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1 | INTRODUCTION

Lea J. Bisch! | Benedikt C. Buerfent? | Markus Miiller? |

Abstract

The development of liquid biopsy as a minimally invasive technique for tumor profil-
ing has created a need for efficient biomarker extraction systems from body fluids.
The analysis of circulating cell-free DNA (cfDNA) is especially promising, but the low
amounts and high fragmentation of cfDNA found in plasma pose challenges to its isola-
tion. While the potential of aqueous two-phase systems (ATPS) for the extraction and
purification of various biomolecules has already been successfully established, there is
limited literature on the applicability of these findings to short cfDNA-like fragments.
This study presents the partitioning behavior of a 160 bp DNA fragment in polyethy-
lene glycol (PEG)/salt ATPS at pH 7.4. The effect of PEG molecular weight, tie-line
length, neutral salt additives, and phase volume ratio is evaluated to maximize DNA
recovery. Selected ATPS containing a synthetic plasma solution spiked with human
serum albumin and immunoglobulin G are tested to determine the separation of DNA
fragments from the main plasma protein fraction. By adding 1.5% (w/w) NaCl to a
17.7% (w/w) PEG 400/17.3% (w/w) phosphate ATPS, 88% DNA recovery was achieved

in the salt-rich bottom phase while over 99% of the protein was removed.

KEYWORDS
aqueous two-phase systems (ATPS), cfDNA extraction, DNA fragment partitioning, high-
throughput screening, liquid biopsy

tion, real-time tumor monitoring, personalized treatment selection,

patient response assessment, and detection of minimal residual disease

In recent years, liquid biopsy has become a promising diagnostic
tool in clinical and precision oncology, as it enables the molecular
characterization of tumors without the need for invasive surgical tis-
sue biopsies.[!] Its minimally invasive nature and easy repeatability

offer potential benefits in cancer applications such as early detec-

Abbreviations: ATPS, aqueous two-phase system; cfDNA, circulating cell-free DNA; ctDNA,
circulating tumor DNA; gDNA, genomic DNA; HSA, human serum albumin; 1gG,
immunoglobulin G; PEG, polyethylene glycol; PCR, polymerase chain reaction; pDNA, plasmid
DNA; TLL, tie-line length; Vg, volume ratio.

after surgery.2! Liquid biopsy is based on analyzing various tumor-
derived entities found in body fluids, especially in the bloodstream.
One of the most investigated biomarkers is circulating cell-free DNA
(cfFDNA), more specifically circulating tumor DNA (ctDNA), as its anal-
ysis provides not only a comprehensive profile of the tumor genome
but also the assessment of intratumor heterogeneity and total tumor
burden.[34]

The double-stranded cfDNA is released through apoptosis and
necrosis, resulting in high fragmentation with a predominant fragment
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TABLE 1 ATPS-based extraction and purification processes for DNA of different sizes reported in the literature.
DNA size ATPS Isolation process Reference
3x 10’ Da PEG/Dextran dsDNA separation from ssDNA (151
2% 107 Da PEG/Dextran DNA isolation from microorganisms [16]
15,000 bp Triton X-114/PBS gDNA concentration as biomarker (17
- PEG/phosphate gDNA removal from protein product [18]
8500 bp PEG/phosphate pDNA purification from lysate (191
7796 bp PEG/phosphate pDNA partitioning in clean systems/lysate el
6700 bp PEG/phosphate pDNA partitioning in clean systems [21]
- PEG/phosphate pDNA partitioning in clean systems/lysate 22l
6050 bp EO-PO/Dextran pDNA purification from lysate (23]
6050 bp PEG/sulfate pDNA purification from lysate 2]
6050 bp PEG/citrate/sulfate pDNA purification from lysate [25]
3000 bp PEG/citrate pDNA purification from lysate (261
2686 bp PEG/PAA/salt pDNA partitioning in clean systems/lysate (271
250-10,000 bp PEG/PAA/salt PCR DNA fragment isolation 28
145bp not described cfDNA purification from plasma [29]
20 bp PEG/sulfate ss oligonucleotide partitioning 21

Abbreviations: bp, base pairs; Da, Dalton; ds, double stranded; EO-PO, ethylene oxide-propylene oxide; gDNA, genomic DNA; pDNA, plasmid DNA; PAA,

polyacrylate; PEG, polyethylene glycol; ss, single stranded.

length of 167 bp.I°] This characteristic length comes from a 147 bp
DNA strand wound around a histone octamer, forming a nucleosomal
structure attached to a strand of linker DNA. Studies have shown that
ctDNA fragments are even shorter than cfDNA, ranging from 132 to
143 bp, which can challenge efficient ctDNA extraction using conven-
tional kits.[®] Additionally, the dilute ctDNA concentration of around
1-40 ng mL~1 plasma and the high risk of contamination from genomic
DNA (gDNA) shed by lysed white blood cells make extraction even
more challenging.!”!

