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ABSTRACT

Bias and background issues make efficient amplification of complex template mixes such as aptamer and genomic DNA
libraries via conventional PCR methods difficult; emulsion PCR is being increasingly used in such scenarios to circumvent
these problems. However, before products generated via emulsion PCR can be used in downstream workflows, they
need to be recovered from the water-in-oil emulsion. Often, emulsions are broken following amplification using volatile
organic solvents, and product is subsequently isolated via precipitation. Unfortunately, the use of such solvents requires
the implementation of special environmental controls, and the yield and purity of DNA isolated by precipitation can be
highly variable. Here, we describe the optimization of a simple protocol which can be used to recover products following
emulsion PCR using a 2-butanol extraction and subsequent DNA isolation via a commercially available clean-up kit.
This protocol avoids the use of volatile solvents and precipitation steps, and we demonstrate that it can be used to reli-
ably recover DNA from water-in-oil emulsions with efficiencies as high as 90%. Furthermore, we illustrate the practical
applicability of this protocol by demonstrating how it can be implemented to recover a complex random aptamer library

following amplification via emulsion PCR.
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INTRODUCTION

Amplification of complex mixes of templates such as aptamer and ge-
nomic DNA libraries via conventional PCR methods is difficult. Differences
in fragment length and GC content can lead to preferential amplification
of some templates over others [1], while high rates of unintended recom-
bination events between homologous sequences can generate high levels
of artifactual products [2]. For example, when amplifying random aptamer
libraries via conventional PCR methods, Musheev et al. reported that a
majority of the product generated is comprised of background artifacts
after as few as 15 cycles [3].

One way to address these problems is by segregating individual frag-
ments into isolated reaction compartments through generation of a water-
in-oil emulsion [4]. This method, known as emulsion PCR (ePCR), can
dramatically reduce amplification bias and background issues [5], and
is being increasingly used for amplification of aptamer libraries during
systematic evolution of ligands by exponential enrichment (SELEX)
experiments [6], as well as DNA and ¢cDNA libraries prior to next gen-
eration sequencing [7].

Before PCR products generated via ePCR can be used in downstream
workflows, they need to be recovered from the water-in-oil emulsion.
Often, emulsions are broken following amplification using volatile and
highly flammable organic solvents such as diethyl ether, and product is
subsequently isolated via precipitation [4-6,8,9]. However, the use of such
solvents requires the implementation of special environmental controls, and
the yield and purity of DNA isolated by precipitation can be highly variable.

Schutze et al. previously reported that water-in-oil emulsions can be
broken using butanol, a relatively benign alcohol, and products recovered
via phase separation [ 10]. However, no detailed methodology was reported.
Thus, our aim was to develop and optimize a simple butanol extraction
procedure for recovery of DNA products following ePCR. In our resultant
protocol, 2-butanol is added to break emulsions, water is added to provide
an aqueous medium for phase transfer, phase separation is performed via
centrifugation, and DNA is isolated from the resultant aqueous phase via
a commercially available PCR clean-up kit (Fig. 1). Here, we describe
the experimental optimization of this protocol, as well as detailed step-
by-step instructions for the final version so it can be implemented by
other research groups.
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Figure 1. Method for recovering products following emulsion PCR using 2-butanol extraction. Following amplification, 2-butanol is added to break
water-in-oil emulsions. An additional volume of water is added to provide an aqueous medium for phase transfer, and phase separation is performed via
centrifugation. The resultant upper organic phase is discarded, and DNA is isolated from the lower aqueous phase using a commercially available spin

column-based DNA clean-up kit.

