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ABSTRACT

Amplification and detection of nucleic acid sequences within integrated microsystems is routinely con-
ducted using the technique of droplet PCR, wherein the polymerase chain reaction (PCR) is performed
in microscale water-in-oil droplets (nanoliter to picoliter volumes). During droplet PCR, interactions at
the interface of the droplet tend to dominate. Specifically, adsorption of the polymerase at the droplet
interface leads to inefficient amplification. To reduce polymerase adsorption, surfactants such as the
silicone-based ABIL EM90 have been commonly used. However, these surfactants have been selected
largely through trial and error, and have been only somewhat effective. For example, when using ABIL
EM90, 8 times (8x ) the manufacturer prescribed concentration of polymerase was necessary for ampli-
fication. In this report, we use the pendant drop technique to measure adsorption and loss of enzyme at
droplet interfaces for various surfactant-oil combinations. Dynamic interfacial tension and surface pres-
sure measurements showed that significant polymerase adsorption occurs when using ABIL EM90. In
contrast, much lower polymerase adsorption is observed when using Brij L4, a nonionic surfactant with
a Cq tail and an oxyethylene headgroup, which has not yet been reported for droplet PCR. These results
correlate strongly with droplet PCR efficiency. Brij L4 enables highly efficient PCR at 2x polymerase con-
centration, and still enables effective PCR at 1x polymerase concentration. Overall, this work introduces
a methodology for quantitatively assessing surfactants for use with droplet microreactors, and it demon-
strates the practical value of this new approach by identifying a surfactant that can dramatically improve
the efficiency of droplet PCR.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

been achieved with integrated heaters, where 40 thermal cycles
have been conducted in under 6 min [6].

Polymerase chain reaction (PCR) is a powerful biochemical tech-
nique to amplify, quantify, and identify specific genes related to
cancers [1], infectious diseases [2], forensics [3,4], and hereditary
disorders [5]. Bulk PCR, which is commonly performed in cen-
tral lab environments, involves the thermal cycling of 20-50 pL
of aqueous solutions in well plates. The process, including sample
preparation, takes several hours and requires a number of manual
steps. The duration of PCR from sample preparation to DNA analysis
can be reduced by integrating laboratory functions in micro total
analysis systems. An important and widely used element of these
systems is the droplet PCR component. Ultrafast droplet PCR has
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Droplet PCR uses microfluidic techniques to apportion PCR reac-
tion mixtures into aqueous droplets (“microreactors”) surrounded
by an oil phase. Typically droplets are in the micrometer size range
and their volumes range from nanoliters to picoliters. At the larger
size range, DNA is quantified using a cycle threshold calibration
curve. In comparison, for picoliter droplets, DNA is absolutely quan-
tified using a popular variation of PCR termed digital PCR. The initial
average DNA copy number per droplet in digital PCR is less than 1,
implying a Poisson distribution with either 0 copies or 1 copy in
most droplets [7]. After thermal cycling, only droplets containing
the target DNA fluoresce. The number of fluorescent droplets is then
counted to quantify the amount of target DNA via Poisson statistics.
Digital PCR has been shown to quantify extremely rare targets, such
as HIV DNA in infected patients undergoing effective treatment [2].

Though impactful, droplet PCR is in need of technical improve-
ment. Microreactors less than microliters in volume are dominated
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Fig. 1. Structure of the surfactants used in this study. (A) ABIL EM90,
a silicone-based surfactant where R is an n-alkyl chain and PE is
—(CHz)3—0—(C2H40)y—(C3HgO)y—H. (B) Brij L4, a nonionic surfactant with
a headgroup composed of 4 oxyethylene units and an n-dodecyl tail.

by surface effects [8]. The increase in surface area relative to
the volume of the droplet is advantageous for rapid heat trans-
fer. However, adsorption of proteins to the water-oil interfaces
hinders droplet PCR. Specifically, Taq polymerase (Taq Pol), an
enzyme derived from thermophilic bacteria, is used in PCR to cat-
alyze the reaction. Taq Pol is a relatively hydrophobic enzyme and
thus is especially prone to adsorption at interfaces. The aliphatic
index characterizes the relative hydrophobic volume of a protein
and, in general, thermophilic bacterial proteins have large relative
hydrophobic volumes to aid in structural stability at high temper-
atures [9]. The aliphatic index of Taq Pol is 98.6; in comparison,
the aliphatic index of bovine serum albumin (BSA), a protein com-
monly used in molecular biology techniques, is 76.1. Indeed, Taq Pol
isincredibly stable; even at DNA melting temperatures of 95 °C, the
half-life of Taq Pol is 45-50 min [10].