Commercial extraction kits primarily rely on DNA adsorption
to solid phases like silica membranes or magnetic beads in the
presence of chaotropic salts. If not removed, residual chaotropic
salts can inhibit downstream amplification-based analyses. There-
fore, standard kits use bind-wash-elute protocols with multiple steps,
which can limit cfDNA vyields.[8] Furthermore, a fragment length
bias may be introduced due to uneven extraction efficiency of
shorter fragments.!?] These limitations and the lack of standard-
ization hinder the broader implementation of cfDNA analysis in
clinical settings, highlighting the need for novel cfDNA extraction
methods.[10.11]

An alternative approach for the integrated extraction and con-
centration of cfDNA from plasma samples can be achieved using
aqueous two-phase systems (ATPS). With their high water content,
ATPS offer mild conditions for isolating biomolecules such as cells,
viruses, proteins, and nucleic acids.['2] The extraction using ATPS is
rapid, easily scalable, low-cost, and compatible with high-throughput
processes.! 13141 Purification processes using ATPS have already been
successfully established for various biomolecules, including nucleic
acids like gDNA and plasmid DNA (pDNA). Table 1 lists ATPS-based

extraction and purification processes for DNA of different sizes
described in the literature.

Several papers discuss pDNA partitioning in clean systems and
pDNA extraction from crude cell lysate for large-scale production in
gene therapy.[1921.2231] The |iterature also covers gDNA isolation and
its removal from complex mixtures for target protein purification using
ATPS.[16.18.32] However, little is known about the partitioning behavior
of DNA fragments shorter than 200 bp which resemble cfDNA.

As the partitioning behavior in ATPS depends on many fac-
tors, including ATPS composition, pH, additives, and target molecule
characteristics,!12] findings for pDNA or gDNA may not apply to
shorter cfDNA or ctDNA fragments. Matos et al.[28] described iso-
lating DNA fragments after polymerase chain reaction (PCR) using
ATPS. Fragments up to 6000 bp are recovered in the polyethylene
glycol (PEG)-rich top phase of a PEG/polyacrylate system before back-
extraction into the salt-rich bottom phase of a PEG/Na,SO,4 ATPS.
However, the smallest fragments studied are 250 bp, too large to rep-
resent cfDNA or the even shorter ctDNA. Additionally, it is uncertain
if this method applies to DNA extraction from a complex matrix like
plasma. Janku et al.[2%] reported using an ATPS-based kit, PHASIFY
MAX, to purify cfDNA from blood for liquid biopsy, promising a 60%
yield increase over the silica-based QlAamp Circulating Nucleic Acid
kit. The DNA is recovered in the bottom phase, concentrated in the top
phase of a second ATPS, and precipitated with isopropanol. The exact
ATPS compositions in the kit, commercialized by Phase Scientific (Hong
Kong), are undisclosed.

High concentrations of polymer or salt, even if kosmotropic, necessi-
tate a purification step to remove components that could affect down-
stream analysis. Different purification approaches can be employed
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depending on whether the DNA is enriched in the polymer- or salt-rich
phase. For example, the PHASIFY MAX kit uses alcohol to precipitate
the DNA from the top phase, while desalting resins are suitable for the
salt-rich bottom phase.

Because the partitioning of molecules in ATPS is hard to predict
and relies heavily on empirical experiments, this paper aims to provide
comprehensive insights into the partitioning behavior of short DNA
fragments in PEG/salt systems, comparing trends with other reported
DNA types. The effects of PEG molecular weight, salt type, tie-line
length (TLL), volume ratio (V), and neutral salt addition on DNA par-
titioning and recovery in clean PEG/salt ATPS are investigated. The
applicability of the observed partitioning trends to systems containing
a synthetic plasma solution is tested, providing a basis for develop-
ing an ATPS-based cfDNA extraction process from plasma samples for

liquid biopsy.