MATERIALS AND METHODS

Conventional and emulsion PCR

For emulsion PCR, 100 pl aqueous phases containing 200 uM
DNTPs (New England BioLabs, Ipswich, MA), 10 mM Tris-HCI, 50
mM KCI, 1.5 mM MgCl, (10x Standard Taq Buffer, New England
BioLabs), 2.5 Units of Taqg DNA Polymerase (New England BioLabs),
0.01 mg/ml acetylated bovine serum albumin (Promega, Madison, W1),
2 uM forward primer, 2 uM reverse primer, and 10° copies of template
were assembled in ultrapure H,O on ice. In a 4°C cold room, aqueous
phases were mixed with 200 pl of an ice-cold oil surfactant comprised
of 73% Tegosoft DEC (Evonik, Birmingham, AL), 20% light mineral
oil (Sigma Aldrich, St. Louis, MO), and 5% Abil WE 09 (Evonik, Bir-
mingham, AL) in 0.5 ml thin-wall PCR tubes for 5 min at full speed on
a benchtop vortex outfitted with a tube holder to generate emulsions.
Emulsified reactions were then thermal cycled for 30 cycles of 60 s at
95°C, 60 s at 55°C, and 60 s at 72°C using a thermocycler capable of
accommodating 0.5 ml tubes (Ericomp PowerBlock II, Ericomp, San
Diego, CA). Conventional PCR reactions were assembled and thermal
cycled in an identical manner, but not emulsified in oil surfactant.
Concentrations of BSA, template, and the number of thermal cycles
were chosen based on preliminary titration experiments (Fig. S1-S3).

Random aptamer library was comprised of a mix of 84 base templates
all containing a 40 base variable region flanked by constant 22 base prim-
ing sites (TriLink Biotechnology, San Diego, CA). It was amplified via
the following primers: Forward 5’ TAGGGAAGAGAAGGACATATGAT
3’, Reverse 5’ TCAAGTGGTCATGTACTAGTCAA 3. Anti-platelet
derived growth factor aptamer template (synthesized by Invitrogen,
Carlsbad, CA) contained the following 40 base binding sequence: 5’
CACAGGCTACGGCACGTAGAGCATCACCATGATCCTGTGT 3°,
flanked by identical priming sites as the random aptamer library, and
was amplified using the same primers.

Mock ePCR reactions
Mock ePCR reactions containing amplified anti-platelet derived
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growth factor aptamer were generated by emulsifying 50 or 100 pl
conventional PCR reactions after thermocycling was complete using
the water-in-oil emulsion technique described above.

Mock ePCR reactions containing 50 bp ladder were generated by
assembling a 100 ul aqueous phase containing identical PCR reagents
as true reactions along with 6 pg of ladder (New England BioLabs).
Aqueous phases were emulsified using the water-in-oil emulsion tech-
nique described above.

Phase separation

One thousand microliter of 2-butanol (Acros Organics, Waltham,
MA) was added to water-in-oil emulsions, and they were vortexed
vigorously for 60 s. Either 250, 200, 150, or 100 pl of H,0 was added,
and samples were mixed for 5 min by inversion. Samples were then
centrifuged for 2 min at 20000 x g to separate phases. For experiments
aimed at determining aqueous phase volume, the lower aqueous phase
was pipetted out from under the upper organic phase, and volume were
determined by mass using an analytical balance (Mettler-Toldeo, Co-
lumbus, OH). For experiments aimed at recovery of DNA products, a
majority of the upper organic phase was removed and discarded, leaving
a small buffer layer of organic phase (roughly 50 pl), any interphase
present, and the aqueous lower phase, from which DNA was isolated.

DNA isolation

DNA was isolated from aqueous phases following phase separation
using four different commercially available PCR clean-up kits (Table 1).

For isolation using the Qiagen QIAquick Nucleotide Removal Kit
(Qiagen, Germantown, MD), 1000 pl of Buffer PNI was added to the
aqueous phase and mixed by vortexing for 60 s. 600 pl of sample was
added to spin columns and spun at 5000 x g for 30 s to bind DNA.
Flow through was discarded, and the remaining sample volume was
added to the columns and spun again at 5000 x g for 30 s. Columns
were then washed with 650 pl of Buffer PE by spinning for 5000 x g
for 30 s. Columns were dried by spinning for an additional 3 min at
20000 x g. Columns were eluted in 100 pl of 70°C ultra-pure H,O by
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spinning for 1 min at 20000 x g.