Several techniques have been reported in the literature to over-
come Taq Pol adsorption in microfluidic droplets. One obvious
method is to increase the Taq Pol concentration to replace adsorbed
enzyme [8]. However, this is a wasteful approach and has been
shown to require up to 7 times (7 x ) the Taq Pol needed for bulk PCR
[11]. Another easy and popular method is to increase the amount of
surfactant used in the system [12]. While surfactants are needed to
stabilize the water droplets in oil, they can also competitively bind
to the interface and thus reduce Taq Pol adsorption (although exces-
sive surfactant can inhibit PCR). Similarly, inactive proteins like BSA
may be included in the PCR mixture to competitively bind to the
interface. Usually, both methods are employed simultaneously. For
example, one protocol calls for the PCR aqueous phase to be sup-
plemented with 0.5 g/L of BSA and the mineral oil phase with 2 vol%
ABILEMO90 [13]. Alternatively, fluorinated oils and surfactants have
been used with Taq Pol at room temperature to create droplets for
digital PCR [5]. However, this requires fluorocarbon specialty chem-
icals, which increases costs and concerns for the environment. A
system that relies on a cheap and widely available oil phase, such
as mineral oil, would be preferred.

In this report, we focus on the use of surfactants to prevent the
adsorption and loss of polymerase in droplet PCR. Previous studies
with droplet PCR that have investigated the type and concentra-
tion of surfactant have mostly relied on trial and error. Here, we
establish the use of the pendant drop technique for quantitative
assessment and comparison of surfactants in droplet PCR [14,15].
In this technique, an aqueous drop is suspended in oil at the tip of
a syringe. The geometry of the drop determines the interfacial ten-
sion. By performing the pendant drop test with an aqueous drop of
Taq Pol suspended in mineral oil containing surfactant, we measure
the adsorption of enzyme and/or surfactant at the droplet interface
[16-18].

Thus, this simple test can assess the capability of a surfactant
to inhibit the adsorption of Taq Pol. Among the surfactants, we

Fig. 2. Measurement of interfacial tension between water and oil from the shape of
a pendant droplet. The photograph shows an aqueous droplet (diameter ~1-5 mm)
hanging from a needle in a solution of mineral oil. Droplet width is measured at two
points, as shown: the largest equatorial width D,, and the width Ds at a distance of
D, from the tip. The interfacial tension is correlated with D, and D using Eq. (1).

have specifically examined ABIL EM90, a silicone-based surfactant
(Fig. 1a) which is commonly used for droplet PCR [19]. Our stud-
ies show that ABIL EM90 is unable to prevent significant Taq Pol
adsorption and loss. On the other hand, as an alternative, we have
identified a simple, inexpensive surfactant, Brij L4 (Fig. 1b), which
has an alkyl tail attached to an oxyethylene head group. Brij L4
ensures negligible adsorption of Taq Pol at the droplet interface. In
turn, when PCR is conducted in picoliter droplets in the presence
of Brij L4, fewer cycles and less Taq Pol are needed to reach the flu-
orescence threshold compared to the case of ABIL EM90. Brij L4 is
thus a superior alternative for droplet PCR. To our knowledge, this
is the first report of Brij L4 for this purpose.

2. Materials and methods
2.1. Interfacial tension measurement

Interfacial tension measurements were taken using a dynamic
pendant drop technique. An aqueous drop with an initially clean
interface is formed in oil. As time proceeds, enzyme and/or sur-
factants adsorb at the interface, lowering the interfacial tension
until the equilibrium interfacial tension is achieved. Transient drop
shape factors were determined from images by measuring in mil-
limeters the largest width of the drop D, and the width of the drop
Dy at a distance equal to D, from the bottom of the drop (Fig. 2).
These were empirically correlated to the interfacial tension y in
dynes per centimeter using Eq. (1), where g is the acceleration due
to gravity in meters per second squared, and A p is the difference in
density between the water and oil phases in kilograms per meter
cubed [20].

y = 3~17gA,0D;0-08D52-08 0

Stock solutions of 1.5% (w/w) ABIL EM90 (Evonik Industries) and
0.5% (w/w) Brij L4 (Sigma-Aldrich) in mineral oil (light oil, BioRe-
agent, suitable for mouse embryo cell culture, Sigma Aldrich) were
stored at room temperature. The ABIL EM90 concentration was
chosen based on previous studies [13]. The Brij L4 concentration
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was the highest that allowed for sufficiently sized droplets that
would not detach from the needle tip over an hour. Aqueous solu-
tions of Taq Pol (BioRad) consisting of 20 mM Tris HCI, 50 mM KCl,
and 1.5 mM MgCl, were made the day of experiments and stored
on ice. The concentration of Taq Pol in the aqueous droplet phase
ranged from O to 8x, where 1x was 0.025 U/uL (the concentration
prescribed by the manufacturer for a 50 pL reaction).

Mineral oil solutions were preheated and maintained at 55°C
with a water bath during all experiments to obtain measure-
ments at relevant elevated PCR temperatures (higher temperatures
caused observable bubble formation in the water bath, which
obscured the droplet). The density of mineral oil at 55 °C was mea-
sured tobe 0.806 + 0.005 g/mL. The density of the aqueous solutions
was taken to be 0.986 g/mL, the density of water at 55°C [21]. The
viscosity of the light mineral oil at 55°C was measured using an
Advanced Rheometer 2000 thermally controlled cone-and-plate
rheometer and found to be 9.2 mPas.