2 | MATERIAL AND METHODS
2.1 | Chemicals and stock solutions

PEG 200, PEG 400, and PEG 600 of synthesis grade as well as 85%
methyl orange dye, human serum albumin (HSA), and immunoglobulin
G (IgG) were purchased from Sigma-Aldrich (St. Louis, MO). PEG 1000,
NaH, PO, - H,O, NaCl, KCI, LiCl, MgCl,, and CaCl, were obtained from
Merck KGaA (Darmstadt, Germany). K,HPO,4 was purchased from
VWR International GmbH (Radnor, PA). Stock solutions and buffers
were prepared using ultra-pure water as follows: 70% (w/w) PEG, 40%
(w/w) phosphate, and 25% (w/w) neutral salt solutions. Phosphate
stock solution was prepared by combining 30.91% (w/w) NaH,PO4 and
9.09% (w/w) KoHPO, in water to yield pH 7.4. A synthetic plasma elec-
trolyte solution with physiological pH 7.4 was prepared by dissolving
0.9% (w/v) NaCl and 0.2% (w/v) NaHCOg3 in water.

2.2 | DNA fragment preparation

Purified DNA fragments with a length of 160 bp were prepared using
pKRrha_eGFP_JG 1163 plasmid isolated from E. coli as a template
DNA. The desired fragment length was amplified by PCR using accord-
ingly designed primer sequences obtained from Merck KGaA. One
50 pL reaction volume contained 50 ng of plasmid, 2 pL of both
forward (TAAACGGCCACAAGTTCAG,) and reverse (GGGTAGCGGCT-
GAAGCAC) primer, 10 pL of Hifi Buffer and 0.5 puL of PCRBIO Hifi
Polymerase (PCR Biosystems Ltd., London, UK) as well as DNase-free
water. Twenty-four cycles consisting of heat denaturation at 95°C for
3 s, primer annealing at 60°C for 30 s, and elongation at 72°C for 10 s
were carried out on a C1000 Touch Thermal Cycler (Bio-Rad Labora-
tories GmbH, Hercules, CA). The PCR product was purified using the
Wizard SV Gel and PCR Clean-Up System (Promega GmbH, Madison,
WI) and diluted with DNase-free water to create a 10 ng uL~1 DNA

fragment stock solution.

2.3 | Liquid handling station

A Tecan Freedom EVO system (Tecan, Crailsheim, Germany) was used
as aliquid handling platform for automated ATPS experiments. The sys-
tem set-up and liquid handling calibration procedure were described
in earlier work.33! The robotic workstation was controlled using
Evoware 2.4 SP3. Importing pipetting volumes and exporting pho-
tometric data were done using Excel 2007 (Microsoft Corporation,
Redmond, WA).

2.4 | ATPS screening procedure

Automated routines adapted from previous methods developed by our
group were used for binodal curve and tie-line determination[34:33] as
well as for DNA partitioning experiments in different ATPS.[18] Binodal

points were identified using the cloud point method and fitted to the

following equation given by Merchuk, Andrews, and Asenjo:[3°!
XpEG = 0 * eXp (xg‘li +C % xga,t) (1)

Tie-lines were determined as described by Diederich et al.,l13l]
except that methyl orange dye was used instead of methyl violet for
mass balance measurements and subsequent Vj calculations. System
points with Vi near 1 were selected to investigate the DNA fragment
partitioning behavior in clean ATPS. Various parameters including the
molecular weight of PEG, TLL, and the type and concentration of
neutral salt additives, were varied to evaluate the effects on DNA par-
titioning and recovery in the ATPS top and bottom phases. A total of
600 pL ATPS with a final concentration of 100 ng mL~1 160 bp DNA
were prepared in 1 mL 96-deep well polypropylene plates (Thermo
Fisher Scientific Inc., Waltham, MA) by adding stock solutions in the
following order: water, phosphate salt, additive salt, and PEG. This
spike-in concentration was chosen to mimic the realistic concentra-
tion range of cfDNA in blood samples. ATPS were mixed for 1 min
at 1100 rpm on an orbital shaker before spiking with DNA stock
solution, mixing for incubation, and centrifuging at 4000 rpm for
5 min to achieve phase separation. One hundred microliters were
sampled from top and bottom phases using an optimized sampling
method!33] and desalted using proprietary purification plates (BioEcho
Life Sciences GmbH, Cologne, Germany) to reduce interference by the
phase-forming components for subsequent DNA quantification. Phase
volumes and the DNA concentration in each phase were measured in
triplicate. DNA partitioning trends were assessed using DNA recov-
ery as a percentage instead of concentration, as the latter depends
on phase volume, which varies across experiments. DNA recoveries in
the top and bottom phases were calculated by multiplying the mea-
sured DNA concentrations with the respective phase volumes and
dividing by the amount of input DNA. Similar partitioning experiments
were performed by spiking selected ATPS with a final concentration of
2.5 mg mL~1 of either HSA or IgG instead of DNA to investigate the

partitioning behavior of the main plasma protein fractions.
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2.5 | Separation experiments with synthetic plasma