For isolation using the Qiagen QIAquick Gel Extraction Kit, 300 ul
of Buffer QG and 100 pl of isopropanol (Fisher Scientific, Hampton,
NH) were added to the aqueous phase and mixed by vortexing for 60 s.
Samples were added to spin columns and spun at 5000 x g for 30 s to
bind DNA. Columns were washed with 650 pl of Buffer PE by spinning
for 5000 x g for 30 s. Columns were dried by spinning for an additional
3 min at 20000 x g. Columns were eluted in 100 pl of 70°C ultra-pure
H,O by spinning for 1 min at 20000 x g.

For isolation using the EURx GeneMatrix PCR Clean-up Kit (EURx,
Gdansk, Poland), 400 pl of Buffer Orange DX was added to the ageous
phase and mixed by vortexing for 60 s. Samples were added to spin
columns and spun at 5000 x g for 30 s to bind DNA. Columns were
washed with 500 pl of Wash Buffer DX1 by spinning for 5000 x g
for 30 s. Columns were washed with 650 pl of Wash Buffer DX2 by
spinning for 5000 x g for 30 s. Columns were dried by spinning for an
additional 3 min at 20000 x g. Columns were eluted in 100 pl of 70°C
ultra-pure H,O by spinning for 1 min at 20000 x g.

For isolation using the Macherey-Nagel NucleoTraP PCR Clean-up
Kit (Macherey-Nagel, Bethlehem, PA), 400 pl of Buffer NT2 was added
to the aqueous phase and mixed by vortexing for 60 s. 10 pl of silica
suspension was added to samples and they were incubated for 10 min
at room temperature on a rotator to allow for DNA binding. Silica was
washed with 400 pl of Buffer NT2, and then 400 pl of buffer NT3, by
pelleting via centrifugation and resuspending by vortexing for 60s for
each wash. Silica was pelleted again, dried at 37°C for 10 min, and
resuspended in 100 pl of 70°C ultra-pure H,O. Samples were incubated
for 10 min at room temperature on a rotator to elute DNA, silica was
pelleted, and the DNA-containing H,O was collected. All centrifugation
steps were performed at 10000 x g for 60 s.

Agarose gel electrophoresis and densitometry mea-
surements

DNA products were run on either 2.0% or 2.5% agarose TAE gels
cast containing 0.5 pg/ml ethidium bromide. Gels were visualized via UV
light and imaged using a digital imaging system with saturation detection
(Life technologies). Band intensities were quantified via imageJ v 1.51
(National Institutes of Health, Bethesda, MD). In the case of absolute
quantification, the amount of DNA present in bands was determined
based on direct comparison to the ladder.

Statistics

All statistics were performed using R 2.14. #-test, one-way ANOVA, or
repeated measures one-way ANOVA was used for comparisons of means
where appropriate. The null hypothesis was rejected when £ <0.05. In the
case of multiple comparisons, P-values were adjusted via Bonferroni
correction. The parameters of all statistical tests performed are outlined
in detail within the figure legends.

RESULTS

Optimization of phase separation

Because most commercially available PCR clean-up kits have a
limited maximum input volume, we first wanted to determine the op-
timal volume of water to add during phase separation in order to yield
an aqueous phase volume amenable to downstream DNA isolation.
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To do this, 300 pl mock ePCR reactions were generated by emulsifying
an aqueous phase containing all standard PCR components with an oil
surfactant mix comprised of Tegosoft DEC, mineral oil, and Abil WE 09
at either a 1:2 or 1:5 aqueous to oil ratio (Fig. 2); these ratios were
specifically chosen because they represent the upper and lower ends
of compositions commonly used to generate emulsions for ePCR in
the literature. Mock ePCR reactions were then broken via the addition
of 1 ml of 2-butanol, and either 250, 200, 150, or 100 pl of water was
added to provide a medium for phase transfer. Samples were mixed and
then centrifuged to separate phases, and the volumes of the resultant
aqueous phases were determined by weighing.

