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, Nothing in life is to be feared, it is only to be understood. Now is the
time to understand more, so that we may fear less.“

MARIE SKEODOWSKA CURIE
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Abstract

Molecular diagnostics based on circulating biomarkers have become increasingly important in
precision medicine, especially in oncology, where there is an ongoing need for minimally invasive
methods of disease detection and monitoring. In this context, liquid biopsy has gained significant
attention as a technique that enables analysis of tumor-related material directly from body fluids.
Unlike conventional tissue biopsies, it allows repeated sampling and facilitates the monitoring of
disease progression and treatment response over time. Among the accessible analytes, circulating
cell-free DNA (c¢fDNA) is particularly relevant, as it reflects tumor-associated genetic alterations and
supports various clinical applications, including early diagnosis, therapeutic decision-making, and
longitudinal disease monitoring. In addition, its rapid turnover in circulation provides a dynamic
snapshot of disease status, making it suitable for real-time clinical assessment.

However, the analytical use of ¢cfDNA is associated with several challenges. The concentration
of ¢cfDNA in plasma is typically low, rarely exceeding a few nanograms per milliliter, and varies
by cancer type and stage. Furthermore, cfDNA consists of short, fragmented molecules with a
characteristic length of approximately 167 bp and often exhibits a nucleosomal structure. These
molecules are found within a complex biological environment with a high abundance of proteins, as
well as high-molecular-weight genomic DNA (gDNA) potentially released during blood processing.
These factors complicate sample preparation for sequencing-based analytical methods, such as
droplet digital PCR and next-generation sequencing (NGS), which require highly efficient and
selective extraction techniques. Therefore, the isolation of ¢cfDNA is considered a crucial step in the
pre-analytical phase of liquid biopsy procedures.

Current state-of-the-art ¢fDNA extraction predominantly relies on solid-phase adsorption to
silica membranes or functionalized magnetic beads using strong chaotropes. Although these methods
are widely adopted for their robustness and high purity, they present several drawbacks. Most kits
involve time-consuming bind-wash-elute protocols with repeated manual handling and vacuum or
centrifugation steps, which can increase the risk of sample loss and cross-contamination. Automated
platforms can mitigate these risks and improve throughput and ease of use, but high reagent
costs and the need for specialized equipment remain limitations that may restrict flexibility and
scalability. Furthermore, incomplete adsorption or elution and contamination with gDNA can
reduce the detection of rare tumor-derived variants. Short DNA fragments may also be recovered
less efficiently, introducing a size bias that can affect downstream analysis. These issues highlight
the need for alternative cfDNA extraction methods that can simplify workflows while maintaining
high performance.



Aqueous two-phase systems (ATPS) represent a promising liquid-liquid extraction method
for biomolecule separation and purification. These systems consist of two immiscible aqueous
phases formed by mixing polymers and salts above a critical concentration threshold, within
which biomolecules distribute according to their physicochemical properties. This enables selective
separation without the need for denaturing agents. Besides their mild operating conditions and
cost-effectiveness, ATPS offer advantages in scalability and process simplicity, as phase separation
can be achieved quickly by centrifugation. Although ATPS are well established for a variety of
biomolecules, including proteins and nucleic acids, their application to short DNA fragments relevant
to liquid biopsy has not been systematically studied. In particular, the partitioning behavior of
cfDNA-like fragments in polymer—salt systems remains poorly understood, especially in the presence
of plasma, a complex biological matrix that may influence phase properties. Furthermore, the
integration of ATPS capture into a complete extraction workflow compatible with downstream
molecular analyses has only been superficially addressed to date. Therefore, linking partitioning
behavior to process design is essential for the development of an efficient ATPS-based separation
strategy.

Supported by relevant literature, Chapter 1 offers a comprehensive overview of the theoretical
background, current research status, and remaining challenges within the field. As outlined in
Chapter 2, this thesis presents the development of an ATPS-based extraction workflow for cfDNA-like
fragments from plasma, integrating fundamental insights into phase partitioning with a practical,
analytically compatible process. The three presented studies progress from investigations in well-
defined model systems to application in a complex biological matrix and, ultimately, the creation of
an integrated workflow. To enable systematic investigation, PCR-generated 160 bp DNA fragments
were used as cfDNA-like surrogates in most experiments. The results provide new insights into the
partitioning behavior of short DNA fragments in ATPS and demonstrate that the developed process
yields sequencing-compatible DNA.

The first study (Chapter 3) examined the partitioning behavior of 160 bp DNA fragments in
well-defined polymer—salt ATPS, addressing the limited availability of systematic data for molecules
in the size range relevant to cfDNA. Considering the complex interaction of factors affecting solute
distribution, a comprehensive experimental approach was used to investigate how key system
parameters, including polymer molecular weight, salt type, tie-line length, phase volume ratio, and
the addition of neutral salts, influence DNA partitioning and recovery. High-throughput screening
with a liquid-handling platform and automated routines for binodal and tie-line determination
enabled efficient testing of many system compositions. The results revealed consistent trends in
DNA distribution and identified conditions that allowed high recovery. More generally, it was
demonstrated that short DNA behaves similarly to plasmid DNA in PEG/phosphate ATPS, with
overall partitioning trends mainly driven by PEG molecular weight. For example, DNA fragments
were primarily found in the top phase when PEG was below 600 g/mol, whereas they accumulated in
the bottom phase with PEG 600 and 1000. Additionally, it was confirmed that adding a neutral salt,
such as NaCl, to a PEG 400 system shifted the DNA distribution from the top to the bottom phase.
Preliminary experiments in a simplified synthetic plasma matrix containing human serum albumin
and immunoglobulin G showed that partitioning behavior could, to some extent, be transferred
to more complex systems. These experiments also indicated that the NaCl-induced phase shift is
selective for DNA, achieving 88% recovery while removing 99% of proteins. These findings improved
the understanding of short DNA partitioning in ATPS and laid the groundwork for selecting optimal
conditions for future extraction studies.
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Abstract

Building on this foundation, the second study (Chapter 4) investigated the use of ATPS to
capture cfDNA-like fragments from human plasma. Unlike the model systems described in Chapter 3,
the presence of proteins and other plasma components introduces additional interactions that can
affect phase behavior and solute partitioning. Therefore, the study assessed the recovery and
distribution of these fragments, as well as phase formation, in plasma-containing PEG /phosphate
ATPS. The selective NaCl-induced shift observed in PEG 400 systems proved less effective due
to the formation of an interphase consisting of reversibly aggregated plasma proteins present in
excess. Consequently, PEG 1000 ATPS were preferred, enabling DNA recoveries of up to 90% in
the salt-rich bottom phase while reducing protein concentrations from 60-80 mg/mL in plasma to
below 3 mg/mL, corresponding to over 95% removal. This study also confirmed the robustness
of the ATPS capture step across plasma samples from different donors and collection tubes, both
of which introduce variability. To address practical limitations caused by sample dilution from
phase-forming components pre-dissolved in water, a system was designed in which solid PEG
and salts were added directly to the plasma. This modification increased the plasma input from
38% (w/w) to 67% (w/w) without affecting DNA or protein partitioning. The scalability of this
approach was verified by processing up to 4 mL of plasma at once, which is equivalent to the volume
obtainable from a single blood tube. Additionally, reverse elution was implemented as a purification
step to desalt and increase protein removal to above 99%, while reducing flow-through volume
and thereby concentrating the DNA-rich extract, ultimately improving suitability for downstream
sequencing-based analyses. The results confirmed that DNA can be efficiently recovered from plasma
while separating it from the main protein fraction, yielding extracts with substantially reduced
matrix complexity. This work established key process elements required for an integrated workflow
and provides a basis for further process optimization.

The third study (Chapter 5) focused on integrating individual process steps into a cohesive,
optimized ATPS-based extraction workflow and evaluating its compatibility with downstream
analyses. First, the effect of different lysis methods on DNA recovery and protein removal was
examined. The results indicated that a lysis step might not be necessary, as the high salt content
of the DNA-containing bottom phase may be sufficient to separate DNA from most proteins
and possibly dissociate the nucleosomal complex, streamlining the entire process. The system
composition was then optimized to increase DNA concentration while minimizing losses by adjusting
the phase volume ratio and tie-line length. In addition, the potential of serial ATPS steps for further
enrichment was evaluated. Although each ATPS step increased DNA concentration and allowed
additional plasma to be added to the previous bottom phase, it also led to cumulative DNA losses,
highlighting a trade-off between concentration and overall yield. Practical process parameters such
as centrifugation time, mixing temperature, PEG form, and tube filling ratio were evaluated and
carefully optimized for simplicity, speed, and robustness, revealing that proper mixing and complete
dissolution of the components before phase separation are key to reproducible DNA recovery. The
performance of the developed workflow was evaluated by its ability to recover a wide range of input
DNA, with as little as 2 ng/mL input detectable by quantitative PCR, even in a 1000-fold-diluted
extract. Fragment-size selectivity and potential PCR inhibition were tested and compared with a
widely used adsorption-based extraction method. The extracts showed no signs of inhibition and
exhibited a size cutoff of ~750 bp, indicating selective enrichment of shorter fragments. This feature
may benefit liquid biopsy applications by separating contaminating high-molecular-weight gDNA
from the cfDNA fraction. Although the total yield of 65% sequencing-ready DNA was slightly
lower than that of the reference adsorption-based kit, the ATPS workflow significantly shortened
processing time to approximately 10 minutes while reducing equipment requirements and costs.

vii



Finally, the applicability of the extraction process was demonstrated by isolating cfDNA reference
material from DNA-free plasma and subjecting it to NGS analysis. The successful generation of a
sequencing library and the detection of the spiked mutations confirmed that the extracted DNA
meets the requirements of downstream molecular assays, thereby providing proof of concept for a
simplified ATPS-based cfDNA extraction approach.

In summary, this thesis presents a systematic study of ATPS for extracting cfDNA-like fragments
from plasma, combining mechanistic research with process development and evaluation. The
results indicate that ATPS are an effective and simple platform for capturing and concentrating
these fragments. Additionally, this work offers new insights into the factors governing short DNA
partitioning in polymer—salt systems, particularly in the presence of a complex biological matrix.
Although further studies with clinical samples are needed to fully assess its applicability in a
diagnostic setting, the presented approach establishes the foundation of an alternative cfDNA
extraction method. Overall, these findings highlight the potential of liquid-liquid extraction
strategies to complement existing methods and support the development of more efficient and
scalable sample preparation workflows for liquid biopsy applications.
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Zusammenfassung

Die auf zirkulierenden Biomarkern basierende Molekulardiagnostik gewinnt in der Prézisionsme-
dizin zunehmend an Bedeutung, insbesondere in der Onkologie, wo ein anhaltender Bedarf an
minimalinvasiven Verfahren zur Erkennung und Uberwachung von Erkrankungen besteht. In die-
sem Zusammenhang hat sich die Fliissighiopsie als vielversprechender Ansatz etabliert, da sie
die Analyse tumorassoziierten Materials direkt aus Korperfliissigkeiten ermdéglicht. Im Gegensatz
zu konventionellen Gewebebiopsien unterstiitzt sie wiederholte Probenahmen und erdffnet damit
die Moglichkeit, Krankheitsverldufe sowie Therapieansprechen iiber die Zeit hinweg zu verfolgen.
Unter den verfiigbaren Analyten nimmt die zirkulierende zellfreie DNA (cfDNA) eine zentrale
Rolle ein, da sie tumorassoziierte genetische Verdnderungen widerspiegelt und fiir verschiedene
klinische Anwendungen wie Fritherkennung, Therapieauswahl und Verlaufskontrolle genutzt werden
kann. Dartiber hinaus liefert der schnelle Kreislaufumsatz eine dynamische Momentaufnahme des
Krankheitsstatus, wodurch sich ¢fDNA zur klinischen Beurteilung in Echtzeit eignet.

Die analytische Nutzung von cfDNA ist jedoch mit mehreren Herausforderungen verbunden.
Die Konzentration von ¢fDNA im Plasma ist in der Regel gering, nur selten wenige Nanogramm
pro Milliliter iiberschreitend, und variiert je nach Krebsart und -stadium. Gleichzeitig liegt cfDNA
iiberwiegend in Form kurzer, stark fragmentierter Molekiile mit einer charakteristischen Léange
von etwa 167 bp vor, die hdufig eine nukleosomale Struktur aufweisen. Diese Fragmente befinden
sich in einer komplexen biologischen Matrix mit hohem Proteingehalt sowie potenziell vorhandener
hochmolekularer genomischer DNA (gDNA), die wihrend der Probenverarbeitung freigesetzt werden
kann. Diese Eigenschaften stellen hohe Anforderungen an die Probenvorbereitung, insbesondere fiir
sequenzierungsbasierte Analysemethoden wie Droplet Digital PCR und Next-Generation Sequencing
(NGS), die eine effiziente und selektive Aufreinigung der Zielmolekiile erfordern. Entsprechend gilt
die Extraktion von ¢fDNA als entscheidender Schritt in der prdanalytischen Phase der Fliissigbiopsie.