Separation experiments with synthetic plasma were conducted manu-
ally in 1.5 mL reaction tubes for selected ATPS. Six hundred microliters
ATPS with a final concentration of 100 ng mL~1 160 bp DNA were
prepared by adding stock solutions in the following order: plasma elec-
trolyte solution, phosphate salt, additive salt, and PEG. After brief
vortexing of the phase-forming components, a protein mix consisting
of 60 mg mL~1 HSA and 15 mg mL~! 1gG was added to achieve a
final protein concentration of 10 mg mL~! in the ATPS. Lastly, ATPS
were spiked with 160 bp DNA fragments, vortexed for incubation, and
centrifuged in a microcentrifuge at 4000 rpm for 5 min for phase sep-
aration. Phase volumes were determined visually. Phase samples were
not desalted but diluted tenfold in water to reduce interference of the
phase-forming components with DNA and protein quantification anal-
yses. Adequate blank phases were used for background correction and
the same blank phases were spiked with a defined amount of DNA as

references for recovery calculations.

2.6 | Analytical methods
2.6.1 | DNA quantification

The DNA concentration in the ATPS top and bottom phases was mea-
sured using the Quant-iT PicoGreen dsDNA HS assay kit (Thermo
Fisher Scientific Inc.). Black 96-well half-area polystyrene microplates
(Greiner Bio-One, Kremsmiinster, Austria) (50 pL per well) and black
384-well microplates (10 pL per well) were used for the automated
screening and the manually prepared ATPS, respectively. Samples were
analyzed against blanks with similar phase composition but without
DNA to account for interference. Four-point calibration curves were
constructed by spiking 160 bp DNA fragments into reference top and
bottom phases. For the automated screening, the PEG and salt con-
centrations in these reference phases were set to half the average
concentrations in the top and bottom phases of the screened system
points. This was done to ensure the reference phases remained in
the one-phase region and to prevent DNA precipitation upon spiking.
ATPS samples were diluted 1:2 with water after desalting to match the
reference phase composition. Fluorescence measurements were per-
formed according to the manufacturer’s instructions after a 2-minute

incubation.

2.7 | Agarose gel electrophoresis

The DNA fragment partitioning into the top and bottom phases was
visualized on 2% agarose gels stained with 1 uL mL~1 Midori Green
(Nippon Genetics Europe, Diiren, Germany). Electrophoresis was car-
ried out at 120V for 40 min using TAE as a running buffer. The gels were
visualized and photographed using the GelDoc Go Gel Imaging System
by Bio-Rad (Hercules, CA).

2.7.1 | Protein quantification

Protein concentrations in the ATPS top and bottom phases from
the automated screening were determined by UV-VIS absorbance at
280 nm in Greiner Bio-One 350 uL-polystyrene UV Star plates (300 pL
per well). The samples from the manually prepared separation experi-
ments were measured using the NanoDrop 2000/2000c. ATPS samples
were diluted tenfold in water rather than desalted to reduce polymer
and salt interference while avoiding protein loss.

3 | RESULTS AND DISCUSSION
3.1 | ATPS characterization

Phase diagrams were determined for several PEG/salt combinations
using automatic routines on the liquid handling station to select appro-
priate system points for partitioning experiments (Figure S1). The
binodal curves match those of Effio et al.!18! confirming the robust-
ness of the automated method developed by Oelmeier, Dismer, and
Hubbuch.[33! As PEG molecular weight increases, the curves shift
toward the origin, indicating that fewer phase-forming components are
needed for phase separation. Larger PEG chains have a more hydropho-
bic character and lower solubility in water, correlating with a higher
excluded volume and increased salting-out ability. This leads to greater
incompatibility between the polymer and salt components, resulting
in a larger two-phase region and steeper tie-line slopes.[3¢37] Adding
NaCl also causes a slight shift of the binodal curves toward the origin.
This shift is consistent with the literature and can be explained by the
increased salting-out effect upon NaCl addition.[3¢!]