Hanging aqueous droplets were formed in mineral oil solutions
at the tip of either 16, 18, or 26 gauge syringe needles to form
the largest non-spherical droplets that would not pinch off. No
difference was seen in y with different sized needles. Syringes
were rinsed thoroughly with ultrapure deionized water and dried
with nitrogen between experiments. Interfacial tensions for each
time point were calculated from 5 images of the pendant droplet
acquired using a Pulnix TM-1405GE CCD camera. The images were
analyzed using Image] and Matlab software packages [22]. All
equipment was setup on a vibration isolation table to minimize
droplet movement, with the exception of the camera, which was
stabilized on a tripod. The apparatus and experimental details
are described elsewhere [22,23]. Each experimental condition was
observed for at least 1h and conducted in triplicate. The Bond
number, defined as Bo=ApgDe?[y, was greater than 0.48 for all
measured droplets, ensuring they were sufficiently non-spherical
to allow for accurate measurements [24]. The maximum error in y
at each time point was 0.1 dyn/cm and the maximum error from
drop to drop was 0.5 dyn/cm.

2.2. Real-time droplet PCR

To validate interfacial tension measurements, real-time PCR was
performed, in which the change in fluorescence of individual PCR
droplets was measured over each thermal cycle. The PCR mas-
ter mix consisted of 20mM Tris HCI, 50 mM KCl, 1.5 mM MgCls,
200 .M of each deoxynucleotide triphosphate (dNTP), 200 nM for-
ward and reverse primers (forward primer: ACA GAG TTC TTG AAG
TGG TGG; reverse primer: TGG TTT GTT TGC CGG GAT CAA), LC
Green (Biofire Diagnostics), and varying concentrations of Taq Pol.
The pUC19 (Thermo) plasmid served as the template for amplifica-
tion. LC Green as supplied was diluted by a factor of 10 in the master
mix. The initial concentration of pUC-19 was 5 x 10° copies/u.L.
Wells were fabricated by creating holes in 2.5mm thick cured
Sylgard 184 polydimethylsiloxane (PDMS, Dow Corning) using a
5 mm biopsy punch. Individual wells were separated and bonded
to cover glass slips; bonding of the PDMS to glass was performed
by spinning PDMS at 3000 rpm for 30s on the glass to form a thin
layer that served as an adhesive and as a hydrophobic bottom
surface. Droplets, 20 +2 pm in diameter (~4pL in volume) were
formed in PDMS microfluidic chips using a 20 wm square channel
flow focusing geometry (oil flow rate=10 pL/min; aqueous flow
rate=2 pL/min) and then captured in wells filled with mineral oil
solutions. Care was taken to capture single droplets in wells when
using Brij L4 as the surfactant due to droplet coalescence during
changes in temperature when thermal cycling. Wells were sealed
with cover glass slips before thermal cycling on an aluminum plate
heated and cooled with a Peltier.

Droplets were initially hot started at 95°C for 3 min and then
thermal cycled for 35 cycles. Each thermal cycle consisted of 30 s at
55°C for annealing, 30s at 72 °C for extension, and 30s at 95 °C for
melting. Real time amplification results were obtained after every
extension step by exciting droplets using a blue LED (Innovations
in Optics) with a Brightline 424-438 nm bandpass filter, while cap-
turing fluorescence emission with a CCD (Allied Vision) fitted with
a 67 mm working distance lens (Edmund Optics) and a high pass fil-
ter with a 475 nm cut-off (Omega Optical). The cycle threshold was
defined as the cycle where the fluorescence during extension of a
given cycle was greater than the fluorescence during the extension
of the first cycle by 10 standard deviations. Data was taken from at
least 3 droplets for each experimental condition.

2.3. Emulsion stability

Stable emulsions with Brij L4, a hydrophilic surfactant, were cre-
ated by modifying the hydrophile-lipophile balance (HLB) with the
addition of Span 80, a lipophilic surfactant. A ratio of 4:1 Span 80 to
Brij L4 is required to form stable water in mineral oil emulsions at
room temperature [25], though upon thermal cycling the emulsion
broke. To find the optimal surfactant concentrations, emulsions
with varying ratios of Span 80:Brij L4 in mineral oil were thermal
cycled and then inspected under magnification to verify stability.
A mixture of 5.0wt% Span 80 and 0.5 wt¥% Brij L4 formed stable
emulsions that withstood thermal cycles.