Figure 2. Generation of water-in-oil emulsions. Representative light
micrograph of a Tegosoft-based water-in-oil emulsion generated with a
100 pl aqueous phase and 200 pl oil surfactant mix.

The addition of 250, 200, 150, and 100 pl of water to broken mock
ePCR reactions originally generated with 1:5 aqueous to oil ratios
yielded average recovered aqueous phases of 122 + 13.5, 66.6 + 7.4,
28.4 + 7.5, and 0 £ 0 ul, respectively. The addition of 250, 200, 150,
and 100 pl of water to broken mock ePCR reactions originally gener-
ated with 1:2 aqueous to oil ratios yielded average recovered aqueous
phases of 164.1+12.9,93.1 +8.1,49.7+ 6.9, and 0 + 0 ul, respectively
(Fig. 3). Because the maximum input volume for most commercially
available PCR clean up kits is 100 ul, we decided that the addition of
200 pl of water is likely suitable for most applications, as it should
yield an aqueous phase volume small enough for downstream DNA
isolation but still large enough to support efficient exchange of DNA
during phase transfer.

Benchmarking of PCR clean-up kits

Because residual 2-butanol could cause compatibility issues during
DNA isolation, we evaluated the potential suitability of four different
commercially available PCR clean-up kits for recovery of products fol-
lowing ePCR and 2-butanol extraction. The Qiagen QIAquick Nucletide
Removal Kit, Qiagen QIAquick Gel Extraction Kit, EURx geneMATRIX
PCR Clean-up Kit, and Macherey-Nagel NucleoTraP PCR Clean-up
Kit were selected for evaluation because they are widely available and
all use different binding buffer chemistries (Table 1).

First, in order to evaluate the isolation efficiency of each kit across
a broad range of potential PCR product sizes, 300 ul mock ePCR reac-
tions were generated by emulsifying a 100 ul aqueous phase containing
a 50-1300 bp DNA ladder and all standard PCR components with a
200 pl oil surfactant mix comprised of Tegosoft DEC, mineral oil, and
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Abil WE 09. Mock reactions were broken via the addition of 1 ml of
2-butanol, 200 pl of water was added to provide a medium for phase
transfer, phase separation was achieved via centrifugation, and DNA
was extracted from the resultant aqueous phases using each candidate

PCR clean-up kit. Recovered DNA from each kit was electrophoresed
via agarose gel, visualized, and quantified using densitometry to eval-
uate percent recovery.

Table 1. Commercially available DNA clean-up kits tested for recovery of products following butanol extraction.

Products Format

Binding buffer composition

Qiagen QlAquick Nucleotide Removal Kit (Kit 1)
Qiagen QlAquick Gel Extraction Kit (Kit 2)
EURx geneMATRIX PCR Clean-up Kit (Kit 3)

Silica spin column
Silica spin column

Silica spin column

Guanidinium chloride in isopropanol
Guanidine thiocyanate in Tris-HCI

Not available

Macherey-Nagel NucleoTraP PCR Clean-up Kit (Kit 4) Silica slurry Sodium perchlorate in Tris-HCI
A.
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Figure 3. Effect of added water volume on volume of aqueous phase recovered following phase separation. A. Representative images of samples

following phase separation showing the effects of the initial emulsion composition and the amount of water added for phase transfer on the recovered

aqueous phase volume. B. Volumes of aqueous phase recovered following phase separation across samples with two different emulsion compositions

and four different amounts of water added for phase transfer. Each data point represents the mean of five replicate samples, and error bars indicate

standard deviation.