3.2 | Effect of PEG molecular weight on DNA
fragment partitioning

The partitioning behavior of a pure 160 bp DNA fragment in clean
ATPS was investigated by varying PEG molecular weight and TLL. Sys-
tems points with Vi near 1 were chosen following the characterization
experiments and spiked with 100 ng mL~! DNA. Figure 1 shows the
DNA distribution in PEG 200, PEG 400, PEG 600, and PEG 1000/phos-
phate systems at pH 7.4. The colored dots along the binodal curve
represent the DNA recovery in the top and bottom phases of the sys-
tem points marked with a cross on the corresponding tie-line. The axes
show the concentrations of the phase-forming components plotted
against each other in weight percent. For exact recovery values, ATPS
compositions, and TLL, see Table S1.

A trend of top-phase DNA fragment partitioning was observed
for PEG 200 and PEG 400 ATPS, while bottom-phase partitioning
was favored for PEG 600 and PEG 1000 ATPS. As PEG molecular
weight increases, the exclusion volume decreases, reducing space
in the top phase for DNA fragments.!?>] This effect seems consis-

tent across different DNA sizes, with studies reporting that a PEG
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FIGURE 1

Partitioning of a 160 bp DNA fragment in selected PEG/phosphate ATPS at pH 7.4. Binodal curves and tie-lines are shown, with “x

Phosphate in % (w/w)

«,n

marking the system compositions of the screened ATPS spiked with 100 ng mL~! DNA. Color-coded dots along the binodal curve illustrate the
DNA recovery in the respective top and bottom phases. Each partitioning experiment was carried out in triplicate.

molecular weight of 600 g mol~1 reliably excludes pDNA ranging from
2700 to 8500 bp from the top phase of PEG/phosphate ATPS.[1924]
Additionally, higher molecular weight polymers increase the hydropho-
bicity of the top phase, making it less suitable for hydrophilic DNA
fragments.[30!]

The partitioning behavior of nucleic acids is determined not only by
hydrophobic forces but also by electrostatic ones. The strong one-sided
partitioning observed is partly due to the high net charge of DNA, caus-
ing electrostatic repulsion from the ion-rich bottom phase.[38] Except
for one PEG 600 system point near the binodal, where DNA was parti-
tioned evenly, all systems showed one-sided distribution. This indicates
that the interplay between hydrophobic and electrostatic forces gov-
erns the partitioning behavior of short DNA fragments, as it does for
longer DNA forms.[3%1 When there is enough “space” in the top phase
to accommodate the DNA, it will partition away from the salt-rich bot-
tom phase. Beyond a certain exclusion limit, here at PEG 600, DNA
distributes into the bottom phase, despite the electrostatic repulsion

with the phosphate anions. When top and bottom phase composi-

tions are too similar, the partitioning effects balance each other out,
resulting in a more even DNA distribution.

3.3 | Effect of TLL on DNA fragment recovery

DNA fragment recovery reached 90%-100% in the top phase of the
tested PEG 200 ATPS (Figure 1A). A trend of decreasing total recov-
ery with increasing TLL was observed for the tested PEG molecular
weights. The longer the tie-line, the higher the phosphate concentra-
tion in the bottom phase and PEG concentration in the top phase,
implying an intrinsic reduction of water content.l“?] High salt concen-
trations lead to a strong salting-out effect which lowers the solubility
of additional solutes in the bottom phase, potentially causing precipi-
tation even at DNA input concentrations as low as 100 ng mL~1. PEG
is known to precipitate nucleic acids, 41! an effect that increases with
PEG molecular weight.[42] This explains the decreased DNA recovery

with increasing TLL and why this trend was not observed for PEG 200,
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since its exclusion limit allows the partitioning of the 160 bp fragment
into the top phase without precipitation. Despite no visible interphase,
it is presumed that the DNA missing from the mass balance accumu-
lated at the interface between the top and bottom phases when both
the exclusion effect of the polymer phase and the salting-out effect of
the salt phase were too high.

A system point on a shorter tie-line should be selected to avoid pre-
cipitation due to the phase-forming components. However, points too
close to the binodal curve, with similar top and bottom phase compo-
sitions, may lead to even target distribution, longer phase separation
times, and reduced process robustness. This should be considered
when working with biological samples like plasma that can vary in
composition. Similar findings for pDNA in PEG/polyacrylate/salt ATPS
were reported by Johansson et al.!l?7] Thus, an optimal TLL must be
identified for one-sided DNA recovery while minimizing DNA loss due
to precipitation. This is especially important for cfDNA extraction for
early cancer detection, as cfDNA levels in plasma are typically mini-
mal, and losing DNA during the preanalytical steps could compromise
detection.[10]