2.4. PCR for amplification factor determination

Emulsions of various mineral oil and surfactant mixtures with
PCR master mix were thermal cycled to validate interfacial tension
measurements with droplets in contact with one another. The PCR
master mix consisted of 20 mM Tris HCI, 50 mM KCl, 1.5 mM MgCl,,
200 uM of each dNTP, 200 nM forward and reverse primers (for-
ward primer: GTC TCA TGA GCG GAT TAC A; reverse primer: CTC
GTG ATA CGC CTATTT TT), SYBR Green I (Lonza), and 1x or 2x Taq
Pol. SYBR Green I as supplied was first diluted by a factor of 1000/3
in dimethylsulfoxide and then by a factor of 60 in the master mix.
The pUC19 plasmid was again used as the template. The initial con-
centration of pUC-19 was 5 x 10° copies/p.L. Mineral oil/surfactant
mixtures used to create emulsions included 5.0% Span 80 & 0.5% Brij
L4, 1.5% Span 80 & 0.5% Brij L4, and 1.5% ABIL EM90. PCR master mix
was apportioned into droplets with the oil mixtures as the contin-
uous phase as described in section 2.3. Droplets were directed into
plastic conical PCR tubes where 20 L of total droplet volume was
collected in 10 min. Bulk PCRs were amplified by layering 100 pL
of oil and surfactant mixtures on top of 20 L of PCR master mix in
plastic conical PCR tubes.

AMiniOpticon Real-Time PCR System (BioRad) was used to ther-
mal cycle bulk and emulsion PCR reactions. The thermal cycles
consisted of a 95 °C melt for 3 s followed by a 56 °C anneal for 30s.
The initial hot start was at 95°C for 3 min followed by 20 cycles.
Given a sufficient number of thermal cycles and active Taq Pol,
the amount of DNA amplified during a PCR will plateau to a con-
stant final amount of DNA regardless of the surfactant used. Thus
to better differentiate effects of various oil/surfactant mixtures, the
number of thermal cycles was chosen so that the amplification of
DNA in bulk reactions would not reach the exponential phase. Each
oil mixture and Taq Pol concentration was amplified in triplicate.

2.5. Oil extraction

The mineral oil/surfactant mixtures were separated from the
aqueous phase using a liquid-liquid extraction technique adapted
from Schaerli et al. [26]. First, emulsions were broken by centrifu-
gation at 13,000 x g for 5 min and then excess upper oil phases were



the latter value as ypg). Lastly, when the buffer with no Taq Pol is
contacted with oil containing 0.5 wt% of Brij L4, y is at 1.82 dyn/cm,
and is nearly constant with time (we denote this value as ygg).
The above dynamic measurements reflect the adsorption of
enzyme and surfactant at the droplet interface. As soon as the
droplet is formed, surfactant or enzyme molecules migrate to the
interface, causing the interfacial tension y to decrease relative to its
value without surface active molecules (i.e., ). For the case of Taq
Pol alone (no surfactant), the decrease in y from its initial to steady-
state value occurs quite slowly (over about 30 min). This shows that
Taq Pol adsorption at the interface continues well after droplet for-
mation. In comparison, when using ABIL EM90 (in the oil), y has a
lower initial value and also reaches its equilibrium faster (in about
10 min). In this case, the interface will initially have adsorbed sur-
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Fig. 3. Interfacial tension y at the water-oil interface as a function of time t for
various cases. At t=0, the aqueous drop is suspended in mineral oil. The green tri-
angles correspond to aqueous buffer (with no enzyme) in oil (with no surfactant).
The red triangles represent the case where the Taq Pol enzyme is in the buffer (at a
1x concentration) and there is no surfactant in the oil. Finally, data are shown for
two surfactants in the oil: 1.5wt% of ABIL EM90 (black circles) and 0.5 wt% Brij L4
(blue squares); in each case the buffer contains no enzyme. The surfactants reduce
y and the equilibrium is reached rapidly, especially in the case of Brij L4. Points are
averages of 3 trials. Error bars represent the standard deviation. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

removed. Next, the remaining oil was extracted twice by addition
of 0.5 mL of water-saturated diethyl ether, sample vortexing, and
upper organic phase disposal. Finally, the residual organic phase
was evaporated in a fume hood at room temperature for 10 min.

2.6. Amplification factor measurement

The amount of DNA amplified after 20 thermal cycles was quan-
tified using qPCR. The PCR reaction mixture consisted of iQ SYBR
Green Supermix (BioRad) diluted by a factor of two, 200 nM for-
ward and reverse primers (same as used in the amplification PCR),
and the amplified DNA samples diluted by a factor of 10,000/3. The
thermal cycle conditions were the same as the amplification PCR.

3. Results and discussion

3.1. Interfacial tension measurements for the study of Taq Pol
adsorption

In our pendant drop experiments, we suspended an aqueous
droplet in mineral oil at 55°C (this temperature is relevant to an
annealing step in a PCR thermal cycle). The interfacial tension of the
water-oil interface y was measured as a function of time. Typically,
y decreased with time, reaching an equilibrium within 45 min.
Fig. 3 shows plots of y(t) for various cases.