All kits tested displayed some degree of ability to recover all DNA
fragment sizes from 50 to 1300 bp following phase separation, however,
there were differences between kits with respect to isolation efficiency.
The Qiagen QIAquick Nucletide Removal Kit, Qiagen QIAquick Gel
Extraction Kit, and EURx geneMATRIX PCR Clean-up Kit all displayed
relatively similar recovery profiles, with average isolation efficiencies
ranging from 56.4%—62.2% at 50 bp, and increasing to 69.2%-92.7%
from 100-1300 bp. However, the Macherey-Nagel NucleoTraP PCR
Clean-up Kit displayed significantly lower extraction efficiencies than
the other kits across all fragment sizes, ranging from 13.6% at 50 bp,
to 45.5% at 1300 bp (Fig. 4). Based on our results, we decided that
with the exception of the Macherey-Nagel NucleoTraP PCR Clean-up
Kit, any of the candidate kits tested were likely suitable for high-yield
recovery of common amplicon sizes generated during PCR or various
library preparation methods.

Because one of the most prevalent uses of ePCR is amplification of
random aptamer libraries during SELEX, we also wanted to specifically
evaluate the potential suitability of the candidate PCR clean-up kits for
recovery of aptamers. Typically, aptamers range from 20-50 bases and
are amplified via flanking priming sites. Thus, a kit suitable for recovery
of aptamers following ePCR should be able to efficiently recover rela-
tively short amplicons, while simultaneously excluding unincorporated
primers, which can interfere with downstream workflows.

In order to test the potential ability of the four candidate PCR clean-
up kits to recover aptamers following ePCR and 2-butanol extraction,
100 pl conventional PCR reactions containing an excess of primer were
used to amplify an 84 base template comprised of a 40 base aptamer
sequence against platelet derived growth factor [11] flanked by 22 base
priming sites. Following amplification, mock ePCR reactions were then
generated by emulsifying the conventional PCR reaction mix with a
200 pl oil surfactant mix comprised of Tegosoft DEC, mineral oil, and
Abil WE 09. Mock reactions were broken via the addition of 1 ml of
2-butanol, 200 pl of water was added to provide a medium for phase
transfer, phase separation was achieved via centrifugation, and DNA
was extracted from the resultant aqueous phases using each candidate
PCR clean-up kit. Recovered DNA from each kit was electrophoresed
via agarose gel, visualized, and quantified using densitometry to evaluate
percent recovery of both the 84 bp aptamer amplicon and excess primers.

In terms of recovery of the 84 bp aptamer amplicon, the Qiagen QI-
Aquick Nucletide Removal Kit, Qiagen QIAquick Gel Extraction Kit,
EURx geneMATRIX PCR Clean-up Kit, and Macherey-Nagel NucleoTraP
PCR Clean-up Kit exhibited extraction efficiencies of 67.5% + 1.9%,
90.2% + 2.0%, 87.7% + 8.1%, and 11.4% + 2.6%, respectively. Of the
four kits, the only one which retained detectable primers during isolation
was the QIAquick Nucletide Removal Kit, which retained 18.1% +2.0%
of primer (Fig. 5). Due to their demonstrated ability to recover a high
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yield of small product while simultaneously excluding primers, we
decided that both the QIAquick Gel Extraction Kit and geneMATRIX

A.
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PCR Clean-up Kit are well suited for recovery of aptamers following
ePCR and 2-butanol extraction.
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Figure 4. Isolation efficiencies of different commercially available clean-up kits used to recover DNA from butanol-extracted water-in-oil
emulsions. A. Agarose gel electrophoresis of 50 bp ladder recovered from 2-butanol-extracted water-in-oil emulsions using four different commercially
available DNA clean-up kits. Input lanes were generated by directly running non-emulsified ladder. Each lane represents DNA recovered from an inde-
pendent isolation. B. Percent recovery observed with each kit across all fragment sizes, as measured using gel densitometry. Each data point represents
the mean of five replicate samples, and error bars indicate standard deviation. Mean percent recovery across all fragment sizes was compared between
kits using repeated measures one-way ANOVA, with subsequent post-hoc tests via Bonferroni-corrected two-tailed paired t-test. *Statistically significant.