3.4 | Effect of neutral salt additives on DNA phase
transition

Both gDNA and pDNA undergo a drastic phase transition from top to
bottom phase upon adding neutral salt to PEG/salt ATPS for PEG with
amolecular weight of less than 600 g mol~1. This is likely due to uneven
ion partitioning in ATPS, altering the physicochemical properties of
the phases.!1842] The applicability of this directed partitioning behav-
ior to cfDNA-like fragments was investigated using different neutral
salts. Figure 2A-C shows the recovery of 100 ng mL~1 spiked 160 bp
DNA fragment in the top and bottom phases of a 17.7% (w/w) PEG
400/17.3% (w/w) phosphate ATPS with the addition of various neutral
salts up to 1.5% (w/w). This system composition was selected based on
the high top phase recovery of 98% achieved in previous partitioning
experiments without neutral salts. The slight shift of the binodal curve
due to the salting-out ability of the added salts was not considered here
due to the low salt amounts added, but changes in phase volume ratios
were taken into account.[36:42]

A clear phase transition from top to bottom was observed with 1.5%
(w/w) KCI, but total DNA recovery was only 58%, suggesting DNA
may have accumulated at the interface between the top and bottom
phases rather than fully partitioning into the bottom phase. The lack
of a visible interphase made sampling and DNA quantification infea-
sible, though other studies confirm interphase accumulation at higher
pDNA concentrations.[22] The phase transition was more pronounced
for systems containing NaCl or LiCl, occurring at 1% (w/w) added salt.
For 1.5% (w/w) NaCl and LiCl, bottom phase recoveries were 83% and
73% respectively, while top phase recoveries fell below the detection
limit. This may be attributed to the chloride anions’ preferential par-
titioning into the PEG-rich top phase, leading to DNA exclusion from
the top phase into the interphase. As more neutral salt is added, the
exclusion effect of the chloride anions becomes stronger and more co-

cations facilitate the transition of the DNA from the interphase into the

bottom phase.[*3] However, adding even more salt may not necessarily
increase bottom-phase recovery due to solubility limitations and DNA
precipitation.

Systems containing MgCl, or CaCl, did not exhibit a phase transi-
tion at tested concentrations. Instead, total DNA recovery decreased,
with only 56% and 25% recovered at 1.5% (w/w) MgCl, or CaCls,
respectively. Precipitation was visible even in blanks without DNA con-
taining MgCl, or CaCl,, and to a lesser extent LiCl, suggesting the
solubility limit was exceeded. The precipitating salts may lead to DNA
co-precipitation, explaining the low recoveries. The observed precip-
itation correlates with the position of the chloride counter-cations in
the Hofmeister series. The Mg2+ and Ca?* cations are more chaotropic
than the other tested cations, exhibiting higher incompatibility with the
PEG and phosphate phases.

The NaCl-induced phase transition was visualized using agarose
gel electrophoresis to qualitatively confirm the fluorescent dye mea-
surements (Figure S2). No band was visible in the bottom phase
samples with 0% and 0.5% (w/w) added salt, whereas a band appeared
only in the bottom phase for samples with over 1% (w/w) NaCl.
The low resolution is attributed to the low DNA concentration in
the ATPS.

These results demonstrate that short DNA fragments behave simi-
larly to other negatively charged molecules when neutral salt is added
to PEG/salt ATPS. Among the salts tested, NaCl was the most effec-
tive in directing DNA partitioning from the top to the bottom phase.
NaCl did not cause visible precipitation and a bottom phase recovery
of 83% was achieved with just 1.5% (w/w) added salt, corresponding
to 0.3 M.

3.5 | Effect of phase volume ratio on DNA
concentration

In addition to capturing target molecules from complex mixtures, ATPS
offer the advantage of integrating a volume reduction step by adjust-
ing the phase volume ratio. Theoretically, all system points along the
same tie-line result in the same target distribution regardless of the
volume ratio, as the top and bottom phases share the same equilibrium
composition.[*4! This means a target molecule can be concentrated
by reducing the volume of the phase where it accumulates. Three
ATPS along the same tie-line with PEG 400/phosphate compositions
of 12.2% (w/w)/21.0% (w/w), 17.7% (w/w)/17.3% (w/w), and 24.0%
(w/w)/13.0% (w/w) and respective top to bottom phase Vi of 0.5, 1,
and 2.5 were spiked with 100 ng mL~2 DNA and up to 1.5% (w/w) NaCl.
Figure 2D-F shows the recovery in the top and bottom phases and the
total DNA recovery for these system points.