Der derzeitige Stand der Technik fiir die cfDNA-Extraktion basiert iiberwiegend auf der Fest-
phasenadsorption an Silikamembranen oder funktionalisierten Magnetpartikeln unter Verwendung
chaotroper Salze. Obwohl diese Methoden aufgrund ihrer Robustheit und hohen Reinheit weit
verbreitet sind, weisen sie mehrere Einschrankungen auf. Die meisten kommerziellen Kits erfordern
zeitaufwiandige Protokolle mit Bindungs-, Wasch- und Elutionsschritten sowie wiederholten manuel-
len Eingriffen und Vakuum- oder Zentrifugationsschritten, was das Risiko von Probeverlusten und
Kreuzkontaminationen erhéhen kann. Automatisierte Plattformen kénnen diese Risiken reduzieren
und den Durchsatz sowie die Anwenderfreundlichkeit verbessern; jedoch stellen hohe Reagenzienkos-
ten und der Bedarf an spezialisierter Ausstattung weiterhin limitierende Faktoren dar, die Flexibilitat
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und Skalierbarkeit einschréinken. Dariiber hinaus kénnen unvollstédndige Adsorption oder Elution
sowie Kontamination mit gDNA den Nachweis seltener tumorabgeleiteter Varianten beeintréchtigen.
Insbesondere kurze DNA-Fragmente werden héufig mit geringerer Effizienz wiedergewonnen, was zu
einer Fragmentldngenverzerrung fithren und die nachgelagerte Analyse beeinflussen kann. Insgesamt
verdeutlichen diese Aspekte den Bedarf an alternativen Strategien zur cfDNA-Extraktion, die
einfachere Prozessablédufe begiinstigen und zugleich eine hohe Leistungsfidhigkeit gewéahrleisten.

Waissrige Zweiphasensysteme (ATPS) stellen ein vielversprechendes Fliissig-Flussig-Extraktions-
verfahren zur Trennung und Aufreinigung von Biomolekiilen dar. Diese Systeme bestehen aus zwei
nicht mischbaren, wéissrigen Phasen, die durch das Mischen von Polymeren und Salzen oberhalb einer
kritischen Konzentrationsschwelle gebildet werden. Dabei verteilen sich Biomolekiile entsprechend
ihren physikochemischen Eigenschaften zwischen den Phasen, was eine selektive Trennung ohne den
Einsatz denaturierender Agenzien ermoglicht. Neben den milden und kostengiinstigen Prozessbedin-
gungen bieten ATPS Vorteile hinsichtlich der Skalierbarkeit und der Prozessvereinfachung, da die
Phasentrennung durch Zentrifugation schnell erfolgen kann. Obwohl ATPS fiir die Aufreinigung ver-
schiedenster Biomolekiile, darunter Proteine und Nukleinsduren, etabliert sind, ist ihre Anwendung
auf kurze DNA-Fragmente im Kontext der Fliissigbiopsie bislang nur begrenzt untersucht. Insbe-
sondere ist das Verteilungsverhalten cfDNA-&hnlicher Fragmente in Polymer-Salz-Systemen noch
nicht umfassend verstanden, vor allem unter dem Einfluss von Plasma, einer komplexen biologischen
Matrix, die das Phasenverhalten und die Verteilung der Komponenten mafigeblich beeinflussen
kann. Die Integration von ATPS als Capture- und Konzentrationsschritt in einen vollstdndigen
Extraktionsworkflow, der mit nachgelagerten molekularen Analysen kompatibel ist, ist nach wie
vor von deutlichen Forschungsliicken geprégt. Daher ist die Verkniipfung des Verteilungsverhaltens
mit der Prozessgestaltung fiir die Entwicklung einer effizienten ATPS-basierten Trennungsstrategie
essenziell.

Gestiitzt auf die maBgebliche Fachliteratur bietet Kapitel 1 einen umfassenden Uberblick iiber
den theoretischen Hintergrund, den aktuellen Stand sowie die verbleibenden Herausforderungen in
diesem Forschungsfeld. Wie in Kapitel 2 dargelegt, befasst sich diese Arbeit mit der Entwicklung
eines ATPS-basierten Extraktionsworkflows fiir cfDNA-&dhnliche Fragmente aus Plasma, wobei
grundlegende Erkenntnisse zur Phasentrennung in einen praktisch umsetzbaren und analytisch
kompatiblen Prozess iiberfiihrt werden. Die drei vorgestellten Studien bauen aufeinander auf und
reichen von Untersuchungen in definierten Modellsystemen {iber die Anwendung in einer komplexen
biologischen Matrix bis hin zur Entwicklung eines integrierten Workflows. Um eine systematische
Untersuchung zu ermdglichen, werden im Rahmen dieser Arbeit PCR-generierte 160 bp DNA-
Fragmente als cfDNA-dhnliche Modellfragmente eingesetzt. Die erzielten Ergebnisse liefern neue
Einblicke in das Verteilungsverhalten kurzer DNA-Fragmente in ATPS und zeigen, dass mit dem
entwickelten Verfahren die Gewinnung sequenzierbarer DNA moglich ist.

Die erste Studie (Kapitel 3) untersuchte das Verteilungsverhalten von 160 bp DNA-Fragmenten
in definierten Polymer-Salz-ATPS und adressierte damit den Mangel an systematischen Daten zu
Molekiilen im fiir cfDNA relevanten Groéflenbereich. Angesichts der komplexen Wechselwirkungen
zwischen den Einflussfaktoren auf die Molekiilverteilung in ATPS wurde ein umfassender experimen-
teller Ansatz gewdhlt, um die Auswirkungen zentraler Systemparameter wie des Molekulargewichts
des Polymers, der Salzart, der Konodenlénge, des Phasenvolumenverhéltnisses sowie der Zugabe
neutraler Salze auf DNA-Verteilung und -Riickgewinnung zu untersuchen. Ein Hochdurchsatz-
Screening mithilfe einer Liquid-Handling-Plattform und automatisierter Routinen zur Bestimmung
von Binodalen und Konoden bildete die Grundlage fiir die effiziente Untersuchung einer Vielzahl von
Systemzusammensetzungen. Die Ergebnisse zeigten konsistente Trends in der DNA-Verteilung und



Zusammenfassung

identifizierten Bedingungen, die eine hohe Riickgewinnung ermoglichen. Insgesamt wurde gezeigt,
dass sich kurze DNA in PEG/Phosphat-ATPS dhnlich wie Plasmid-DNA verhélt, wobei die Vertei-
lung mafigeblich vom Molekulargewicht des PEGs beeinflusst wird. So wurden DNA-Fragmente
tiberwiegend in der Oberphase gefunden, wenn PEG ein Molekulargewicht unter 600 g/mol aufwies,
wahrend sie sich bei PEG 600 und 1000 bevorzugt in der Unterphase anreicherten. Dariiber hinaus
wurde bestétigt, dass die Zugabe eines neutralen Salzes wie NaCl zu einem PEG 400-System die
DNA-Verteilung von der oberen in die untere Phase verschiebt. Vorldufige Experimente in einer ver-
einfachten synthetischen Plasmamatrix, bestehend aus Humanserumalbumin und Immunoglobulin G,
zeigten, dass sich die beobachteten Verteilungstrends zumindest teilweise auf komplexere Systeme
iibertragen lassen. Zudem wurde gezeigt, dass die durch NaCl induzierte Phasenverschiebung selektiv
fiir DNA ist, wobei Riickgewinnungen von bis zu 88 % sowie eine gleichzeitige Entfernung von
etwa 99 % der Proteine erzielt werden konnten. Diese Ergebnisse tragen zu einem verbesserten
Verstdandnis des Verteilungsverhaltens kurzer DNA in ATPS bei und bilden die Grundlage fiir die
gezielte Auswahl geeigneter Systembedingungen in weiterfiihrenden Extraktionsstudien.

Aufbauend auf diesen Ergebnissen untersuchte die zweite Studie (Kapitel 4) die Anwendung
von ATPS zur Capture von cfDNA-&dhnlichen Fragmenten aus menschlichem Plasma. Im Gegensatz
zu den in Kapitel 3 beschriebenen Modellsystemen fihrt das Vorhandensein von Proteinen und
weiteren Plasmakomponenten zu zusétzlichen Wechselwirkungen, die sowohl das Phasenverhalten
als auch die Molekiilverteilung beeinflussen kénnen. Entsprechend wurden die DNA-Ausbeute
und -Verteilung sowie die Phasenbildung in PEG/Phosphat-ATPS mit Plasma untersucht. Die in
PEG 400-Systemen beobachtete NaCl-induzierte DN A-Verschiebung erwies sich als weniger effektiv,
da sich eine Interphase aus reversibel aggregierten, im Uberschuss vorliegenden Plasmaproteinen
bildete. Daher wurden PEG 1000-ATPS bevorzugt, da sie DNA-Ausbeuten von bis zu 90 %
in der salzreichen Unterphase ermoglichten und gleichzeitig die Proteinkonzentration von etwa
60-80 mg/mL in Plasma auf unter 3 mg/mL reduzierten, einer Abreicherung von iiber 95 %
entsprechend. Dariiber hinaus bestétigte die Studie die Robustheit des ATPS-basierten Capture-
Schritts gegeniiber Variationen in Plasmaproben verschiedener Spender und Entnahmerohrchen.
Zur Vermeidung der Probenverdiinnung durch vorab geldste Phasenbildner wurde ein Systemdesign
entwickelt, bei dem festes PEG und Salze direkt dem Plasma zugegeben wurden. Dadurch konnte
der Plasmaanteil von 38 % (w/w) auf 67 % (w/w) erhoht werden, ohne die Verteilung von DNA
oder Proteinen signifikant zu beeinflussen. Die Skalierbarkeit dieses Ansatzes wurde durch die
Verarbeitung von bis zu 4 mL Plasma auf einmal demonstriert, was dem verfiigharen Volumen aus
einem Blutrohrchen entspricht. Ergidnzend wurde ein Aufreinigungsschritt auf Basis der Reverse
Elution implementiert, um die DNA-haltige Phase zu entsalzen, die Proteinabreicherung auf tiber
99 % zu erhohen und gleichzeitig das Extraktvolumen zu verringern. Dadurch wurde die DNA
effektiv konzentriert und die Eignung der Extrakte fiir nachfolgende sequenzierungsbasierte Analysen
verbessert. Insgesamt zeigen die Ergebnisse, dass DNA effizient aus Plasma gewonnen und zugleich
von der Hauptproteinfraktion getrennt werden kann, wodurch Extrakte mit deutlich reduzierter
Matrixkomplexitit erhalten werden. Damit wurden zentrale Prozesselemente fiir einen integrierten
Workflow etabliert und eine Grundlage fiir weiterfithrende Prozessoptimierungen geschaffen.