In the absence of surfactants or enzyme, y of the water-oil inter-
face has a value of 36.4 dyn/cm at equilibrium (we denote this as
¥0)- The decrease in y over time was not surprising because of pos-
sible surface active contamination in the mineral oil. In any case,
yo was used as a reference point to determine further adsorption
of surfactants or proteins. When either surfactant or enzyme is
present, y is much lower. Specifically, when 1x Taq Pol is present
in the aqueous phase and there is no surfactant in the oil, y is
15.3dyn/cm at t=0 and decreases to 9.6 dyn/cm at equilibrium.
On the other hand, when the buffer with no Taq Pol is contacted
with oil containing 1.5wt% of the silicone surfactant ABIL EM90,
y is 3.8dyn/cm at t=0 and 2.2 dyn/cm at equilibrium (we denote

factant, but it is evidently not saturated. The decrease in y with
time likely reflects additional adsorption of surfactant from the oil.
Lastly, when using Brij L4 (in the oil), we note that y reaches an
equilibrium very quickly (in <2 min), implying that the interface is
rapidly saturated with surfactant molecules.

The initial interfacial tension y of surfactant or protein systems
was very low compared to yg, thus the interface was under a high
surface pressure I1=yy-y. Adsorption to a high Il film is limited by
penetration to the interface, where there is a considerable surface
excess concentration of amphiphiles. The kinetics of adsorption at
liquid-liquid interfaces in the presence of excess amphiphile is usu-
ally interpreted in terms of the model of Ward and Tordai [27].
According to this model, for the case of adsorption limited kinetics,
the variation of the surface pressure Il with time is given by Eq.
(2):

dari

Pl kev - C-exp (— (2)

HAA)
o=

kgT

where kris the adsorption rate constant, v is the number of adsorb-
ing groups, Cis the bulk concentration of the amphiphile, AA is the
area created in the interfacial film to adsorb the species, and [TAA
is the work to create the area AAin a film under surface pressure IT.
The above equation assumes that the adsorption of the amphiphile
is irreversible and it can be rewritten in the following form:

drt AA
In (E) = In(kyv- €)= 2 (3)

Fig. 4 shows a plot of In(dI1/dt) as a function of IT for the case of
1x Taq Pol in the aqueous droplet and no surfactant in the oil. The
initial linear portion of the plot at low surface pressures is fitted to
Eq. (3) using a linear least squares fit. The slope of the line is pro-
portional to AA, which is the area occupied by a Taq Pol molecule
on the interface [14]. We calculate AA=4+ 1 nm?2. For comparison,
AA=2nm? for BSA, a much smaller protein. The significance of this
parameter is that if a space in the interfacial film of 4 nm? is cleared,
Taq Pol would still be able to migrate from solution and adsorb at
the interface.

Previously, Angione, et al., estimated adsorption of Taq Pol based
on diffusion limited adsorption theory and correlating production
of DNA to Taq Pol concentrations in bulk reactions [8]. Our results
indicate that the protein filmis under a high surface pressure I'l, and
therefore is not diffusion limited but kinetically limited. Further-
more, Angione, et al., determined that the area per molecule of Taq
Pol at the water-oil interface reasonably agreed with an estimate of
the radius of gyration of the polymerase in a denatured conforma-
tion (116 A). However our interfacial tension data suggests that Taq
Pol could further adsorb between gaps in the film that are smaller
than the enzyme in size (native radius of gyration=38.3 A). This
minimal area required for adsorption is likely due to the enzyme’s
large hydrophobic content. Only a small hydrophobic portion of
Taq Pol is necessary to interact with the interface for the enzyme
to irreversibly adsorb.




K.R. Pandit et al. / Colloids and Surfaces B: Biointerfaces 126 (2015) 489-495 493

oL
[ J
g ) -—
S [
c 2
- [ o
[ Y o
-3+ [ J ‘.
4 1 1 1 I
20 22 24 26 28

Surface Pressure (dyn/cm)

Fig. 4. Dynamics of Taq Pol adsorption to the water-oil interface in the absence of
surfactant. The y(t) from Fig. 2 (red triangles) is replotted in terms of the surface
pressure IT=yo-y, where y is the interfacial tension at steady state of a bare inter-
face. The plot above is a semilog plot of dIT/dt vs. I1(t), as suggested by Eq. (3). A
straight line fit to the initial linear region at low I yields the value of AA, which is
the area occupied by Taq Pol at the interface.

Next, we proceeded to measure the interfacial tension y vs. time
for different concentrations of Taq Pol in the aqueous phase and
1.5wt% ABIL EM90 in the oil phase. Fig. 5a plots (yao-y) for repre-
sentative polymerase concentrations (data at other concentrations
is shown in the Supplementary data, Fig. S1). Note that y¢ is the
equilibrium interfacial tension for mineral oil with 1.5 wt% ABIL
EM90 in contact with aqueous buffer (as measured in Fig. 3). At
low Taq Pol (0.1x)and moderate Taq Pol (1.4x), y(t) shows a mono-
tonic behavior, and equilibrium is reached within 20 min. When the
polymerase concentration was greater than or equal to 2 x, a non-
monotonic trend was seen, as indicated in Fig. 5a for the case of
8x Taq Pol. Here, the function initially shows an overshoot from
its initial value before decreasing to a steady-state within about
20 min. The overshootis likely due to the displacement of surfactant
molecules from the interface by protein.