Final protocol and application for recovery of a random
aptamer library amplified using ePCR

Based on the collective results of our optimization experiments,
we decided that a final protocol in which 300 pl ePCR reactions are
broken with 1 ml of 2-butanol, 200 pl of water is added to provide a
medium for phase transfer during phase separation, and the QIAquick
Gel Extraction Kit is used to recover PCR products from the resultant
aqueous phase should be adequate for a broad range of applications.

In order to test this final optimized protocol in a real use scenario,
we applied it to recover an 84 base random aptamer library following
true ePCR amplification. 100 pl aqueous phases were assembled con-
taining all PCR reagents and a complex mix of 84 base templates, each
comprised of a 40 base variable region with 10'* possible sequence
combinations flanked by constant 22 base priming sites. Aqueous
phases were emulsified with a 200 pl oil surfactant mix comprised
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of Tegosoft DEC, mineral oil, and Abil WE 09 to generate ePCR re-
actions and subsequently thermal cycled. Identical but non-emulsified
100 pl conventional PCR reactions were performed in parallel in order
to evaluate the effectiveness of ePCR. Following amplification, our final
2-butanol extraction protocol was used to recover amplicons from ePCR
reactions. Recovered DNA from ePCR reactions was electrophoresed
along with products from conventional PCR reactions via agarose gel,
visualized, and quantified using densitometry to estimate background
product formation and total yield.

Conventional PCR reactions produced dramatically greater back-
ground product formation than ePCR reactions (Fig. 6), indicating
that our water-in-oil emulsions were stable and effective in limiting
recombinatory events between different templates. On average, our
final 2-butanol extraction protocol recovered 523.5 +75.3 pg of product
per reaction. This yield is more than adequate for common downstream
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procedures such as ligation reactions, sequencing, or binding assays.  are outlined in the Supplementary Protocol included with the online
Detailed step-by-step instructions for assembly of ePCR reactions  supplementary material (Prot. S1).
and recovery of products using our final butanol extraction protocol
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Figure 5. Ability of different commercially available clean-up kits to selectively exclude primers and recover small aptamer products when
isolating DNA from butanol-extracted water-in-oil emulsions. A. Agarose gel electrophoresis of 84 bp aptamer amplicon and primer recovered from
2-butanol-extracted water-in-oil emulsions using four different commercially available DNA clean-up kits. Input lanes were generated by directly running
non-emulsified amplicon-primer mixes. Each lane represents DNA recovered from an independent isolation. B. Percent recovery of 84 bp amplicon
observed with each kit, as measured using gel densitometry. C. Percent recovery of primer observed with each kit, as measured using gel densitometry.
D. Ratio of amplicon to primer recovered with each kit. All data points represent the mean of five replicate samples and error bars indicate standard
deviation. Comparison of means was performed via one-way ANOVA, with subsequent post-hoc tests via Bonferroni-corrected two-sample two-tailed
t-test. *Statistically significant.

A. B.
- . - . K —
Conventional PCR: Emulsion PCR: 100 ‘Background
90
200 bp > 5 8
2 70
150 bp » S 60
.f‘ 50
100 bp P S 40
i ;5
S 10
50 bp > o 0
g5 5%
K-
- =
o E
> w
c
[=]
o

Figure 6. Comparison of products generated via amplification of a random aptamer library using conventional PCR and emulsion PCR. A.
Agarose gel electrophoresis of products recovered using our 2-butanol extraction protocol following ePCR amplification of an 84 base random aptamer
library alongside products generated via conventional PCR. Each lane represents product recovered from an independent ePCR reaction. B. The ratio
of recovered target product to recovered background product from ePCR reactions compared to the ratio of target product to background generated
product in conventional PCR reactions, as measured using gel densitometry. Average ratios from five replicate reactions were compared using two-tailed
two-sample t-test. *Statistically significant.

