our attention to question (3) from the
introduction�the mechanism of Pluronic and Tetronic
antifouling phenomena in digital microfluidics. As proposed in
the introduction (Figure 1b), surfactants can prevent surface
adsorption of biomolecules through two primary mecha-
nisms,9,43,60,61 (i) complexation with proteins in solution, or
(ii) adsorption to the device surface to form a protective layer.
Here, we focused our investigation on solutions of the standard
protein bovine serum albumin (BSA) upon mixing with a subset
of model Pluronic and Tetronic additives: F68, P104, P105,
T904, T90R4. This system was evaluated by identifying
minimum surfactant concentration required for DMF actuation,
making orthogonal measurements of surfactant/protein com-
plexation, and making orthogonal measurements of labeled and
label-free surfactant adsorption on fluoropolymer-coated
surfaces.

As a first test for the antifouling mechanism of Pluronic/
Tetronic surfactant additives in DMF, we returned to the
longevity assay. In DMF, BSA solutions have poor device
longevity, but this can be mitigated by the inclusion of surfactant
additives. In the case of hypothesis (i), in which surfactant
complexation with BSA62,63 prevents fouling, we would expect
that the minimum surfactant concentration required for high-
longevity droplet movement would scale with BSA concen-
tration (i.e., more protein molecules require more surfactant
molecules to stabilize them). In the case of hypothesis (ii), in
which surfactant adsorbed to the solid−liquid (fluoropolymer-
surfactant solution) interface9 prevents fouling, we would expect
the minimum surfactant concentration to be independent of
BSA concentration. To probe for these effects, a matrix of sixty
combinations of BSA and surfactant (three concentrations of

Figure 2. DMF longevity assay. Main: representative plots of droplet
velocity as a function of programmed step number for a fluid that is
immobile (fetal bovine serum, red squares), a fluid with poor longevity
(fetal bovine serum with 2.0% wt/wt L62, orange circles), and a fluid
with perfect longevity (fetal bovine serum with 0.35% wt/wt T904,
green triangles). In each case, the droplets were programmed to move
continuously for 150 steps corresponding to a total actuation time of 20
min. The horizontal dashed line at 0.5 mm/s represents the velocity
threshold for this (and all) longevity experiment(s), illustrating how the
droplets were scored as completing 0, 28, and 150 steps, respectively.
Inset: cartoon (left) and photograph (right) of a droplet in a DMF
longevity assay.
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BSA and four concentrations of five different surfactants) were
formed and tested. As shown in Table 2, the minimum
concentration of one surfactant, F68, scaled with [BSA],
requiring high surfactant concentration for droplet actuation
at high BSA concentration. In contrast, the minimum

concentrations of the other surfactants, P104, P105, T904,
and T90R4, were independent of BSA concentration. While
these results are not conclusive on their own, they are consistent
with F68 potentially preventing fouling by forming a complex
with BSA, and P104, P105, T904, and T90R4 potentially not
relying on complexation with BSA under these conditions.

As a second test for the antifouling mechanism of Pluronic/
Tetronic surfactant additives in DMF, we used orthogonal
methods to probe for surfactant−protein complexation,
including intrinsic fluorescence, dynamic light scattering
(DLS), and asymmetric flow field flow fractionation with
multiangle light scattering (AF4-MLS). Intrinsic fluorescence
evaluates emission from Trp-134 and Trp-212 residues64 in
BSA, which is highly sensitive to the local chemical environment,
and can report structural changes,64 potentially including those
caused by complexation with surfactants. Typical results are
shown in Figure 5a�as indicated, solutions of BSA alone and
BSA mixed with each of the Pluronic/Tetronic surfactants at the
minimum concentration needed to manipulate this sample
(from Table 2) exhibit intrinsic fluorescence at maxima of
around 350 nm. In contrast, for BSA mixed with SDS (as a
positive control, known to interact and complex with BSA65),
the fluorescence maximum is blue-shifted to around 320 nm.
Results generated using DLS and AF4-MLS (Figure 5b and
Table 3) tell a similar story; with average hydrodynamic
diameter and average molecular weight for BSA alone (9.66 nm
and 6.80 × 104 g/mol, respectively) being similar to the
measurements found for BSA mixed with Pluronic/Tetronic
additives. In contrast, BSA mixed with SDS yielded values (11.8
nm and 7.55 × 104 g/mol, respectively) that were 10−20%
greater than BSA alone, suggesting complexation. Taken

Figure 3. Longevity assay�initial screen results. Summary of 20 min device longevity assay results for 90% v/v fetal bovine serum in DPBS. Samples
were mixed with one of 19 different surfactants at various concentrations (complete results in Table S1). The best results for each surfactant are plotted
as a heat map of normalized longevity score from red (zero longevity) to yellow (poor longevity) and green (perfect longevity) as a function of PPO
length (rows) and PEO% (columns).