Similarly, we measured the interfacial tension y vs. time for var-
ious concentrations of Taq Pol in the aqueous phase and 0.5 wt% Brij
L4 in the oil phase. Plots of (ygo-y) for representative protein con-
centrations are shown in Fig. 5b (data at other concentrations is
shown in the Supplementary data, Fig. S2). Note that ypg is the
steady-state interfacial tension for mineral oil with 0.5 wt% Brij
L4 in contact with buffer (as measured in Fig. 3). The plots are all
nearly flat, i.e., the interfacial tension is nearly constant over time
at all polymerase concentrations. This suggests that the interface
is rapidly saturated with Brij L4 and that the Taq Pol does not dis-
place the surfactant from the interface. In other words, Brij L4 is
able to prevent the adsorption of polymerase over the course of
our experiments.

The surface pressure I1s at equilibrium as a function of Taq Pol
concentration is shown in Fig. 6 for both surfactants (i.e., these
are the equilibrium data from Figs. 5, S1, and S2). When 1.5% of
ABIL EM90 is in the oil, ITs increases with polymerase concentra-
tion before leveling out. This indicates that both Taq Pol and ABIL
EM90 adsorb at the interface. It is only when 4 x Taq Pol is in solu-
tion that the interface is fully saturated at I1g =35.2 dyn/cm. These
results are in sharp contrast to the case when 0.5% Brij L4 is present
in the oil; ITs is constant at 3.6 dyn/cm over all polymerase con-
centrations. In other words, Brij L4 rapidly saturates the water-oil
interface and thus prevents significant adsorption of the enzyme.
These results suggest that Brij L4 is likely to be a better surfac-
tant for droplet PCR than ABIL EM90. It should be noted that the
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Fig. 5. Interfacial tension as a function of time t with surfactant in the oil phase and
protein in the aqueous phase. (a) 1.5 wt% ABIL EM90 in the oil phase and various
concentrations of Taq Pol in the aqueous phase. The data is plotted as the deviation
from the steady state interfacial tension yao for mineral oil with 1.5 wt% ABIL EM90
in contact with buffer (from Fig. 3). In all cases, a steady state is reached within
about 20 min. (b) 0.5 wt% Brij L4 in the oil phase and various concentrations (same
as in (a)) for Taq Pol in the aqueous phase. In this case the data is plotted as the
deviation from the steady state interfacial tension ygo for mineral oil with 0.5 wt%
Brij L4 in contact with buffer (from Fig. 3). The steady state is reached immediately
in all cases.

droplet size in the pendant drop measurements is in the millime-
ter range (volumes in the microliters). If the droplets are instead in
the microscale range of diameters (picoliter volumes), the surface-
to-volume ratios would be even higher and therefore even at 4x
Taq Pol, much of the enzyme could be adsorbed at the interface
and thereby rendered non-functional.

3.2. Real-time droplet PCR validation

To examine whether Brij L4 is indeed a superior surfactant for
PCR, we performed droplet PCR with droplets of 20 wm diameter
(~4 pL volume). Aqueous droplets containing the pUC-19 plasmid,
Taq Pol, and the rest of the components of the PCR master mix were
captured in wells filled with mineral oil containing dissolved sur-
factant (ABIL EM90 or Brij L4). At this droplet size, the number of
initial copies of pUC-19 per droplet varies probabilistically with an
average of 20 initial plasmids. Droplets were thermal cycled (as
described above), and fluorescence from the droplets was mea-
sured in real-time. When the PCR was successful, all observed
droplets amplified. In each cycle of PCR, primers hybridize to
template DNA to form a partially double stranded segment and
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Fig. 6. Influence of surfactants on Taq Pol adsorption, measured for different poly-
merase concentrations. The surface pressure Ils at equilibrium is shown as a
function of polymerase concentration (denoted by the multiple x, where 1x is
0.025 U/pL) for the two different surfactants, 1.5 wt% ABIL EM90 (black) and 0.5 wt%
Brij L4 (blue). In the case of ABIL EM90, ITs increases with Taq Pol, indicating that
both the surfactant and the enzyme adsorb at the interface. In the case of Brij L4,
I1s is independent of Taq Pol, indicating that the surfactant saturates the interface,
thereby minimizing adsorption of the enzyme. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

are subsequently extended by Taq Pol. If the PCR is efficient, all
bound primers are extended every cycle and the copies of ampli-
cons roughly double over each cycle. This is achieved if sufficient
active polymerase is in solution to catalyze the extension of bound
primers. An excess of Taq Pol would have no effect on the cycle
threshold, whereas a depletion of Taq Pol would decrease the cycle
efficiency of PCR and thus increase the cycle threshold.