Die dritte Studie (Kapitel 5) konzentrierte sich auf die Integration der einzelnen Prozessschritte
in einen zusammenhédngenden und optimierten ATPS-basierten Extraktionsworkflow sowie auf
dessen Bewertung hinsichtlich der Kompatibilitdt mit nachgelagerten Analysen. Zunéchst wurde
der Einfluss verschiedener Lysemethoden auf die DNA-Ausbeute und die Proteinentfernung un-
tersucht. Die Ergebnisse deuteten darauf hin, dass ein zusédtzlicher Lyse-Schritt moglicherweise
nicht erforderlich ist, da der hohe Salzgehalt der DNA-haltigen Unterphase ausreicht, um DNA von
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einem Grofiteil der Proteine zu trennen und den Nukleosomenkomplex potenziell zu dissoziieren.
Dies wiirde die Voraussetzung schaffen, den Gesamtprozess zu kiirzen und zu vereinfachen. Im
weiteren Verlauf wurde die Systemzusammensetzung gezielt optimiert, indem das Phasenvolumen-
verhéltnis und die Konodenlédnge angepasst wurden, um die DNA-Konzentration zu erh6hen und
gleichzeitig Verluste zu minimieren. Dariiber hinaus wurde das Potenzial serieller ATPS-Schritte zur
weiteren Anreicherung untersucht. Zwar erhohte jeder ATPS-Schritt die DNA-Konzentration und
ermoglichte die Zugabe weiterer Plasmamengen zur bestehenden Unterphase, jedoch traten dabei
auch kumulative Verluste auf, die einen Zielkonflikt zwischen Konzentration und Gesamtausbeute
verdeutlichen. Neben der Systemzusammensetzung wurden auch praxisrelevante Prozessparameter
wie Zentrifugationszeit, Mischtemperatur, PEG-Form sowie Fiillgrad der Reaktionsgefédfie systema-
tisch untersucht und hinsichtlich Einfachheit, Geschwindigkeit und Robustheit optimiert. Dabei
zeigte sich, dass insbesondere eine ausreichende Durchmischung und die vollstdndige Auflésung der
Phasenbildner vor der Phasentrennung entscheidend fiir eine reproduzierbare DNA-Riickgewinnung
sind. Die Leistungsfahigkeit des entwickelten Workflows wurde anhand seiner Fahigkeit bewertet,
ein breites Spektrum an DNA-Ausgangskonzentrationen zuverlissig zu extrahieren. Auch bei einer
Ausgangskonzentration von 2 ng/mL war die DNA selbst in einem 1000-fach verdiinnten Extrakt
mittels qPCR eindeutig nachweisbar. Zudem wurden die Fragmentgroflenselektivitdt und mogliche
PCR-Inhibition untersucht und mit einer etablierten adsorptionsbasierten Referenzextraktionsme-
thode verglichen. Die resultierenden Extrakte zeigten keine Hinweise auf eine Inhibition und wiesen
einen Cut-off von etwa 750 bp auf, was auf eine selektive Anreicherung kiirzerer Fragmente hindeutet.
Diese Eigenschaft ist insbesondere im Kontext der Fliissighiopsie vorteilhaft, da sie die Abtrennung
hochmolekularer gDNA aus der relevanten cfDNA-Fraktion erméglicht. Obwohl die Gesamtausbeute
an sequenzierbarer DNA mit etwa 65 % leicht unter der des adsorptionsbasierten Referenzverfahrens
lag, zeichnete sich der entwickelte ATPS-Workflow durch eine deutlich kiirzere Prozessdauer von
etwa 10 Minuten sowie geringere Anforderungen an Geréte und Verbrauchsmaterialien aus. Die
Anwendbarkeit des Verfahrens wurde schliellich durch die Extraktion von cfDNA-Referenzmaterial
aus DNA-freiem Plasma und dessen Analyse mittels NGS demonstriert. Die erfolgreiche Erstellung
von Sequenzierungsbibliotheken sowie der Nachweis der zugesetzten Mutationen bestétigten die
Eignung der gewonnenen DNA fiir nachgelagerte molekulare Analysen und lieferten damit einen
Proof of Concept fiir einen vereinfachten ATPS-basierten Extraktionsansatz.

Zusammenfassend bietet die vorliegende Arbeit eine systematische Untersuchung von ATPS
zur Extraktion cfDNA-dhnlicher Fragmente aus Plasma, in der mechanistische Fragestellungen mit
prozessorientierter Entwicklung und Bewertung verkniipft werden. Die Ergebnisse zeigen, dass ATPS
eine effektive und zugleich einfache Plattform zur Capture und Konzentration dieser Fragmente
darstellen. Dariiber hinaus liefert diese Arbeit neue Erkenntnisse iiber die Einflussfaktoren auf
die Verteilung kurzer DNA in Polymer-Salz-Systemen, insbesondere bei Zugabe einer komplexen
biologischen Matrix. Auch wenn fiir eine abschlielende Bewertung weitere Untersuchungen mit
klinischen Proben erforderlich sind, schafft der entwickelte Ansatz eine fundierte Grundlage fiir
alternative Extraktionsstrategien im Kontext der Fliissigbiopsie. Insgesamt heben die Ergebnisse
das Potenzial von Fliissig-Fliissig-Extraktionsverfahren als Ergénzung zu etablierten Methoden
hervor und leisten einen Beitrag zur Entwicklung effizienterer, skalierbarer und stérker integrierbarer
Probenvorbereitungsprozesse.
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Introduction

Molecular diagnostics based on circulating biomarkers have become a cornerstone of precision
medicine, enabling minimally invasive disease characterization and longitudinal monitoring [1, 2].
Among these approaches, liquid biopsy has emerged as a promising tool in oncology, enabling the
acquisition of tumor-derived genetic information from body fluids without the need for surgical
tissue biopsies [3, 4]. Its ease of use and repeatability, along with its potential to capture spatial and
temporal tumor heterogeneity, make liquid biopsy attractive for applications such as early cancer
detection, treatment selection, therapy monitoring, and the detection of minimal residual disease [5].

A central biomarker in liquid biopsy is circulating cell-free DNA (c¢fDNA), consisting of short,
double-stranded DNA fragments released into the bloodstream primarily through apoptosis and
necrosis [6]. In healthy individuals, cfDNA originates largely from hematopoietic cells, whereas in
cancer patients, a small fraction is derived from tumor cells and referred to as circulating tumor
DNA (ctDNA) [7]. c¢fDNA exhibits a characteristic fragment-length distribution centered around
167 bp, corresponding to nucleosome-protected DNA, whereas ctDNA fragments are often even
shorter [8, 9]. The low abundance of ¢fDNA in plasma, typically in the range of 1-40 ng/mL,
combined with its high fragmentation and susceptibility to contamination by high-molecular-weight
genomic DNA (gDNA), makes reliable extraction particularly challenging [10, 11].

Despite major advances in downstream molecular analysis, cfDNA extraction remains a critical
bottleneck in the liquid biopsy workflow. Commercial extraction kits predominantly rely on solid-
phase adsorption to silica membranes or coated magnetic beads under chaotropic salt conditions
[12]. While these methods provide high purity and are widely accepted as reference techniques, they
present several limitations. Multi-step bind-wash-elute protocols increase processing time, handling
complexity, and the risk of sample loss or cross-contamination [13]. Residual chaotropic salts may
inhibit downstream enzymatic assays, and short ¢fDNA fragments are often recovered less efficiently,
potentially introducing fragment-length bias [14, 15]. In addition, the use of specialized consumables
and equipment can limit scalability and cost-effectiveness, particularly in high-throughput or routine
clinical settings.



These limitations have motivated the exploration of alternative extraction strategies that
better match the physicochemical properties of cfDNA and the practical requirements of clinical
diagnostics. Aqueous two-phase systems (ATPS) represent a promising liquid-liquid extraction
approach, enabling the partitioning of biomolecules between two immiscible, water-rich phases
formed by combinations of polymers and salts [16, 17]. ATPS operate under mild, non-denaturing
conditions, are readily scalable, and can be integrated into automated, high-throughput workflows
through simple centrifugation-based phase separation [18, 19]. ATPS-based processes have been
successfully applied to the separation and purification of a wide range of biomolecules, including
proteins, viruses, cells, and nucleic acids [20, 21].

Previous studies on DNA partitioning in ATPS have largely focused on gDNA or plasmid DNA
(pDNA), primarily in the context of large-scale bioprocessing and protein purification [22, 23].
However, short DNA fragments that resemble ¢cfDNA differ substantially in size, conformation, and
interaction behavior, and their partitioning characteristics may not be directly extrapolated from
studies of longer DNA molecules. Moreover, most reported investigations have been conducted
in well-defined or simplified systems. In contrast, the presence of complex biological matrices
such as plasma can significantly affect phase formation, component distribution, and separation
performance [24, 25]. In this context, developing alternative ATPS-based separation strategies for
short circulating DNA fragments from plasma has the potential to advance process understanding
and facilitate the practical implementation of liquid biopsy workflows.

The following subchapters present key aspects of liquid biopsy and the current state of the
art in cfDNA extraction and molecular diagnostics (Section 1.1), the theoretical foundations of
ATPS and biopartitioning (Section 1.2), and relevant DNA purification and quantification strategies
(Section 1.3).

1.1 Liquid biopsy

Cancer is a genetic disease driven by molecular alterations that disrupt the normal regulation of cell
growth, survival, and differentiation [26]. The progressive accumulation of these alterations leads to
tumor formation, organ dysfunction, and ultimately life-threatening disease [27]. As cancer remains
one of the leading causes of death worldwide, improved diagnostic and monitoring strategies are
of major clinical importance [28]. The current gold standard for tumor characterization is tissue
biopsy, defined as the removal of cells or tissue for histopathological and molecular analysis [3, 29].
Tissue biopsies enable tumor classification and guide personalized treatment decisions. However,
they are invasive, may not be feasible for all tumor sites, and are difficult to repeat [30]. A single
biopsy offers only a limited snapshot of a spatially and temporally heterogeneous disease [31].
Liquid biopsy has emerged as a complementary approach to overcome these limitations. It refers
to the analysis of tumor-derived biomarkers, such as circulating cells, nucleic acids, proteins, or
extracellular vesicles, from body fluids, most commonly blood [32-34]. The minimally invasive nature
of blood sampling enables repeated sampling over time, allowing longitudinal monitoring of disease
progression and therapeutic response [35, 36]. Figure 1.1 shows a schematic liquid biopsy workflow
from blood collection to clinical decision-making. Although many methodological foundations
of liquid biopsy originate from non-invasive prenatal diagnostics and have also been applied in
organ transplantation medicine, the primary clinical momentum lies in oncology [37—40]. In this
context, liquid biopsy holds promise for early cancer detection, molecular stratification, monitoring
of treatment response, detection of minimal residual disease, and tracking clonal evolution [41-43].
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Figure 1.1 Schematic overview of the liquid biopsy workflow from blood collection to clinical
decision-making. Following a blood draw, samples are processed to separate cellular components
from plasma, which contains relevant biomarkers such as cell-free DNA. The target biomarker is
subsequently extracted and purified to ensure compatibility with downstream sequencing-based
analysis, enabling the detection of tumor-associated genetic alterations for informed cancer
management.

Despite its potential, liquid biopsy faces significant challenges, including the low abundance of
tumor-derived material, the requirement for highly sensitive analytical methods, and the need for
standardized pre-analytical and clinical validation frameworks [44].

1.1.1 Circulating cell-free DNA

Among biomarkers suitable for liquid biopsy, circulating cell-free DNA (cfDNA) stands out as
the most promising analyte for molecular diagnostics due to its relative stability in plasma and
compatibility with established sequencing technologies [45]. It was first described in 1948 by
Mandel and Métais [46]. Under physiological conditions, cfDNA originates predominantly from
hematopoietic cells [47], and plasma levels in healthy individuals are typically well below 40 ng/mL
[10]. Circulating levels are influenced by physiological and pre-analytical factors, including physical
activity, and can increase with cancer progression [48, 49]. In cancer patients, a variable fraction
of total cfDNA is tumor-derived and referred to as ctDNA [50]. This fraction is often small and
strongly dependent on tumor burden, stage, and biology [51].

From an analytical perspective, ctDNA may occur at very low variant allele frequency, meaning
that only a limited number of mutant fragments may be present in a given plasma sample [52].
Therefore, reliable detection requires highly sensitive and specific analytical technologies [53]. At
the same time, scalable extraction methods that enable processing of larger plasma volumes can
increase the probability of detecting rare variants [54].

Biologically, cfDNA is released predominantly during apoptosis and necrosis, with additional
contributions from active secretion [55]. These mechanisms generate highly fragmented DNA with a
characteristic size distribution dominated by mononucleosomal fragments of approximately 167 bp,
corresponding to DNA wrapped around a histone octamer [56, 57]. This nucleosomal pattern
and distinct fragmentation are defining structural features of cfDNA. Due to its short half-life in
circulation (<2 hours), cfDNA provides a dynamic snapshot of the current tumor burden [58].

Clinically, cfDNA analysis provides both quantitative and qualitative insights. Total cfDNA
levels can correlate with tumor burden and prognosis [59], while longitudinal measurements enable
monitoring of treatment response and detection of relapse [60]. Genomic analyses identify tumor-
specific mutations to guide therapy selection and track clonal evolution [61]. In addition, epigenetic
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features, such as tissue-specific methylation patterns and emerging fragmentomic signatures, provide
complementary diagnostic information [62].

Taken together, the intrinsic characteristics of ¢cfDNA pose substantial analytical challenges
and directly affect pre-analytical handling and extraction efficiency [7, 63]. Size-dependent losses,
contamination with gDNA, and recovery bias can markedly reduce sensitivity [45, 64]. Because these
factors are closely linked to the biochemical properties of the plasma matrix, a detailed understanding
of plasma as the source material is essential for developing reliable isolation strategies.

1.1.2 Blood plasma

Whole blood consists of cellular components (erythrocytes, leukocytes, and platelets) and plasma,
which accounts for approximately 55-60% of total blood volume [65]. Plasma is a complex aqueous
solution composed of roughly 90% water, 7% proteins, and 1-2% dissolved solutes, including
electrolytes, metabolites, hormones, and waste products [66, 67]. Blood typically has a physiological
pH of about 7.4.