S
6 F‘.“I J Biol Methods | 2020 | Vol. 7(1) | e128
POL SCIENTIFIC



ARTICLE

DISCUSSION

Emulsion PCR is being increasingly employed to amplify complex
mixes of templates such as aptamer and genomic DNA libraries during
SELEX and next generation sequencing workflows. Traditional meth-
ods for recovery of DNA products following ePCR typically employ
volatile and highly flammable organic solvents such as diethyl ether,
and involve tedious precipitation steps which are prone to inconsistent
yields. Here, we optimized a simple 2-butanol extraction protocol which
can be used to reliably recover high yields of product following ePCR
without the use of volatile solvents and precipitation steps.

We believe that the final protocol which we developed here should
be suitable for recovery of products following a wide range of ePCR
applications; it is flexible and could be easily modified to meets the
needs of specific experimental workflows. For example, the amount
of water added during phase separation can be adjusted up or down
to yield an aqueous phase volume best suited for application-specific
DNA isolation procedures. Furthermore, while we selected the Qia-
gen QIAquick Gel Extraction Kit for use in our final protocol, other
commercially available kits could be used to isolate DNA following
phase separation depending on the precise properties of the target PCR
product. However, it is important to note that all kits may not exhibit
optimal performance in this particular use scenario. For example, the
Macherey-Nagel NucleoTraP PCR Clean-up Kit performed significantly
worse than the other three kits which we evaluated. This could have
been due to incompatibility of residual 2-butanol left over following
phase separation with the binding buffer; the binding buffer of the
NucleoTraP kit contains sodium perchlorate, which can be insoluble
in butanol depending on the concentration [12]. Thus, to avoid similar
issues, kits which contain sodium perchlorate in the extraction buffers
may want to be avoided.

It is important to note that the protocol which we describe here was
optimized using water-in-oil emulsions generated with an oil-surfactant
mix comprised of mineral oil, Tegosoft, and Abil WE 09; it is possible
that certain aspects of this protocol would have to be adjusted for use in
recovery of DNA products from ePCR reactions constructed using other
oil-surfactant mixes. Due to their ease of assembly and superior stability
[8], Tegosoft-based emulsions are being used with increased frequency
[10,13-16]. However, oil surfactant mixes composed of various combi-
nations of mineral oil, Triton X-100, Span-80, and Tween-80 are still
used in many laboratories. Due to the high degree of molecular similarity
between 2-butanol and diethyl ether, 2-butanol will break emulsions
generated with other oil-surfactant mixes that have traditionally been
broken with ether-based protocols, and prior studies have reported the
use of 2-butanol to break emulsions generated with numerous other
commonly used oil-surfactant mixes [17-19]. However, if using our
protocol to recover products from emulsions generated with a different
oil-surfactant mix, the amount of water added during phase separation
to yield a desirable amount of aqueous phase may differ slightly from
what we have reported here and should be empirically determined.

It is also important to note that because we did not directly compare
the 2-butanol extraction protocol which we developed to traditional
diethyl ether extraction, we cannot definitively say it is superior in terms
of product recovery. However, because the extraction efficiencies we
observed using our protocol were consistently over 90%, if traditional
methods display any advantages in extraction efficiency, they would
only be marginal. The improved safety and ease of use associated
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with this 2-butanol protocol far outweigh any marginal differences in
extraction efficiency, if they exist.

Collectively, our results demonstrate that our optimized butanol
extraction protocol can be implemented to reliably recover high yields
of DNA products from water-in-oil emulsions following ePCR without
the use of volatile solvents and tedious precipitation steps. The detailed
instructions provided should make this protocol easy to implement for
product recovery in a variety of ePCR workflows.
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