Fig. 7 shows the cycle threshold for droplet PCR as a function
of Taq Pol for the two surfactants under study (real-time data is
presented in the Supplementary Material in Fig. S3). The results
confirm that the PCR cycle efficiency is significantly better when
0.5 wt% Brij L4 is used than when 1.5 wt% ABIL EM90 is used. Using
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(]
& 20t
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Fig. 7. Cycle threshold during droplet PCR for various Taq Pol concentrations and
in the presence of surfactant. The data show that efficient PCR can be accomplished
when 0.5% Brij L4 (blue) is used in the oil phase. For Taq Pol concentrations from as
little as 2x to 8x, only ~7 cycles are necessary to reach the threshold. In compari-
son, with 1.5 wt% ABIL EM90 as the surfactant (black), PCR could not be performed
with less than 8x Taq Pol, and even for that case, more cycles (~16) were needed.
The inset shows raw images of a 20 wm diameter droplet revealing the increase in
fluorescence from the initial cycle to the 7th cycle using 2x Taq Pol and 0.5% Brij
L4. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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1.5% ABILEM90 and 8 x Taq Pol, 16 + 2 cycles are necessary to reach
the fluorescence threshold. In contrast, with 0.5% Brij L4, and at the
same polymerase concentration, only 7 £+ 1.5 cycles are required
to reach the same threshold. Furthermore, PCR with ABIL EM90
could not be conducted to an appreciable level using less than 8x
Taq Pol. On the contrary, when Brij L4 is present, efficient PCR was
achieved with polymerase concentrations as low as 2x, with the
threshold in this case being 7 +1.5 cycles as well. Even with 1x
Taq Pol and with Brij L4, PCR could be performed, but 21 45 cycles
were necessary to reach the fluorescence threshold. Thus, when the
enzyme concentration is very low, a fraction of it may still be lost
due to competitive adsorption, though a significant amount of Taq
Pol was still in solution that allowed for successful PCR. However,
it is sufficient to use 2 x Taq Pol to completely overcome any such
losses due to adsorption.

Overall, we can conclude that using 0.5% Brij L4 significantly
eliminates Taq Pol adsorption, as predicted by the pendant droplet
and as validated by droplet PCR, as Brij L4 allows a 4-fold reduc-
tion (from 8x to 2x) in the Taq Pol necessary for efficient PCR.
Furthermore, with 2 x Taq Pol, the use of Brij L4 enables the fluores-
cence threshold to be reached in about half as many thermal cycles
as compared to ABIL EM90 with 8x Taq Pol. Finally, successful
PCR with Brij L4 also confirms that surfactant was not appreciably
degraded during thermal cycling.

3.3. Emulsion PCR amplification factor validation

The above work demonstrated that Brij L4 was highly effective
at preventing Taq Pol adsorption at the droplet interface, it was
noted that care was required to prevent coalescence when using
Brij L4. While many microfluidic droplet systems maintain control
over the droplets such that coalescence is not an issue [28], some
droplet PCR systems, including emulsion PCR, are subject to coales-
cence. We found that stable water-in-mineral-oil emulsions at PCR
temperatures with 0.5% Brij L4 required the addition of 5.0% Span
80 to achieve stability. We compared this oil and surfactant mix-
ture with 1.5% ABIL EM90, 1.5% Span 80 & 0.5% Brij L4, and bulk
PCR by measuring the amplification factor after 20 thermal cycles
using 1x Taq Pol in the aqueous phase (Fig. 8). Amplification fac-
tors of bulk PCRs were measured to be independent of the upper
phase oil mixtures. An emulsion with 5% Span 80 in addition to
0.5% Brij L4 amplified about 3 orders of magnitude more DNA than
bulk PCR. The droplet amplification was much more efficient due
to the presence of nonionic surfactants, which stabilize and stim-
ulate polymerase activity [29]. However, this increase in efficiency
would only be possible with significant enzyme in solution. On the
other hand the emulsion with 1.5% ABIL EM90 amplified about as
much DNA as the bulk reaction. The 1.5% Span 80 and 0.5% Brij L4
emulsions broke whilst thermal cycling, thus amplification factors
similar to bulk PCR were recorded.

Although 1.5% ABIL EM90 amplified about as much DNA as bulk
PCR, our interfacial tension measurements and real-time droplet
PCR results indicated that the amplification factor should be much
less than bulk conditions. After we verified that the emulsion did
not break during thermal cycling, we investigated the matter fur-
ther by thermal cycling the emulsion for 35 cycles and comparing
it to a bulk reaction. The amplification factor of the emulsion and
bulk reactions after 35 cycles was 500 and 10°6 respectively. Thus
the 1.5% ABIL EM90 emulsion PCR was severely inhibited by a lack
of functional Taq Pol in solution as suggested by our results in the
previous sections. The lack of active Taq Pol was balanced with
the increase in activity by a nonionic surfactant, which enabled the
amplification factor at 20 cycles of the emulsion to be similar to the
bulk.