Proteins constitute the dominant macromolecular fraction. Human serum albumin (HSA) is
the most abundant plasma protein (approximately 35-55 g/L), contributing to colloid osmotic
pressure and serving as a carrier for fatty acids, hormones, and other small molecules [68, 69].
Immunoglobulins, particularly immunoglobulin G (IgG), form the second major fraction, with
other globulins involved in transport, coagulation, and immune responses [70]. In addition, plasma
contains lipoprotein particles of varying densities that transport cholesterol and triglycerides [71].

From a separation perspective, this high protein content is particularly relevant. Plasma
proteins can interact non-specifically with nucleic acids, compete for binding surfaces, alter phase
behavior in liquid-liquid systems, and contribute to co-precipitation or adsorption losses [72-74].
Dissolved salts that make up plasma’s buffer systems can influence ionic strength and electrostatic
interactions, thereby modulating DNA solubility and partitioning behavior [75-77]. The abundance
of these macromolecules and solutes creates a challenging background for the selective enrichment
of short DNA fragments present at very low concentrations (Table 1.1). Efficient isolation strategies
must therefore discriminate between nucleic acids and a large excess of proteins and other plasma
constituents while minimizing size-dependent losses and contamination [78].

Table 1.1 Representative plasma components and their physicochemical properties. The large
excess of proteins compared to cfDNA illustrates the challenge of selective DNA extraction.

HSA IgG Apolipoprotein A-I Transferrin cfDNA
Concentration in g/L 35-52 7-16 1-2 2-3.6 1-40 x 107¢
Molecular mass in kDa 66 160 28 80 ~110 (167 bp)
Isoelectric point 4.7-4.8  6.1-9.5 5.2-5.8 5.2-5.9 —
Net charge at pH 7.4 negative variable negative negative strongly negative

Although plasma is generally preferred over serum for liquid biopsy applications, it remains
sensitive to handling conditions [79]. Cellular lysis during blood collection or storage can release
¢DNA and intracellular components, including hemoglobin, thereby substantially altering the
composition of the plasma fraction [80]. Consequently, pre-analytical variables are critical to
preserving sample integrity and ensuring reliable downstream analysis.
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1.1.3 Pre-analytical considerations

Sample collection, handling, and storage are critical determinants of cfDNA yield, integrity, and
background contamination. They must therefore be carefully controlled to match the intended
downstream application [11, 81]. A standard blood draw typically provides about 10 mL of
whole blood, yielding 4-5 mL of plasma after centrifugation. While 1-4 mL is sufficient for many
molecular assays, larger input volumes generally increase total ¢cfDNA yield and improve detection
of low-frequency variants [82]. In clinical practice, however, sample availability may be limited [10].

The choice of blood collection tube strongly influences sample stability [83]. Conventional
anticoagulant tubes containing EDTA, citrate, or heparin prevent clotting but do not inhibit cellular
degradation beyond a few hours [84]. At room temperature, leukocyte lysis may begin within hours
to a day, releasing high-molecular-weight gDNA and diluting the tumor-derived fraction [85]. In
contrast, specialized cfDNA stabilization tubes contain preservatives that inhibit white blood cell
lysis and enable room-temperature storage for extended periods, in some cases up to two weeks [86,
87]. These stabilizing tubes are particularly advantageous when immediate plasma processing is not
feasible.

After blood collection, plasma separation must efficiently remove residual cellular components
to minimize gDNA contamination [81]. Double-centrifugation protocols are commonly used and
typically consist of an initial low-speed step (approximately 1600 x g for 10 minutes) to collect
plasma, followed by a high-speed step (16000 x g for 10 minutes) to remove residual cell debris [88,
89]. Incomplete separation, disturbance of the buffy coat, or hemolysis can substantially increase
background DNA and nucleosome levels and alter fragment size profiles [90].

Inadequate control of these pre-analytical variables can compromise the sensitivity and repro-
ducibility of downstream molecular assays, underscoring the need for standardized workflows in
liquid biopsy applications [91, 92].

1.1.4 Molecular diagnostics

The clinical value of liquid biopsy depends on the reliable detection of tumor-specific genetic and
epigenetic alterations in ctDNA. Because tumor-derived fragments often constitute only a minor
fraction of total cfDNA, molecular assays must detect rare variants against a substantial wild-type
background [93]. The achievable limit of detection is therefore a central performance parameter
that depends on both analytical sensitivity and sample quality [41].

Recent advances in genomic technologies and bioinformatic error-suppression strategies have
markedly improved the sensitivity of ctDNA analysis [94]. Depending on the methodological
approach, mutations can be detected at variant allele frequencies well below 1%, with highly
optimized systems reaching even lower thresholds [95, 96]. However, each analytical platform has
specific requirements for DNA input quantity, purity, and fragment integrity [41, 97].

1.1.4.1 PCR-based analysis

Methods based on polymerase chain reaction (PCR) remain widely used for targeted mutation
analysis because of their specificity and rapid turnaround time. PCR relies on cyclic thermal
amplification of a defined DNA target sequence. During each cycle, double-stranded DNA (dsDNA)
is first denatured at high temperature, typically around 95°C, resulting in strand separation.
Sequence-specific primers then anneal to complementary regions on the single-stranded template at
lower temperatures. In the following elongation step, a thermostable DNA polymerase synthesizes
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the complementary strand by incorporating deoxynucleotides in the 5-3’ direction [98]. Repeated
cycling leads to exponential amplification of the target sequence.

Conventional PCR allows qualitative detection of specific sequence alterations, whereas quan-
titative PCR (qPCR) enables real-time monitoring of amplification via fluorescence-based signal
detection [99]. However, both approaches rely on bulk amplification within a single reaction volume
and are therefore limited in sensitivity by background amplification, signal noise, and variations in
amplification efficiency [10, 82]. Droplet digital PCR (ddPCR) increases sensitivity by partitioning
a DNA sample into thousands of microreactions [100]. Each partition ideally contains zero or
one template molecule (Figure 1.2). After amplification with mutation-specific fluorescent probes,
reactions are scored as positive or negative, enabling absolute quantification of mutant and wild-type
alleles using Poisson statistics [101]. This method enables highly sensitive detection of rare variants
but requires prior knowledge of the mutation of interest, limiting it to targeted analyses [102].

Droplet digital PCR Next-generation sequencing
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Figure 1.2 Schematic comparison of two molecular diagnostic approaches. Droplet digital PCR,
(left) partitions samples into thousands of microreactions, enabling highly sensitive detection of
predefined mutations. In contrast, next-generation sequencing (right) analyzes cfDNA against a
reference genome, enabling broader detection of genomic alterations, including de novo variants.

PCR-based assays are sensitive to inhibitors commonly present in plasma-derived samples,
including proteins, salts, and residual extraction reagents [103]. Impurities can reduce amplification
efficiency, skew quantification, and increase variability [104]. Consequently, extraction methods must
yield DNA of sufficient purity and remove inhibitory substances to ensure reliable amplification.

1.1.4.2 Next-generation sequencing

Next-generation sequencing (NGS) enables high-throughput, parallel analysis of millions of DNA
fragments and allows simultaneous interrogation of multiple genomic regions [105, 106]. Depending
on the application, sequencing may target predefined gene panels, whole exomes, or entire genomes
[107]. Compared with ddPCR, NGS provides broader mutational coverage and can identify previously
unknown alterations (Figure 1.2) [108, 109).

Before sequencing, cfDNA samples must be converted into an NGS library of adapter-flanked
DNA fragments compatible with the sequencing platform [110]. Although protocols vary, library
preparation for ¢cfDNA typically includes end repair, ligation of platform-specific adapters, optional
size selection, and PCR amplification [111, 112]. Because each step affects fragment representation,
library preparation imposes constraints on DNA concentration, fragment-length distribution, and
chemical purity. Low input amounts, amplification bias, or co-purified inhibitors can reduce library
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complexity, impair coverage uniformity, and limit sensitivity to detect low-frequency variants in
cfDNA analysis [113, 114].

Advanced strategies, such as molecular barcoding and error-correction algorithms, have further
enhanced detection of low-frequency variants by distinguishing true mutations from sequencing
artifacts [94, 115]. Nevertheless, analytical sensitivity remains directly influenced by input DNA
quantity and background contamination with high-molecular-weight gDNA, underscoring the
importance of adequate cfDNA extraction and purification.

1.1.5 Cell-free DN A extraction

The majority of cfDNA extraction protocols rely on solid-phase adsorption, most commonly using
silica membranes in spin-column formats or silica-coated magnetic beads [12]. Both systems are
based on the selective adsorption of nucleic acids onto silica surfaces under chaotropic conditions
(Figure 1.3). Silica surfaces are covered with silanol (Si-OH) groups, which are partially deprotonated
at neutral to slightly alkaline pH and thus negatively charged [116, 117]. Under normal aqueous
conditions, electrostatic repulsion between the negatively charged phosphate backbone of DNA and
the silica surface prevents binding. In the presence of high concentrations of chaotropic salts, such
as guanidinium isothiocyanate or guanidinium hydrochloride, the hydration shells of DNA and silica
are disrupted, and the structured water network is weakened [118-120]. As a result, electrostatic
repulsion is reduced, and hydrogen bonds and salt bridges form between DNA and the silica surface.
At the same time, proteins are denatured, and their solubility decreases, thereby reducing their
co-adsorption [121, 122].

Binding Elution
Silica surface DNA backbone Silica surface DNA backbone
—— Si—OH ---binding --- PO, —— —— Si—Q~H0 PO, ——
. _ H,0
— Si—OH Chaotropic salt —S8i— 0O~ i ’
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Figure 1.3 Schematic representation of DNA adsorption to silica surfaces. In the presence of
chaotropic salts, hydration shells are disrupted, and electrostatic repulsion is reduced, enabling
interactions between the DNA phosphate backbone and silanol (Si—-OH) groups through hydrogen
bonding and cation bridging. Elution with a low-salt buffer or water restores hydration and
electrostatic repulsion, releasing DNA from the surface.

Although state-of-the-art cfDNA extraction kits differ in matrix format and composition, most
rely on this chemistry in a multi-step bind-wash-elute workflow [12, 95]. First, plasma is incubated
with a highly denaturing lysis buffer containing chaotropic salts, and often proteinase K to release
nucleic acids associated with histones, protein complexes, or membrane-bound vesicles and to
inactivate nucleases [123, 124]. After adjusting the binding conditions with buffers, the sample
is loaded onto the solid phase, where cfDNA adsorbs to the silica surface. In contrast, most
contaminants remain in solution or are removed during subsequent washes [125]. Alcohol-containing
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wash buffers further reduce water activity, thereby stabilizing DNA adsorption while removing
residual salts and impurities [13]. Elution is achieved by lowering ionic strength and increasing
water activity, thereby restoring electrostatic repulsion and releasing DNA into solution [126]. In
most kits, DNA is eluted in nuclease-free water or a low-salt buffer such as Tris-EDTA. Magnetic
bead-based systems operate on the same physicochemical principle as kits using silica membranes,
but replace centrifugation or vacuum steps with magnetic separation using paramagnetic particles
coated with silica or related functional groups [127, 128]. Rapid separation is achieved by applying
an external magnetic field, facilitating automation and parallel processing [129, 130].

Adsorption-based methods are robust and widely validated in clinical laboratories [131, 132].
However, their underlying mechanism has inherent limitations. Because cfDNA is extremely dilute,
incomplete adsorption or inefficient elution directly reduces analytical sensitivity [126]. Fragment-
size-dependent adsorption kinetics may introduce bias against very short DNA fragments [14, 15]. In
addition, residual chaotropic salts or alcohol can inhibit polymerases and other enzymes if washing is
incomplete. The multi-step bind-wash-elute workflow increases the risk of cross-contamination and
adds process complexity and cost, particularly for large sample numbers [13]. Although silica-based
workflows remain the current gold standard, their dependence on chaotropic reagents, solid-phase
adsorption equilibria, and multiple handling steps can limit recovery efficiency, size selectivity, and
process integration.

Another widely used nucleic acid isolation method is alcohol precipitation, often preceded by
organic solvent extraction with phenol-chloroform [13, 133, 134]. Adding ethanol or isopropanol
in the presence of monovalent cations reduces the dielectric constant of the solution, shielding the
negative charges on the DNA phosphate backbone, thereby decreasing intermolecular electrostatic
repulsion and promoting nucleic acid aggregation and precipitation [135]. Although conceptually
simple, this method’s efficiency depends strongly on nucleic acid concentration and fragment length.
Given the low abundance and short size of ¢fDNA, yields may be reduced, and co-precipitation of salts
and proteins can compromise downstream applications [135]. Consequently, alcohol precipitation is
rarely used for routine cfDNA isolation. However, it has been implemented as a final concentration
step in an innovative kit presented by Janku et al. [136].