Contrary to expectations, the partitioning behavior of pure DNA
fragments in clean ATPS was not independent of V. Previous results
showed a phase transition upon NaCl addition for Vi = 1, with DNA
recovery shifting from 94% in the top phase to 82% in the bottom phase
after adding 1.5% (w/w) NaCl. However, partitioning and total recov-
ery differed for the other two Vg values tested. Luechau et al.[2°] also
observed varying partition behavior of pDNA in PEG 300/phosphate
ATPS with different Vg, attributing it to changes in the PEG/salt ATPS
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FIGURE 2

Partitioning of 160 bp DNA fragment in a 17.7% (w/w) PEG 400/17.3% (w/w) phosphate ATPS with varying neutral salt additives:

(A) top phase, (B) bottom phase, and (C) total recovery. Partitioning of 160 bp DNA fragment in ATPS along the same tie-line with varying phase
volume ratio (V) for different NaCl concentrations: (D) top phase, (E) bottom phase, and (F) total recovery. The respective PEG 400/phosphate
compositions for Vg = 0.5, 1, and 2.5 are 12.2% (w/w)/21.0% (w/w), 17.7% (w/w)/17.3% (w/w), and 24.0% (w/w)/13.0% (w/w). Systems were spiked

with 100 ng mL~1 DNA in duplicate.

properties induced by the solute. This explanation is unlikely to apply
here, as the systems investigated contain only PEG 400 and salt, with a
negligible amount of pure spiked DNA.

Instead of a DNA concentration in the top phase of the Vg = 0.5 sys-
tem point without NaCl, recovery dropped to 24%. Systems with added
salt exhibited a nearly constant top phase recovery, rather than the
drastic phase switch observed for Vi = 1 and 2.5. This suggests that
reducing the volume of the phase where DNA is expected to accumu-
late might lead to DNA loss rather than concentration. It appears that
the solubility limit is reached as the phase volume decreases, making
the partitioning coefficient dependent on DNA concentration. How-
ever, it remains unclear whether DNA exceeding the solubility limit
precipitates or accumulates at the interphase, where it is difficult to
sample and hence not detectable. The observation that DNA recovery
in the bottom phase of the Vi = 0.5 system with over 1% (w/w) added
salt reaches up to 80%, while top phase recovery remains constant at
around 24%, suggests DNA may have migrated from the interphase to
the bottom phase. Again, this is likely due to the preferential ion dis-
tribution upon NaCl addition, making bottom phase distribution more

favorable for DNA fragments.

DNA was undetectable in the bottom phase of all system points con-
taining less than 1% (w/w) added NaCl, regardless of the Vi. At 1.5%
(w/w) NaCl, bottom phase recovery was about 80% for the Vg = 1 and
0.5 ATPS, but only 28% for Vi = 2.5, despite expectations of DNA con-
centration in the bottom phase. This discrepancy may result from the
higher PEG input concentration required for ATPS with a higher Vg.
High polymer concentrations with adequate salt concentrations can
favor DNA condensation, leading to precipitation.[*! Since the top and
bottom phases of system points along one tie-line should have the same
compositions, DNA may precipitate before phase separation.

3.6 | Selective DNA phase transition by NaCl
addition

Further partitioning experiments with plasma proteins assessed the
selectivity of the NaCl-induced DNA phase switch. To avoid potential
interactions between the components, DNA, HSA, and IgG were spiked
separately into 17.7% (w/w) PEG 400/17.3% (w/w) phosphate ATPS

containing NaCl concentrations up to 1.5% (w/w). The recoveries in the
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FIGURE 3 Partitioning of 160 bp DNA fragment, HSA, and IgG in a 17.7% (w/w) PEG 400/17.3% (w/w) phosphate ATPS with varying NaCl
concentrations: (A) top phase, (B) bottom phase, and (C) total recovery. Systems were made in triplicate and spiked with either 100 ng mL~1 DNA,

2.5mgmL"1 HSA, or 2.5 mgmL~1 IgG.

top and bottom phases and total recoveries are shown in Figure 3. The
x-axis indicates the NaCl concentrations in weight percent.