Figure 4. Two-hour device longevity assay results. Plot of device
longevity scores for 0.1% wt/wt surfactants P104, P105, T904, and
T90R4 in 90% v/v fetal bovine serum. Error bars represent ±1 std.
deviation of the longevity score for n = 3 replicate droplets per
condition. No error bars are indicated for the conditions that had
perfect scores in all of the replicates.
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together, these results support a hypothesis that the Pluronic/
Tetronic additives under the conditions evaluated here do not
form noticeable complexes with BSA.

As a third test for the antifouling mechanism of Pluronic/
Tetronic surfactant additives in DMF, we used the emerging
technique of supercritical angle fluorescence (SAF) micros-
copy50 to probe for potential interactions between fluorescently
labeled surfactants and fluoropolymer-coated surfaces. (As
illustrated in Figure S3, SAF microscopy allows for discrim-
ination between fluorophores in bulk solution and those

adsorbed on surfaces.66,67) A method was adapted from
Ahmed et al.48 to label Pluronic/Tetronic surfactants with the
fluorescein derivative 5-DTAF, which was confirmed to be
successful for F68, P105, and T904 by absorbance spectroscopy
(Figure S4). A colorimetric assay adapted from Ghebeh et al.49

was used to determine the concentration of the labeled
surfactants after labeling and cleanup (using the calibration
curves in Figure S5), and labeling efficiency was determined
using a calibration curve of free 5-DTAF (Figure S6). The
interactions of labeled surfactants with Teflon-AF-coated glass
surfaces (proxies for DMF devices) were then monitored by SAF
microscopy. As a control, solutions containing similar amounts
of free fluorescein (30 μM) to the concentration of fluorophores
in the labeled surfactant solutions (Table S2) were formed in
unlabeled surfactant solutions. Excitation intensities were
adjusted to match the subcritical intensity of each labeled
surfactant with its control solution, preventing over-estimation
of SAF signal and minimizing the “bleed-through effect” from
the subcritical region.50 Representative images are shown in
Figure 6a,b; as shown, labeled surfactants exhibited the classic
“ring” shape associated with surface association, while controls
did not. Quantified SAF signals are given in Figure 6c (Table S3,
columns 2−3)�as indicated, all of the labeled surfactants have
SAF signals that are greater than their respective controls by at
least a factor of 10, which suggests preferential adsorption of
labeled surfactants at the fluoropolymer surface. With the
presence of high concentrations of BSA (Figure 6d and Table
S3, columns 4−5), the SAF signal of the surfaces exposed to
labeled surfactants remained higher than the control by at least a
factor of 3. Taken together, these results suggest that F68, P105,
and T904 may potentially resist protein adsorption by forming a
“protective layer” on the Teflon surface. These results are
compelling but not (on their own) conclusive, given the
unknown effects of the fluorescent labels on the behavior of the
surfactants.

Table 2. Minimum Concentration of Pluronic and Tetronic Additives Enabling High-Longevity DMF Actuation of BSA

surfactant additive
minimum surfactant concentration (% wt/wt) enabling droplet movement with longevity score = 1.00 for 10 min of continuous

actuation (n = 3)

40 mg/mL (0.600 mM) BSA 4 mg/mL (0.060 mM) BSA 0.4 mg/mL (0.006 mM) BSA
F68 2.0% (2.00 mM) 0.10% (0.10 mM) 0.10% (0.10 mM)
P104 0.01% (0.02 mM) 0.01% (0.02 mM) 0.01% (0.02 mM)
P105 0.01% (0.02 mM) 0.01% (0.02 mM) 0.01% (0.02 mM)
T904 0.01% (0.01 mM) 0.01% (0.01 mM) 0.01% (0.01 mM)
T90R4 0.01% (0.01 mM) 0.01% (0.01 mM) 0.01% (0.01 mM)

Figure 5. BSA complexation experiments. (a) Intrinsic fluorescence
spectra for BSA with and without surfactants. (b) Dynamic light
scattering plot of hydrodynamic diameter of BSA with and without
surfactants. In both datasets, samples include 4 mg/mL BSA in DPBS
(black squares), or in DPBS containing Pluronics (F68, 0.1%�red
circles, P104, 0.01%�blue triangles, P105, 0.01%�pink inverted
triangles), Tetronics (904, 0.01%�green diamonds, 90R4, 0.01%�
dark blue left-pointing triangles), or SDS (8 mM�violet right-pointing
triangles).