These considerations have motivated the exploration of alternative separation principles. For
example, Obino et al. reviewed microfluidic lab-on-a-chip approaches for nucleic acid extraction
from raw human samples, although most still rely on silica-based adsorption [137]. One emerging
strategy, which, to the best of our knowledge, has so far been exploited commercially only by
PHASE Scientific International [138], is the use of ATPS, which may offer a gentler, potentially
scalable liquid-liquid extraction approach for cfDNA isolation.

1.2 Aqueous two-phase systems

1.2.1 Fundamentals and phase separation

Aqueous two-phase systems (ATPS) form when two incompatible hydrophilic components are mixed
in water above a critical concentration, leading to spontaneous phase separation into two immiscible
aqueous phases [139, 140]. In contrast to conventional organic-aqueous extraction systems, both
phases in an ATPS are water-rich, resulting in low interfacial tension and mild, near-physiological
separation conditions [141]. Phase separation typically occurs either between two polymers, such
as polyethylene glycol (PEG) and dextran, or between a polymer and a salt, commonly PEG and
phosphate [142, 143]. Compared with organic solvent extraction, ATPS avoid volatile or denaturing
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solvents, reducing biomolecule degradation and safety risks [144]. Unlike solid-phase methods,
partitioning in ATPS occurs in a homogeneous liquid phase and does not rely on surface adsorption
equilibria, potentially minimizing irreversible binding or incomplete elution [126, 145]. Due to their
mild conditions, simple mixing, scalability, and relatively low cost, ATPS are widely used to separate
and purify biomolecules, including proteins and nucleic acids [21, 146].

In polymer—salt systems, demixing is driven primarily by differences in water structure and
preferential hydration [147]. Kosmotropic salts strongly interact with water molecules, effectively
competing with polymers for hydration [118]. This competition dehydrates polymers and promotes
polymer—polymer association, thereby driving phase separation [147]. The resulting top phase is
typically enriched in polymer (PEG-rich phase), whereas the bottom phase contains higher salt
concentrations (salt-rich phase). Each phase exhibits distinct physicochemical properties, including
polarity, ionic strength, density, and osmotic pressure, which govern solute partitioning behavior
[148]. The phase behavior of ATPS is represented in phase diagrams, which typically plot the
concentrations of the two phase-forming components against each other at a specific temperature
and pH (Figure 1.4) [149]. The binodal curve delineates the boundary between the monophasic
and biphasic regions [150]. Compositions below the binodal form a single homogeneous phase,
whereas those above the curve undergo spontaneous phase separation driven by thermodynamic
incompatibility [151].

'y

Biphasic region

Polymer in % (w/w)

Monophasic region

v

Saltin % (w/w)

Figure 1.4 Schematic phase diagram of a polymer—salt ATPS. The binodal curve (blue) separates
the monophasic and biphasic regions, while tie-lines (gray) connect the equilibrium compositions
of coexisting phases. A system point S within the biphasic region separates into a polymer-
rich top phase (T) and a salt-rich bottom phase (B), whose compositions are given by the
intersections of the corresponding tie-line with the binodal. The phase volume ratio Vi varies
along a given tie-line with the overall system composition; at Vg = 1, the top and bottom
phases have equal volumes.

For any system within the biphasic region, the compositions of the coexisting phases are
determined by thermodynamic equilibrium [144]. These equilibrium compositions lie on the binodal
curve and are connected by tie-lines, which describe the compositional difference between the polymer-
rich and salt-rich phases at a given set of system conditions [150]. The extent of compositional
separation between these phases is quantified by the tie-line length (TLL), defined as the distance
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between the phase compositions in the diagram [152]. It can be calculated from the equilibrium
compositions of the top and bottom phases using

TLL = \/(wPEG,T — wpEa,B)? + (Wsalt, T — Wsalt,B)? (1.1)

where w is the mass fraction of the component in the top (T) and bottom (B) phases [153].
Experimentally, the compositions of the coexisting phases can be determined from phase equilibrium
data, while the relative amounts of the phases are related by the lever rule

Vepr @
Veps ST

(1.2)

where V and p are the phase volume and density, respectively, and SB and ST denote the tie-
line segment lengths. Together, these relationships allow determination of the tie-line position
and length from experimental phase compositions. Increasing TLL generally amplifies differences
in physicochemical properties, including polarity, ionic strength, and excluded volume, thereby
influencing solute partitioning.

The phase volume ratio, defined as the ratio of top to bottom phase volumes after phase
separation, is given by
=

and depends on the overall system composition and the phase densities [154]. Although biopartition-
ing in well-defined, ideal systems is independent of Vg, this independence does not necessarily hold
for PEG /salt ATPS containing biomass, crude lysate, or other complex matrices such as plasma
[23, 155]. Phase separation is influenced by several factors, including polymer molecular weight,
salt type, initial system composition, pH, and temperature, all of which ultimately affect solute
partitioning between the phases [143].

Vi (1.3)

1.2.2 Biopartitioning mechanisms

Partitioning in polymer—salt ATPS is governed by differences in a solute’s chemical potential between
the coexisting phases [16]. At equilibrium, this distribution is described by the partition coefficient
K== (1.4)
CB
where ¢t and cg denote the concentrations of a specific solute in the top and bottom phases,
respectively [156]. In practice, several interdependent mechanisms contribute to this distribution.
Electrostatic interactions are central to polymer—salt systems. Differential ion partitioning
generates differences in electrostatic potential [77, 157]. In PEG /phosphate systems, phosphate
anions preferentially accumulate in the bottom phase, increasing ionic strength and creating a more
negatively charged environment [158]. Because of the high charge density of the DNA phosphate
backbone, partitioning is strongly influenced by ionic strength, charge screening, and possible
Donnan-type effects [20, 159]. Changes in salt composition or the addition of neutral salts can
therefore significantly alter DNA distribution [160, 161].
The molecular weight of the polymer further influences phase behavior and partitioning by
affecting phase separation, hydrophobicity, and excluded volume [143, 162]. Higher-molecular-weight
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PEG promotes phase separation at lower concentrations and increases steric constraints, thereby
affecting TLL and size-dependent partitioning [139, 143, 163]. Excluded-volume effects arise from
the high polymer concentration in the top phase, which reduces the free volume available to solutes
and induces steric repulsion [164, 165]. Consequently, macromolecules preferentially partition into
the phase with greater accessible volume [166]. For nucleic acids, this effect is size-dependent
because the hydrodynamic radius increases with molecular length, leading to stronger exclusion of
long DNA strands than of short DNA fragments [167, 168].

In addition, differences in solute-water interactions lead to unequal distributions of water mole
fraction and solvent properties across the phases [147]. The polymer-rich phase is generally less
polar and more hydrophobic than the salt-rich phase, reflecting differences in polymer concentration
and ion distribution [139, 142, 168]. Hydrophobic interactions are generally more influential in
protein partitioning within ATPS, whereas nucleic acid partitioning is predominantly governed by
electrostatic interactions [140, 169].

1.2.3 Nucleic acid partitioning

Partitioning of nucleic acids in ATPS follows distinct trends that differ from those of many proteins.
In polymer—salt systems such as PEG /phosphate, DNA mainly partitions into the salt-rich bottom
phase, whereas proteins typically accumulate in the polymer-rich top phase [21, 141]. This behavior is
attributed to the combined effects of electrostatic interactions, excluded volume, and phase-specific
solvent properties, which favor the partitioning of highly charged polyanions into the salt-rich
environment [139, 143]. Accordingly, ATPS have been successfully used to recover pDNA or remove
gDNA often yielding high recovery in optimized systems [161, 170, 171].

However, large nucleic acids differ substantially from cfDNA. Short DNA fragments (~150-200 bp)
have distinct physicochemical properties, including reduced hydrodynamic size and altered interaction
behavior, that can influence their partitioning. Despite this relevance, systematic investigations of
short DNA fragments in ATPS remain limited. In particular, quantitative studies on size-dependent
partitioning under controlled tie-line conditions and phase compositions are scarce, and experiments
using plasma-relevant matrices are rarely reported.

1.2.4 High-throughput screening and automation

The design of ATPS for biomolecule separation cannot be reliably predicted from theory alone.
Phase formation and biomolecule partitioning depend on multiple coupled parameters, including
polymer molecular weight, phase composition, TLL, pH, and ionic strength, which together deter-
mine the phases’ physicochemical properties [140]. Consequently, empirical screening is typically
required to identify suitable system compositions and operating conditions [172]. High-throughput
experimentation provides an efficient strategy for exploring this multidimensional parameter space.
By miniaturizing experiments and running them in parallel, large numbers of ATPS compositions
can be prepared and evaluated in short time frames while consuming minimal sample volumes
[140, 173]. Many downstream processing operations, including aqueous two-phase extraction, have
therefore been adapted to microtiter-plate formats compatible with robotic liquid-handling stations
[171, 174-176]. These systems enable automated dispensing, mixing, and sampling of microliter-scale
volumes. They are often paired with statistical methods, such as the Design of Experiments, to
systematically identify relevant process parameters [177-179].
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Beyond accelerating process development, automation and parallelization are also highly relevant
for routine clinical applications [13]. Liquid biopsy workflows often require processing large numbers
of samples with high reproducibility and minimal manual intervention. Consequently, develop-
ing extraction strategies compatible with automated liquid-handling platforms is an important
consideration for clinical implementation [180, 181].

While high-throughput screening enables rapid identification of suitable ATPS conditions for
cfDNA extraction, the resulting polymer- and salt-rich phases can interfere with downstream
analytical methods. Therefore, additional purification or desalting steps are often required before
DNA quantification and molecular analysis.

1.3 Desalting and purification

Although ATPS enable efficient partitioning of nucleic acids from complex biological matrices, the
resulting polymer- and salt-rich phases are often incompatible with downstream analytical methods.
In PEG /phosphate ATPS, residual salts and polymers can interfere with spectroscopic measurements,
inhibit enzymatic reactions such as PCR, and compromise fluorescence-based detection [182, 183].
Gel filtration, or size-exclusion desalting, is a widely used approach for removing low-molecular-
weight contaminants (Figure 1.5). In this method, the sample passes through a porous resin. Small
molecules, such as salts, enter the pores and are retained in the stationary phase, whereas larger
macromolecules, such as DNA, are excluded and elute in the void volume, enabling gentle desalting
without compromising DNA integrity [184, 185].

Figure 1.5 Schematic representation of gel filtration (size-exclusion desalting). Macromolecules
(blue), such as DNA, are excluded from the pores of the stationary-phase particles (gray) and
elute in the void volume. In contrast, smaller molecules (red), such as salts, enter the pores and
are retained longer. This size-dependent separation enables efficient desalting and purification
of samples.

The efficiency of gel filtration depends on resin properties and operating conditions. Pore size
and resin chemistry determine the exclusion limit, which separates macromolecules from small
solutes, and the ratio of sample volume to resin bed volume determines both desalting efficiency and
DNA recovery [186, 187]. Overloading can lead to incomplete salt removal, whereas excessive matrix
may reduce DNA yield. In addition, capillary forces and flow resistance within the porous structure
may affect elution behavior during centrifugation-based operations [188]. Efficient desalting is
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therefore essential for ATPS-derived samples because residual phase components can compromise
analytical accuracy, and DNA losses must be minimized given the low concentrations of short
cfDNA-like fragments. Consequently, purification conditions must balance the effective removal
of low-molecular-weight components with maximal DNA recovery to ensure compatibility with
downstream analysis.

1.4 DNA quantification

UV-Vis spectroscopy is a simple, widely used method for quantifying nucleic acids [189]. DNA
exhibits a characteristic absorption maximum near 260 nm due to its aromatic nucleobases, and
absorbance at this wavelength is proportional to concentration according to the Beer-Lambert law
[190, 191]. However, the method lacks selectivity because proteins and other organic compounds
may also absorb in this spectral region [192]. In addition, reliable quantification typically requires
DNA concentrations in the nanogram-per-microliter range [192, 193]. These limitations, together
with potential matrix effects from ATPS components, make UV-Vis spectroscopy unsuitable for
dilute cfDNA samples.

Fluorescence-based assays provide significantly higher sensitivity for DNA detection. Dyes
such as PicoGreen® exhibit a strong increase in fluorescence upon binding to dsDNA, with signal
intensity proportional to DNA concentration over a broad dynamic range and detection limits in
the picogram range [194, 195]. Because such dyes bind preferentially to dsDNA, fluorescence assays
offer improved selectivity over UV-Vis absorbance, although residual matrix components may still
affect measurements.

In addition to total DNA quantification using calibration curves, gPCR enables selective detection
of amplifiable DNA [196]. The accumulation of PCR products is monitored in real time using
fluorescent probes or intercalating dyes, and DNA concentration is determined from the cycle
threshold (Ct) at which the fluorescence signal exceeds the background level [98]. Due to its high
sensitivity and sequence specificity, qPCR is widely used in c¢fDNA analysis, but amplification
efficiency can be affected by residual inhibitors [104, 197, 198].