Protein concentrations remained below the detection limit in the
bottom phases of the investigated systems, whereas 82% of spiked
DNA was recovered in the bottom phase with 1.5% (w/w) NaCl. HSA
recovery in the top phase ranged between 84% and 92%, while IgG
top phase recovery was around 81% across the investigated NaCl
range. This suggests hydrophobic interactions play a larger role in pro-
tein distribution than electrostatic effects, at least at the investigated
salt concentrations.[4¢! In previous studies, where gDNA was seen as
a contaminant to protein targets, adding NaCl to the ATPS helped
improve purification efficiency.!18] Here, a DNA-selective phase tran-
sition could be utilized to purify cfDNA from protein contaminants in
a plasma sample by enriching the DNA in the protein-depleted bottom
phase while retaining an acceptable yield.

3.7 | DNA fragment separation from synthetic
plasma

Promising system points from pure component experiments were
tested with a synthetic plasma matrix to evaluate whether poten-
tial interactions between plasma proteins and DNA could alter the
observed partitioning behaviors. The matrix, composed of a plasma-like
electrolyte solution, was used to substitute water in the selected ATPS.
The systems were spiked with the two main plasma protein fractions
HSA and IgG, and with DNA, only after premixing the phase-forming
components to rule out the possibility of initial precipitation due to
the high PEG and salt concentrations used. The top and bottom phase
recoveries are listed in Table 2 along with the exact ATPS compositions.
Values below the detection limit are reported as zero.

The DNA and protein partitioning behavior in PEG 400 systems
with synthetic plasma matched those of clean systems with separate
components. DNA partitioning remained unchanged, indicating that

interactions with proteins or electrolytes did not play a significant

role at the tested concentrations. Adding 1.5% (w/w) NaCl drastically
changed DNA distribution without affecting protein distribution, con-
firming the selectivity of the NaCl-induced phase switch for systems
with mixed components. This enabled a DNA recovery of up to 88%
in the virtually protein-free bottom phase of the PEG 400/phosphate
system. Another way to separate the DNA fragments from the protein
fraction is to use the precipitating ability of higher molecular weight
PEG to an advantage. Because of the reduction of excluded volume and
increasing upper phase hydrophobicity47! as well as the solubility lim-
itation in the bottom phase, 42.2% of the total protein precipitated and
formed a visible interphase in the tested PEG 1000 system. Only 9.6%
of the protein partitioned into the bottom phase, where 87% of the
DNA was recovered.

These partitioning experiments with synthetic plasma offer promis-
ing tools for cfDNA separation from plasma samples, such as selectively
switching DNA distribution or increasing protein precipitation. How-
ever, more research is needed to confirm their applicability to complex
plasma samples, where protein concentration is 6-8 times higher than
the protein input tested here.[48] Also, cfDNA concentrations in plasma
vary widely based on cancer type and stage, exceeding 100 ng mL~?
only in some types of advanced cancer cases. Additionally, the nucle-
osomal nature of cfDNA might affect partitioning, as histone-bound
DNA could behave differently if no lysis step is performed. How-
ever, a lysis step could alter protein distribution and introduce new
components to the ATPS that must be accounted for.

4 | CONCLUSIONS

This work presents the basics of short DNA fragment partitioning
in PEG/phosphate ATPS, laying the groundwork for developing an
ATPS-based cfDNA extraction system from plasma for liquid biopsy.
Distribution experiments with pure components were carried out on a
high-throughput screening platform to assess the effect of PEG molec-

ular weight, TLL, neutral salt additive, and phase volume ratio on DNA
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TABLE 2
synthetic plasma matrix.

ATPS composition in % (w/w)

Top phase recovery in %

160 bp DNA fragment and total protein recoveries in the top and bottom phases of selected PEG/phosphate ATPS made with a

Bottom phase recovery in %

PEG Phosphate NaCl 160 bp DNA
17.7° 17.3 0 96.2+10.3
17.7° 17.3 1.5 0
19.5¢ 13.8 0 0
2HSA:lgG spike-in ratio of 4:1 for a final protein concentration of 10 mg mL~1.
bPEG 400.
¢PEG 1000.

partitioning and recovery. The partitioning behavior aligns with pre-
vious pDNA studies. Short DNA fragments distribute into the bottom
phase for higher molecular weight PEG and into the top phase for
PEG smaller than 600 g mol~1. Minimizing DNA loss from precipita-
tion can be managed by selecting system points on shorter tie-lines
and considering solubility limits when varying the phase volume ratio.
Adding neutral salts like NaCl can selectively direct DNA fragments
into the protein-depleted bottom phase. Separation experiments with
a synthetic plasma matrix containing HSA and IgG resulted in 88%
DNA recovery and nearly 100% protein removal in the salt-rich bot-
tom phase, demonstrating the potential of ATPS for cfDNA extraction
from plasma.
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