The exponential increase in pUC19 product after 20 cycles using
5% Span 80 & 0.5% Brij L4 with as little as 1x Taq Pol indicated
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Fig. 8. Amplification factor of various emulsion PCRs with 1x Taq Pol. Amplification
factor = copies of pUC19 product amplified after 20 thermal cycles/initial copies of
pUC19. The green line provides a bulk PCR reference, which was independent of the
different overlaid oil/surfactant mixtures. The 1.5% Span 80 & 0.5% Brij L4 emulsion
(blue bar) was stable at room temperature but broke upon thermal cycling. Therefore,
the amplification factor was similar to bulk PCR. The 1.5% ABILEM90 emulsion (black
bar), also had amplification factors similar to bulk PCR. When the PCR was extended
to 35 cycles with 1.5% ABIL EM90 (gray bar), the amplification factor increased.
However, the amount of DNA amplified was 3 orders of magnitude less than the
bulk at 35 cycles. Amplification factors of 5.0% Span 80 & 0.5% Brij L4 (red bars),
were about 3 orders of magnitude greater than that of bulk PCR. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

that a sufficiently large amount of active Taq Pol is blocked from
the water-oil interface. However, our real-time droplet PCR results
indicated 1x Taq Pol inefficiently amplified DNA. This discrepancy
was probably due to more optimal thermal cycles in the emul-
sion PCR, which was performed in a PCR plate on a commercial
thermal cycler instead of a custom-made system for microde-
vices. Furthermore, we believe the superior performance of this
oil/surfactant mixture was attributed to the immediate saturation
of the oil-water interface mostly by Brij L4 rather than Span 80.
Without Brij L4, the 5 wt% Span 80 mineral oil emulsion broke dur-
ing thermal cycling. The addition of a small amount of Brij L4, which
stabilizes the droplet, suggested a large fraction of the interface was
made up of Brij L4 to balance the Span 80. Additionally, although a
large amount of Span 80 was required, it is a lipophilic surfactant.
Thus much of the surfactant likely formed micelles in the oil phase
which would slow adsorption of the Span 80 to oil-water interfaces
[30].

In summary, the stable PCR emulsion with Brij L4 amplified
orders of magnitude more DNA than the ABIL EM90 emulsion using
only 1x Taq Pol. This is consistent with the surface tension mea-
surements in Section 3.1 and validates the droplet PCR results of
Section 3.2. Furthermore, this demonstration proved that droplet
PCR with standard Taq Pol concentration is feasible with mineral
oil, as opposed to fluorinated oils and surfactants, as done commer-
cially today.

4. Conclusions

We have shown that the commercially available nonionic sur-
factant Brij L4 greatly enhances the efficiency of droplet PCR
compared to a surfactant that is commonly used for this purpose,
ABIL EM90. The superior effectiveness of Brij L4 is demonstrated
by measurements of the water-oil interfacial tension using the
pendant drop technique. When 0.5% Brij L4 is present in the oil,
it rapidly migrates to and saturates the water-oil interface, in turn
greatly inhibiting the adsorption of the Taq Pol enzyme from the
water droplet to the same interface. In comparison, ABILEM90 com-
petes with the Taq Pol for the interface, and considerable enzyme

is thus lost due to interfacial adsorption. These differences predict
the performance of the surfactants in PCR experiments with pico-
liter droplets. Efficient DNA amplification is achieved in droplets
coated with Brij L4 using standard concentrations of Taq Pol (as
little as 1x or 2x Taq Pol relative to its standard concentration
for bulk PCR). In contrast, 8x Taq Pol is needed to reach the cycle
threshold in the case of ABIL EM90, and the threshold cycle num-
ber was significantly higher than that of Brij L4 with 2 x Taq (16 vs.
7). Furthermore, stable Brij L4 emulsions akin to digital PCR meth-
ods were demonstrated and amplified 3 orders of magnitude more
DNA than ABIL EM90 emulsions using standard concentrations of
Taq Pol. Given that the cost of polymerase is ~106 times that of Brij
L4, a reduction in Taq Pol by a factor of 4 or more corresponds to at
least an 80% reduction in material costs.
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Figure S1. Interfacial tension as a function of time with 1.5 wt% ABIL EM90 in the oil phase

and increasing Taq Pol concentration in the aqueous phase. The interfacial tension is plotted as

the deviation from the equilibrium interfacial tension between buffer and an oil phase with 1.5
wt% ABIL EM90, (ya0 — 7).
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Figure S2. Interfacial tension as a function of time with 0.5 wt% Brij L4 in the oil phase and
increasing Taqg Pol concentration in the aqueous phase. The interfacial tension is plotted as the
deviation from the equilibrium interfacial tension between buffer and an oil phase with 0.5 wt%
Brij L4, (yg0— 7).



260
240+
220+
200+
180+

RFU

160+
140+
120+

100 7

80 : : : : : : :
0 5 10 18 20 25 30 35
Cycle
Figure S3. Raw fluorescence of droplets imaged during the extension step (72 °C) of a thermal
cycle. The cycle threshold was determined as the cycle where the fluorescence was 10 times the
standard deviation of the initial cycle. Amplification curves of 0.5 % Brij L4 (solid lines) and 1x

(black), 2X (blue), 4X (green), and 8X (red) Taq Pol are shown. Droplets with 1.5 % ABIL
EMO90 only amplified with 8X Taq Pol (dotted red).
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