Complementary to these methods, agarose gel electrophoresis and microfluidic capillary elec-
trophoresis systems, such as the TapeStation, are used to assess DNA fragment size distribution
and integrity [199, 200]. These techniques separate DNA fragments by size under an electric field,
enabling visualization of characteristic fragment patterns and detection of high-molecular-weight
contamination. Although not suitable for absolute quantification, they provide important qualitative
and semi-quantitative information on fragment-length profiles, which is particularly relevant to
cfDNA analysis [201, 202].

Together, fluorescence-based assays and qPCR enable sensitive quantification of total and
amplifiable DNA, while electrophoretic methods provide complementary information on fragment-
size distribution, allowing a comprehensive assessment of DNA recovery and quality after ATPS
extraction.
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Thesis outline

2.1 Research proposal

Molecular diagnostics based on circulating biomarkers have become central to precision medicine,
enabling minimally invasive disease characterization and longitudinal monitoring. In this context,
liquid biopsy has emerged as a powerful approach for analyzing tumor-derived genetic material
in body fluids. Among the different analytes, circulating cell-free DNA (cfDNA) holds particular
promise, as it provides access to genetic and epigenetic tumor information without the need for
invasive tissue biopsies. Its potential for applications such as early detection, therapy selection, and
monitoring of treatment response has driven rapid advances in downstream analytical techniques,
including droplet digital PCR and next-generation sequencing (NGS).

Despite these developments, the reliable extraction of ¢fDNA from plasma remains a critical
bottleneck in the liquid biopsy workflow. Present at low concentrations and in a highly fragmented
form, cfDNA coexists with high-molecular-weight genomic DNA (gDNA) and abundant plasma
proteins, imposing strict requirements on extraction methods for recovery, selectivity, and com-
patibility with downstream analyses. Current standard approaches are predominantly based on
solid-phase adsorption using silica membranes or magnetic beads under chaotropic conditions. While
well established, these methods involve multi-step bind-wash-elute protocols that increase handling
complexity and can lead to sample loss, contamination, and biased recovery of short DNA fragments.
In addition, the use of chaotropic reagents and specialized consumables can limit scalability and
integration into automated workflows.

These limitations motivate the exploration of alternative extraction strategies that better align
with the physicochemical properties of short DNA fragments and the practical requirements of clinical
diagnostics. Aqueous two-phase systems (ATPS) represent a promising liquid-liquid extraction
approach that enables the partitioning of biomolecules between two immiscible aqueous phases under
mild conditions. ATPS-based processes are rapid, scalable, and amenable to automation, as phase
separation can be achieved by simple centrifugation. Against this background, the objective of
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this thesis is to develop an ATPS-based extraction workflow for cfDNA-like fragments from plasma
by integrating fundamental insights into partitioning behavior with process-oriented development.

Although ATPS have been widely applied for the separation of proteins and long DNA molecules,
their application to short DNA fragments resembling ¢fDNA remains insufficiently explored. In
particular, the partitioning behavior of short DNA in polymer—salt systems is still poorly understood,
and existing studies are largely limited to simplified model systems. Furthermore, the influence
of complex biological matrices such as plasma and the integration of ATPS into a complete
extraction and purification workflow compatible with downstream molecular analyses have not been
systematically investigated. To address these gaps, this work progresses from studies in well-defined
model systems to application in a complex biological matrix and, finally, to the development of an
integrated workflow, with each study building on the previous one.

The partitioning behavior of nucleic acids has been extensively studied, but prior work has
primarily focused on large DNA molecules, such as plasmid DNA or gDNA. Developing an ATPS-
based extraction process requires a mechanistic understanding of short DNA partitioning and
clear design rules for system selection. The first study (Chapter 3) addresses the lack of data
on the behavior of short DNA fragments in polymer—salt ATPS. Given the limited predictability
of solute partitioning and the strong interdependence among system parameters, a systematic,
largely empirical approach is used. The effects of polyethylene glycol (PEG) molecular weight, salt
type, tie-line length, phase volume ratio, and the addition of neutral salts on DNA partitioning
and recovery are investigated in well-defined PEG /salt systems. High-throughput screening with
automated liquid-handling routines enables efficient exploration of a broad design space, supported
by automated binodal and tie-line determination. In addition, preliminary experiments in a synthetic
plasma matrix are conducted to assess the transferability of the observed trends to more complex
environments. This study provides the foundation for rational system selection in subsequent
extraction experiments.

Most partitioning studies are limited to simplified systems containing only water, polymer, and
salt. However, complex matrices such as blood plasma can significantly affect phase formation
and solute distribution. Plasma contains a wide range of components, including proteins and
electrolytes, which may interfere with DNA partitioning and recovery. Therefore, the second study
(Chapter 4) investigates the extraction of short DNA fragments from human plasma using ATPS.

Building on results from model systems, the study is extended to biologically relevant samples to
assess how plasma components influence phase behavior and DNA distribution. The robustness of
the ATPS-based capture step is evaluated using plasma samples from different donors and blood
collection tubes. To enable higher plasma input volumes while minimizing dilution from pre-dissolved
phase-forming components, an ATPS design based on solid PEG and salts is implemented. In
parallel, downstream processing is addressed through the development of a reverse-elution strategy
to desalt and concentrate the DNA-containing, salt-rich bottom phase. By combining extraction
with a subsequent purification step, this study establishes key process elements required for practical
implementation.

Sequencing-based analytical methods are central to modern molecular diagnostics and impose
strict requirements on cfDNA extracts. In particular, sufficient DNA concentration must be achieved
from limited input material, and potential inhibitors of enzymatic reactions must be effectively
removed. Although ATPS enables simultaneous capture and concentration of target molecules,
additional purification is required to remove residual polymer or salt from the phase of interest. The
third study (Chapter 5) focuses on integrating and optimizing the complete ATPS-based extraction
workflow and assessing its compatibility with sequencing-based downstream analyses. Building on
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the established system understanding and process elements, different lysis and clearing strategies
are evaluated to improve DNA accessibility and reduce matrix interference. Process conditions
are further optimized to increase DNA concentration while minimizing losses, and a serial ATPS
approach is explored for additional enrichment. The performance of the developed workflow is
assessed with respect to recovery, fragment-size selectivity, and potential PCR inhibition, and
is compared with an adsorption-based reference extraction method. Finally, the applicability of
the process is demonstrated by extracting cfDNA reference material from plasma and successfully
performing NGS analysis. This study provides proof of concept that ATPS-based extraction can
yield sequencing-compatible DNA and be integrated into liquid biopsy workflows. While clinical
validation is beyond the scope of this work, the results contribute to a deeper understanding of
biomolecular partitioning in complex systems and support the further development of liquid-liquid
extraction strategies for molecular diagnostics.

25



2.2 Manuscript overview

Within the scope of this thesis, three manuscripts were prepared and published. The publications
have been slightly revised to ensure consistency in the format and layout of this thesis. In this
section, each manuscript is briefly introduced with a concise summary and the corresponding citation.
Detailed information on individual author contributions, including the respective signatures, is
provided in the examination copy of this thesis.

The included research articles build on one another and aim to develop an ATPS-based extraction
process for cfDNA-like fragments from plasma. Chapter 3 lays the groundwork by investigating
the partitioning behavior of short DNA fragments in defined PEG/phosphate ATPS, addressing a
previously unexplored aspect. Chapter 4 extends this work to human plasma, focusing on DNA
distribution and separation from proteins, and introduces reverse elution as a desalting step for the
DNA-containing, salt-rich bottom phase. Finally, Chapter 5 presents a proof of concept for the full
extraction and purification workflow by demonstrating successful sequencing of ¢fDNA reference
material isolated from plasma using NGS.

Partitioning behavior of short DNA fragments in polymer/salt aqueous two-phase
Sy S O IS . . oo 29

Rafaela Meutelet, Lea J. Bisch, Benedikt C. Biirfent, Markus Miiller, and Jiirgen Hubbuch

published in Biotechnology Journal, Volume 19(9), 2024, Article 2400394
https://doi.org/10.1002/biot.202400394

Chapter 3 investigates the partitioning behavior of short DNA fragments in polymer—salt ATPS.
The effects of PEG molecular weight, tie-line length, phase volume ratio, salt type, and neutral
salt additives on DNA partitioning and recovery are evaluated in clean, well-defined systems using
high-throughput screening on a liquid-handling platform, with automated binodal and tie-line
determination. In addition, preliminary separation experiments in a synthetic plasma matrix are
conducted to assess the transferability of the observed trends. The results provide a basis for
selecting suitable system conditions for subsequent extraction studies.

Extraction and purification of short DNA fragments from plasma using aqueous two-
phase systems for liquid biopsy ...... ... 45

Rafaela Meutelet, Lea J. Bisch, Benedikt C. Biirfent, Johannes Oldenburg, Timo Hess, Heiko Riihl, and
Jirgen Hubbuch

published in Separation and Purification Technology, Volume 369, 2025, Article 132884
https://doi.org/10.1016/j.seppur.2025.132884

Chapter 4 builds on these findings by investigating the extraction of short DNA fragments from
human plasma using ATPS. The distribution of DNA in plasma-containing systems is analyzed,
and the robustness of the extraction step is evaluated using samples from different donors and
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blood collection tubes. To enable higher plasma input volumes while minimizing dilution effects,
an ATPS design based on solid PEG and salts is implemented. Furthermore, an adapted reverse
elution protocol is introduced as a desalting and concentration step for the DNA-containing bottom
phase, enabling downstream processing.

Proof of concept for aqueous two-phase system-based extraction of cell-free DNA from
plasma for liquid biopsy applications......... ... ... . . 67

Rafaela Meutelet, Benedikt C. Biirfent, Timo Hess, Julia Teply-Szymanski, Paul Jank, Johannes Oldenburg,
Heiko Riihl and Jiirgen Hubbuch

published in Scientific Reports, Volume 16, 2026, Article 11232
https://doi.org/10.1038/s41598-026-45585-z

Chapter 5 presents a proof of concept for the complete ATPS-based extraction and purification
workflow. The process is further optimized by evaluating lysis and clearing strategies, identifying
system conditions that increase DNA concentration, and exploring serial ATPS for additional
enrichment. Performance is assessed in terms of recovery, fragment-size selectivity, and potential
PCR inhibition, and compared with a state-of-the-art silica-based extraction method. Finally, the
optimized workflow is applied to extract cfDNA reference material from plasma, demonstrating
compatibility with NGS and the ability to generate sequencing-quality DNA.
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Abstract

The development of liquid biopsy as a minimally invasive technique for tumor profiling 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 ¢fDNA
found in plasma pose challenges to its isolation. 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 polyethylene
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.

3.1 Introduction

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 tissue
biopsies [203]. Its minimally invasive nature and easy repeatability offer potential benefits in cancer
applications such as early cancer detection, real-time tumor monitoring, personalized treatment
selection, patient response assessment, and detection of minimal residual disease after surgery [35].
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 (cfDNA),
more specifically circulating tumor DNA (ctDNA), as its analysis provides not only a comprehensive
profile of the tumor genome but also the assessment of intratumor heterogeneity and total tumor
burden [51, 204].

The double-stranded cfDNA is released through apoptosis and necrosis, resulting in high
fragmentation with a predominant fragment length of 167 bp [205]. 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 ¢fDNA, ranging from 132 to 143 bp, which can challenge efficient ctDNA extraction using
conventional kits [206]. Additionally, the dilute ctDNA concentration of around 1-40 ng/mL plasma
and the high risk of contamination from genomic DNA (gDNA) shed by lysed white blood cells
make extraction even more challenging [10].

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. Therefore, standard kits use bind-wash-elute
protocols with multiple steps, which can limit cfDNA yields [14]. Furthermore, a fragment length bias
may be introduced due to uneven extraction efficiency of shorter fragments [15]. These limitations
and the lack of standardization hinder the broader implementation of cfDNA analysis in clinical
settings, highlighting the need for novel cfDNA extraction methods [11, 207].

An alternative approach for the integrated extraction and concentration of cfDNA from plasma
samples can be achieved using aqueous two-phase systems (ATPS). With their high water content,
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ATPS offer mild conditions for isolating biomolecules such as cells, viruses, proteins, and nucleic
acids [21]. The extraction using ATPS is rapid, easily scalable, low-cost, and compatible with high-
throughput processes [140, 208]. Purification processes using ATPS have already been successfully
established for various biomolecules, including nucleic acids like gDNA and plasmid DNA (pDNA).
Table 3.1 lists ATPS-based extraction and purification processes for DNA of different sizes described
in the literature.

Table 3.1 ATPS-based extraction and purification processes for DNA of different sizes reported in
the literature. 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.