Table 3. Mean Hydrodynamic Diameter (by DLS), Average
MolecularMass (by AF4), andRange ofMolecularMasses (by
AF4) of BSA in Pluronic and Tetronic Additives

surfactant
additive and
concentration

mean hydrodynamic
diameter of

BSA ± 1 SD (nm)

average
molecular mass
(×104 g/mol)

range of ave.
mol. mass

(×104 g/mol)

no surfactant 9.6 ± 0.1 6.80 5.74−8.12
0.10% wt/wt

F68
9.5 ± 0.1 6.31 4.73−7.90

0.01% wt/wt
P104

9.5 ± 0.2 6.47 4.99−7.96

0.01% wt/wt
P105

9.5 ± 0.1 6.41 4.92−7.91

0.01% wt/wt
T904

9.5 ± 0.2 6.26 5.10−7.42

0.01% wt/wt
T90R4

9.4 ± 0.1 6.49 5.04−7.94

8 mM SDS 12.0 ± 0.1 7.55 5.69−9.41
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As a fourth (and final) test for the antifouling mechanism of
Pluronic/Tetronic surfactant additives in DMF, we used two
orthogonal techniques to probe for potential interactions
between native (unlabeled) surfactants and fluoropolymer-
coated surfaces: atomic force microscopy (AFM) and quartz
crystal microbalance with dissipation (QCM-D) monitoring.
AFM images of Teflon-AF surfaces immersed in buffer alone,
buffer with F68, buffer with T904 are shown in Figure S7.
Roughness data extracted from these measurements (Table S4)
indicate substantially greater roughness for surfaces exposed to
surfactants, consistent with the formation of a layer of surfactant
at the interface. Likewise, Teflon-AF-coated QCM-D sensors
reported an increase in mass when exposed to solutions of F68
or T904, with magnitudes that are greater than what is observed
from a solution of PEG 8000 (a similarly sized solute expected to
not interact with the surface) (Figure S8). Taken together, these
data are also consistent with the formation of surface-adsorbed
layers of Pluronic or Tetronic on Teflon-AF.

The results described above show little evidence that Pluronic
or Tetronic additives form complexes with proteins and
substantial evidence that they adsorb to the fluoropolymer−
liquid interface in DMF. The latter is consistent with literature
reports that Pluronics and Tetronics adsorb to hydrophobic
surfaces.68,69 DMF is unique in that this effect is presumably
transient during droplet translation, forming at a given spot
when a droplet first crosses it, and then disassembling rapidly as
the droplet leaves that (now-dry) spot behind; we propose that

SAF microscopy may be a useful technique to study this
presumption in the future. Regardless of the mechanism, these
findings are consistent with hypothesis (ii) from the
introduction�that Pluronic and Tetronic additives resist
fouling in DMF by forming a protective coating on device
surfaces, preventing protein adsorption.

■ CONCLUSIONS
We evaluated 19 Pluronic and Tetronic surfactants as additives
for reducing protein adsorption in digital microfluidics. Among
all of the surfactants tested, Pluronic P104 and P105, and
Tetronic 904 showed exceptional antifouling performance,
allowing for continuous actuation in DMF devices for over 2 h.
All of these surfactants have modest mass, PPO content of ≥50
units, PEO mass % ≤50%, and HLB value between 13 and 15.
Additional experiments relying on device longevity measure-
ments, intrinsic fluorescence, DLS, AF4-MLS, SAF microscopy,
AFM, and QCM-D measurements suggest that Pluronics and
Tetronics act to prevent surface fouling through forming a
protective layer at the fluoropolymer device surface, rather than
by forming surfactant−protein complexes.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c17317.

Figure 6. Surface adsorption measurements. Representative SAF images of (a) 30 μM fluorescein in 0.1% wt/wt T904 in DPBS and (b) 0.1% wt/wt 5-
DTAF labeled T904 in DPBS. Plots of mean supercritical fluorescence (SAF) emission of 30 μM fluorescein in 0.1% wt/wt unlabeled surfactant
(black) and 0.1% wt/wt 5-DTAF labeled surfactants (red) in (c) DPBS and in (d) 40 mg/mL BSA in DPBS on Teflon-AF-coated cover glasses. Error
bars are ± 1 std. dev. of for n = 5 replicate droplets per condition.
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Representative force−velocity plots (Figure S1), CMC
determination data (Figure S2), supercritical fluorescence
data (Figure S3), surfactant derivatization data (Figure
S4), calibration curves for quantification of surfactants
(Figure S5), calibration curve for quantification of
derivatized fraction of surfactants (Figure S6), represen-
tative atomic force microscopy images (Figure S7),
representative QCM-D data (Figure S8), comprehensive
device longevity test results (Table S1), conjugation
efficiency data (Table S2), supercritical fluorescence
intensity data (Table S3), and surface roughness data
(Table S4) (PDF)
Representative video clips (at 8× frame rate) of droplets
undergoing a device longevity test, including a fluid with
perfect longevity (fetal bovine serum with 0.35% wt/wt
T904, green), a fluid with poor longevity (fetal bovine
serum with 2.0% wt/wt L62, yellow), and a fluid that is
immobile (fetal bovine serum, red); food coloring dyes
were added to the droplets for visualization (Movie S1)
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