DNA size ATPS Isolation process Reference
3 x 107 Da PEG/Dextran dsDNA separation from ssDNA [209]
2 x 107 Da PEG/Dextran DNA isolation from microorganisms [210]
15000 bp Triton X-114/PBS ~ gDNA concentration as biomarker [22]
- PEG /phosphate gDNA removal from protein product [161]
8500 bp PEG /phosphate pDNA purification from lysate [170]
7796 bp PEG /phosphate pDNA partitioning in clean systems/lysate [23]
6700 bp PEG /phosphate pDNA partitioning in clean systems [171]
- PEG /phosphate pDNA partitioning in clean systems/lysate [211]
6050 bp EO-PO/Dextran pDNA purification from lysate [160]
6050 bp PEG /sulfate pDNA purification from lysate [212]
6050 bp PEG/citrate/sulfate pDNA purification from lysate [162]
3000 bp PEG/citrate pDNA purification from lysate [213]
2686 bp PEG/PAA /salt pDNA partitioning in clean systems/lysate [214]
250-10000 bp PEG/PAA /salt PCR DNA fragment isolation [215]
145 bp not described cfDNA purification from plasma [136]
20 bp PEG /sulfate ss oligonucleotide partitioning [216]

Several papers discuss pDNA partitioning in clean systems and pDNA extraction from crude
cell lysate for large-scale production in gene therapy [170, 171, 211, 217]. The literature also covers
gDNA isolation and its removal from complex mixtures for target protein purification using ATPS
[161, 210, 218]. 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 factors, including ATPS composition,
pH, additives, and target molecule characteristics [21], findings for pDNA or gDNA may not apply
to shorter ¢fDNA or ctDNA fragments. Matos et al. [215] described isolating 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/NaySO, ATPS. However, the smallest fragments studied are
250 bp, too large to represent cfDNA or the even shorter ctDNA. Additionally, it is uncertain if
this method applies to ¢cfDNA extraction from a complex matrix like plasma. Janku et al. [136]
reported using an ATPS-based kit, PHASIFY MAX, to purify ¢fDNA from blood for liquid biopsy,
promising a 60% yield increase over the silica-based QIAamp Circulating Nucleic Acid kit. The
DNA is recovered in the bottom phase, concentrated in the top phase of a second ATPS, and
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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, necessitate a purification step to
remove components that could affect downstream analysis. Different purification approaches can
be employed 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 (Vg), and neutral
salt addition on DNA partitioning 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 developing an ATPS-based cfDNA extraction process from plasma
samples for liquid biopsy.

3.2 Materials and methods

3.2.1 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, NaH2PO, - HoO, NaCl, KCl, LiCl, MgCls, and CaCly were obtained from Merck
KGaA (Darmstadt, Germany). KoHPO,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) NaHoPOy4 and 9.09% (w/w) KoHPOy, in water to yield pH
7.4. A synthetic plasma electrolyte solution with physiological pH 7.4 was prepared by dissolving
0.9% (w/v) NaCl and 0.2% (w/v) NaHCOj3 in water.

3.2.2 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 accordingly designed primer sequences obtained from Merck KGaA. One 50 uL reaction
volume contained 50 ng of plasmid, 2 pL of both forward (TAAACGGCCACAAGTTCAG) and
reverse (GGGTAGCGGCTGAAGCAC) primer, 10 nuL of Hifi Buffer, and 0.5 nL. 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 Laboratories 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/pL. DNA
fragment stock solution.
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3.2.3 Liquid handling station

A Tecan Freedom EVO system (Tecan, Crailsheim, Germany) was used as a liquid handling platform
for automated ATPS experiments. The system setup and liquid handling calibration procedure
were described in earlier work [175]. The robotic workstation was controlled using Evoware 2.4
SP3. Importing pipetting volumes and exporting photometric data were done using Excel 2007
(Microsoft Corporation, Redmond, WA).

3.2.4 ATPS screening procedure

Automated routines adapted from previous methods developed by our group were used for binodal
curve and tie-line determination [173, 175] as well as for DNA partitioning experiments in different
ATPS [161]. Binodal points were identified using the cloud point method and fitted to the following
equation given by Merchuk et al. [219]:

rppa = a* exp(b* l’gfit +tCx ‘T:sgalt) (3.1)

Tie-lines were determined as described by Diederich et al. [208], except that methyl orange dye
was used instead of methyl violet for mass balance measurements and subsequent Vi 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 partitioning and
recovery in the ATPS top and bottom phases. A total of 600 pL. ATPS with a final concentration of
100 ng/mL 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 concentration
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 [175] 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 recovery 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
measured 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 of either HSA or IgG instead of DNA to investigate the partitioning
behavior of the main plasma protein fractions.

3.2.5 Separation experiments with synthetic plasma

Separation experiments with synthetic plasma were conducted manually in 1.5 mL reaction tubes
for selected ATPS. Six hundred microliters ATPS with a final concentration of 100 ng/mL 160 bp
DNA were prepared by adding stock solutions in the following order: plasma electrolyte solution,
phosphate salt, additive salt, and PEG. After brief vortexing of the phase-forming components, a
protein mix consisting of 60 mg/mL HSA and 15 mg/mL IgG was added to achieve a final protein
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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
separation. 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 analyses. 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.

3.2.6 Analytical methods
3.2.6.1 DNA quantification

The DNA concentration in the ATPS top and bottom phases was measured 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 mi-
croplates (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 concentrations 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 performed according to the manufacturer’s instructions after a
2-minute incubation.

3.2.6.2 Agarose gel electrophoresis

The DNA fragment partitioning into the top and bottom phases was visualized on 2% agarose gels
stained with 1 pL/mL Midori Green (Nippon Genetics Europe, Diiren, Germany). Electrophoresis
was carried out at 120 V 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).

3.2.6.3 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 pL-polystyrene UV Star plates
(300 pL per well). The samples from the manually prepared separation experiments 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.

3.3 Results and discussion

3.3.1 ATPS characterization

Phase diagrams were determined for several PEG/salt combinations using automatic routines
on the liquid handling station to select appropriate system points for partitioning experiments
(Figure A3.1). The binodal curves match those of Effio et al. [161], confirming the robustness of the
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automated method developed by Oelmeier et al. [175]. 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 hydrophobic 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 [143, 220]. 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 [143].

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. Systems points with Vi near 1 were chosen following
the characterization experiments and spiked with 100 ng/mL DNA. Figure 3.1 shows the DNA
distribution in PEG 200, PEG 400, PEG 600, and PEG 1000/phosphate systems at pH 7.4. The
colored dots along the binodal curve represent the DNA recovery in the top and bottom phases of the
system 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 A3.1.

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
[162]. This effect seems consistent across different DNA sizes, with studies reporting that a PEG
molecular weight of 600 g/mol reliably excludes pDNA ranging from 2700 to 8500 bp from the top
phase of PEG /phosphate ATPS [170, 212]. Additionally, higher molecular weight polymers increase
the hydrophobicity of the top phase, making it less suitable for hydrophilic DNA fragments [221].

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, causing electrostatic repulsion from the ion-rich bottom phase [222]. Except for one
PEG 600 system point near the binodal, where DNA was partitioned evenly, all systems showed
one-sided distribution. This indicates that the interplay between hydrophobic and electrostatic
forces governs the partitioning behavior of short DNA fragments, as it does for longer DNA forms
[149]. When there is enough “space” in the top phase to accommodate the DNA, it will partition
away from the salt-rich bottom 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 compositions are too similar, the partitioning effects balance each
other out, resulting in a more even DNA distribution.

3.3.3 Effect of TLL on DNA fragment recovery

DNA fragment recovery reached 90%-100% in the top phase of the tested PEG 200 ATPS (Fig-
ure 3.1A). A trend of decreasing total recovery with increasing TLL was observed for the tested
PEG molecular weights. The longer the tie-line, the higher the phosphate concentration in the
bottom phase and PEG concentration in the top phase, implying an intrinsic reduction of water
content [168]. High salt concentrations lead to a strong salting-out effect which lowers the solubility
of additional solutes in the bottom phase, potentially causing precipitation even at DNA input
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Figure 3.1 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” 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.

concentrations as low as 100 ng/mL. PEG is known to precipitate nucleic acids [223], an effect
that increases with PEG molecular weight [167]. This explains the decreased DNA recovery with
increasing TLL and why this trend was not observed for PEG 200, 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 accumulated 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 precipitation due to the phase-
forming components. However, points too close to the binodal curve, with similar top and bottom
phase compositions, 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. [214]. 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 minimal, and losing
DNA during the preanalytical steps could compromise detection [11].
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3.3.4 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 a molecular weight of less than 600 g/mol. This is likely
due to uneven ion partitioning in ATPS, altering the physicochemical properties of the phases [161,
167]. The applicability of this directed partitioning behavior to cfDNA-like fragments was investigated
using different neutral salts. Figure 3.2A—C shows the recovery of 100 ng/mL 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 [143, 167].
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Figure 3.2 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 (VR) for different NaCl concentrations: (D) top phase, (E)
bottom phase, and (F) total recovery. The respective PEG 400/phosphate compositions
for VR = 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 DNA in duplicate.
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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 infeasible, though other studies confirm
interphase accumulation at higher pDNA concentrations [211]. 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 partitioning
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
[157]. However, adding even more salt may not necessarily increase bottom-phase recovery due to
solubility limitations and DNA precipitation.

Systems containing MgCls or CaCly did not exhibit a phase transition at tested concentrations.
Instead, total DNA recovery decreased, with only 56% and 25% recovered at 1.5% (w/w) MgCly or
CaCly, respectively. Precipitation was visible even in blanks without DNA containing MgCl, or
CaCly, 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 precipitation
correlates with the position of the chloride counter-cations in the Hofmeister series. The Mg?* and
Ca?*t 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 qualita-
tively confirm the fluorescent dye measurements (Figure A3.2). 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 similarly to other negatively
charged molecules when neutral salt is added to PEG/salt ATPS. Among the salts tested, NaCl was
the most effective 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.

3.3.5 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 adjusting 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 [139]. 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 Vg
of 0.5, 1, and 2.5 were spiked with 100 ng/mL DNA and up to 1.5% (w/w) NaCl. Figure 3.2D-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 Vg = 1,
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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 recovery differed for the other two Vx values
tested. Luechau et al. [23] also observed varying partition behavior of pDNA in PEG 300/phosphate
ATPS with different Vg, attributing it to changes in the PEG /salt ATPS 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 Vz = 0.5 system 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 Vg = 1 and 2.5. This suggests that reducing the
volume of the phase where DNA is expected to accumulate 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. However, 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 Vg = 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 distribution upon NaCl addition,
making bottom phase distribution more favorable for DNA fragments.

DNA was undetectable in the bottom phase of all system points containing less than 1% (w/w)
added NaCl, regardless of the Vz. 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 concentration in
the bottom phase. This discrepancy may result from the higher PEG input concentration required
for ATPS with a higher Vi. High polymer concentrations with adequate salt concentrations can
favor DNA condensation, leading to precipitation [77]. Since the top and bottom phases of system
points along one tie-line should have the same compositions, DNA may precipitate before phase
separation.

3.3.6 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 top and bottom phases and total recoveries
are shown in Figure 3.3. 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 protein distribution than electrostatic effects, at least at the investigated salt concentrations
[163]. In previous studies, where gDNA was seen as a contaminant to protein targets, adding NaCl
to the ATPS helped improve purification efficiency [161]. Here, a DNA-selective phase transition
could be utilized to purify ¢fDNA from protein contaminants in a plasma sample by enriching the
DNA in the protein-depleted bottom phase while retaining an acceptable yield.
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Figure 3.3 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 DNA, 2.5 mg/mL HSA, or 2.5 mg/mL IgG.

3.3.7 DNA fragment separation from synthetic plasma

Promising system points from pure component experiments were tested with a synthetic plasma
matrix to evaluate whether potential 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 3.2 along with the exact ATPS compositions.
Values below the detection limit are reported as zero.

Table 3.2 160 bp DNA fragment and total protein recoveries in the top and bottom phases
of selected PEG /phosphate ATPS made with a synthetic plasma matrix. * HSA:IgG spike-in
ratio of 4:1 for a final protein concentration of 10 mg/mL; ® PEG 400; ¢ PEG 1000.

ATPS composition in % (w/w) Top phase recovery in % Bottom phase recovery in %

PEG Phosphate NaCl DNA Protein® DNA Protein®
17.7° 17.3 0 96.2 + 10.3 72.0 + 0.5 0 1.0 + 0.1
17.7° 17.3 1.5 0 73.7+ 04 87.7 + 8.8 1.0 + 0.1
19.5¢ 13.8 0 0 32.6 £ 0.3 86.6 = 4.0 9.6 £0.3

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, indi-
cating 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, confirming 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.
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Because of the reduction of excluded volume and increasing upper phase hydrophobicity [224] as
well as the solubility limitation 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 promising tools for cfDNA separation
from plasma samples, such as selectively switching DNA distribution or increasing protein precipita-
tion. However, 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 [225]. 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 nucleosomal nature of ¢cfDNA might
affect partitioning, as histone-bound DNA could behave differently if no lysis step is performed.
However, a lysis step could alter protein distribution and introduce new components to the ATPS
that must be accounted for.

3.4 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 molecular weight, TLL, neutral salt additive, and
phase volume ratio on DNA partitioning and recovery. The partitioning behavior aligns with
previous 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. Minimizing DNA loss
from precipitation 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 bottom phase, demonstrating the potential of ATPS for ¢fDNA
extraction from plasma.
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Abstract

Liquid biopsy is a minimally invasive method for tumor profiling, relying on detecting and analyzing
tumor-derived biomarkers present in bodily fluids. Key biomarkers, such as circulating cell-free
DNA (cfDNA), are often present at very low concentrations in plasma. Efficient extraction and
purification of ¢cfDNA are critical, as impurities such as proteins and salts can interfere with
downstream applications like next-generation sequencing. This study demonstrates the potential of
aqueous two-phase systems (ATPS) as a capture step for short DNA fragments from human plasma,
building on prior findings with synthetic systems. DNA partitioning, recovery, and separation from
plasma proteins were evaluated in selected polyethylene glycol (PEG)/phosphate/plasma ATPS.
PEG 1000 systems proved to be more effective than PEG 400 systems, achieving up to 90% DNA
recovery in the bottom phase. Total protein concentration was reduced to 3 mg/mL, while most of
the protein was removed as reversible aggregates forming an interphase. System robustness was
confirmed using plasma from various donors and blood collection tube types, showing consistent
DNA recovery and phase separation behavior. To address dilution caused by liquid phase-forming
components, a modified ATPS design using solid PEG and phosphate was implemented. This
approach increased plasma input from 37.7 to 66.7% (w/w) without altering DNA or protein
partitioning, effectively maximizing the plasma load for extraction. Lastly, a reverse elution protocol
using purification plates containing a desalting matrix was introduced to concentrate the DNA-
containing phase while removing salts and residual proteins, improving its suitability for downstream
sequencing-based applications.

4.1 Introduction

Cancer remains one of the leading causes of death worldwide, with the global cancer burden projected
to rise by 77% by 2050, according to the International Agency for Research on Cancer [226]. This
underscores the need for precise genetic profiling to improve cancer diagnosis and treatment. Tissue
biopsy, the gold standard for tumor characterization, is limited by its invasive nature and dependence
on single, localized tumor samples.

Liquid biopsy has emerged as a minimally invasive alternative to overcome these limitations,
particularly for tumors inaccessible through surgery [227]. Liquid biopsy analyzes cancer-derived
biomarkers found in the bloodstream and other bodily fluids, enabling tumor profiling from a simple
blood draw. Its ease of repetition and ability to capture tumor heterogeneity make liquid biopsy a
versatile tool for various applications across disease progression, including early cancer detection,
monitoring treatment response, tracking residual disease post-surgery, and identifying emerging
tumor clones [5].

Among the various biomarkers accessible through liquid biopsy, circulating cell-free DNA (cfDNA)
holds particular promise. This double-stranded DNA is released primarily during apoptosis, resulting
in highly fragmented DNA with a predominant length of 167 bp [205]. A small fraction of cfDNA
originates from tumor cells as circulating tumor DNA, which is often even shorter, typically ranging
from 132 to 143 bp [206].

The c¢fDNA-based liquid biopsy workflow typically begins with blood collection in specialized
stabilizing tubes to prevent contamination by genomic DNA (gDNA) from lysed blood cells [11].
Plasma is then fractionated using a double centrifugation protocol to maximize recovery and remove
residual blood cells [81]. ¢fDNA is extracted from the plasma fraction, purified, and concentrated for
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sequencing-based analysis. Techniques such as droplet digital PCR or next-generation sequencing
(NGS) are employed based on the required sensitivity and coverage [228]. Although sequencing yields
actionable insights into tumor genetics, cfDNA extraction remains a critical bottleneck, requiring
high recovery and purity from minimal starting material, typically only 1-40 ng/mL of plasma [10].

Commercial ¢fDNA extraction kits primarily rely on DNA adsorption to solid phases, such as
silica membranes or magnetic beads, in the presence of chaotropic salts [95]. While effective, these
methods can lead to residual chaotropic salt contamination, which inhibits amplification-based
assays. To address this, standard kits use bind-wash-elute protocols with multiple wash steps.
However, this can reduce overall recovery and introduce a fragment length bias due to uneven
extraction efficiency, particularly of short fragments [14][15]. These limitations highlight the need
for novel approaches to cfDNA extraction that improve efficiency, scalability, and standardization,
facilitating the broader implementation of liquid biopsy analyses in clinical settings.

Aqueous two-phase systems (ATPS) provide a promising, low-cost, and rapid alternative for
initial DNA capture and concentration, particularly in biochemical and analytical diagnostic
applications such as liquid biopsy, where scalability and automation are critical [229]. By adding
phase-forming components, such as polymers and salts, directly to plasma, ATPS can enable the
selective partitioning of cfDNA into one phase while enriching other plasma components, such as
proteins, in the opposite phase. To ensure compatibility with downstream analysis, an additional
purification step is required to remove residual phase-forming components and contaminants that
may interfere with sensitive detection techniques. For DNA collected in the polyethylene glycol
(PEG)-rich top phase, alcohol-induced precipitation is a viable approach [136]. When DNA is found
in the salt-rich bottom phase, desalting resins or reverse elution techniques can be utilized. These
methods allow the purified DNA to be recovered in the flow-through, while salt and other impurities
are effectively retained [185].

Studies on ATPS-based DNA extraction have predominantly focused on gDNA [210][22] or
plasmid DNA [23][211], which differ significantly from cfDNA in both size and conformation. Detailed
insights into the partitioning behavior of short DNA fragments that mimic ¢fDNA [136] remain
limited. Additionally, most existing studies investigate partitioning effects in clean ATPS or through
single-solute experiments [230]. However, it has been reported that biomass in ATPS can influence
phase formation, often causing shifts in the binodal curve [25].

Available studies exploring ATPS loaded with whole blood [218] or plasma [24] typically focus
on separating blood proteins, such as albumin, immunoglobulin G (IgG), or hemoglobin, with little
or no mention of DNA. Selvakumar et al. [230] describe an approach to increase biomass loading by
introducing solid phase-forming components, such as undissolved PEG and salts, instead of relying
on pre-dissolved solutions. This allows the substitution of the liquid typically used to dissolve
the phase-forming chemicals, such as water, with biological samples like plasma containing a high
amount of water.

In a previous study, we investigated the partitioning behavior of a 160 bp DNA fragment
in clean PEG/salt ATPS using automated routines on a liquid handling station [231]. Optimal
conditions for short DNA fragment recovery were identified through high-throughput screening, and
experiments with selected system points were carried out using a synthetic plasma solution. The
results demonstrated that a PEG 1000/phosphate system led to selective DNA partitioning into
the bottom phase, with proteins mainly remaining in the top phase. Furthermore, the addition of
neutral salts, such as NaCl, to a PEG 400/phosphate system significantly shifted DNA partitioning
from the top to the bottom phase without affecting protein distribution. Both systems achieved high
DNA recoveries of around 87% with substantial protein removal, meeting the criteria for selective
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c¢fDNA recovery. However, it remains uncertain whether the partitioning behavior and separation
efficiency observed in synthetic systems can be replicated when using a complex biological matrix
like human plasma in ATPS.

Based on the insights described above, we present data on the distribution of short DNA
fragments in ATPS containing human plasma. The robustness of the proposed ATPS capture
step is evaluated using blood collected from individual donors and stored in various tube types.
To increase plasma input volume and minimize the dilution of target DNA by phase-forming
components, an ATPS design incorporating solid PEG and salts is introduced. In addition, further
purification and simultaneous concentration of the DNA-containing phase are explored using an
adapted reverse elution protocol. This study establishes a foundation for developing an ATPS-based
c¢fDNA extraction process tailored for clinical liquid biopsy applications.

4.2 Materials and methods

4.2.1 Chemicals and stock solutions

PEG 400 (Sigma-Aldrich, St. Louis, MO, USA) and PEG 1000 (Merck KGaA, Darmstadt, Germany)
were used in synthesis grade. NaHsPOy4 - HoO and NaCl were obtained from Merck, while KoHPOy
was purchased from VWR, International (Radnor, PA, USA). PEG and salt stock solutions, along
with purified 160 bp DNA fragments for spiking experiments, were prepared as described by Meutelet
et al. [231].

4.2.2 Acquisition and processing of blood samples

Blood samples were collected from healthy donors at the Institute of Experimental Hematology and
Transfusion Medicine at the University Hospital Bonn (Bonn, Germany). The study procedures
were performed in compliance with the approval granted by the Ethics Committee of the Medical
Faculty at the University of Bonn (protocol code 070/05) and adhered to the Declaration of Helsinki.
Written informed consent was obtained from all participants, and the procedures were carried out
in accordance with institutional guidelines. After giving consent, approximately 10 mL of whole
blood was collected into one of the following stabilizing blood collection tubes: EDTA, PAXgene®
Blood ccfDNA Tube (PreAnalytiX GmbH, Hombrechtikom, Switzerland), or Cell-Free DNA BCT®
(Streck, La Vista, NE, USA). Blood samples were shipped at room temperature and processed
within 24 hours using a double centrifugation protocol to maximize plasma recovery. Whole blood
was centrifuged in the collection tubes at 1600 x g for 10 min at room temperature. The plasma
layer was then collected and centrifuged again at 16000 x g for 10 min to remove any remaining
blood cells. Plasma aliquots of 1 mL were stored at -80°C until further use.

4.2.3 ATPS preparation and sampling

All ATPS partitioning experiments were performed at room temperature in an air-conditioned
laboratory to minimize temperature-related variability in phase behavior. Systems were prepared
with a physiological pH of 7.4 by adjusting the salt ratio in the phosphate buffer stock solution. A
schematic overview of the experimental workflow is provided in Figure A4.1 in the supplementary
material, and includes the following main steps: ATPS preparation, sampling of the individual
phases, sample dilution, and subsequent analysis. Key system characteristics, including binodal
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coefficients and tie-line slopes, are summarized in Table A4.1. The methods used for automated
binodal and tie-line determination are described in detail in Meutelet et al. [231], along with the
corresponding phase diagrams.

Plasma aliquots were thawed at room temperature on the lab bench for 45 min. Any sedimented
material was left undisturbed to avoid resuspension. ATPS with a total volume of 600 pl. were
manually prepared in 1.5 mL Eppendorf tubes by sequentially adding plasma, 160 bp DNA fragments
(final concentration of 200 ng/mL per ATPS), 40% (w/w) phosphate stock solution, and 70% (w/w)
PEG stock solution. The specific volumes of components used to prepare each system point are listed
in Table A4.2. For each ATPS composition, a blank control was prepared by spiking plasma with
water instead of DNA stock to allow background correction. After thorough mixing by vortexing,
phase separation was accelerated by centrifugation at 8000 x g for 5 min. Phase sampling and
volume determination were performed with care using a pipette. The top phase was first collected
and transferred to a new tube without disturbing the interphase or bottom phase. The bottom phase
was then recovered by gently pressing the interphase layer against the tube wall. Remaining liquid
trapped in the aggregated interphase was removed by brief centrifugation before the interphase was
resuspended in 100 pl. water. All samples were then diluted tenfold in water to reduce interference
of phase-forming components during quantification analyses.

4.2.4 ATPS preparation with solid components

To increase the plasma input volume without altering the amount of phase-forming components in
the ATPS, PEG and salts were added directly to the plasma as solids rather than pre-dissolved
stock solutions. Waxy PEG cylinders of the appropriate weight were prepared by melting PEG 1000,
solid at room temperature, in a microwave and allowing it to harden in a cylindrical mold for a
few minutes. The PEG cylinders and phosphate salts were then added to 1.5 mL Eppendorf tubes
containing plasma spiked with 160 bp DNA fragments. To ensure complete solubilization, the tubes
were placed on a thermo-shaker at 25°C for 5 min, briefly vortexed, and mixed for an additional
minute. After a final vortexing step, the tubes were centrifuged at 8000 x g for 5 min to achieve
phase separation. Sampling and sample preparation for analysis followed the same protocol used
for ATPS prepared with pre-dissolved components. The amount of phase-forming components and
plasma used to prepare the investigated system points is specified in Table A4.3.

4.2.5 Combined DNA purification and concentration

Reverse elution plates from the EchoCLEAN Organic Solvent DNA CleanUp Kit (BioEcho, Cologne,
Germany) were tested as a combined DNA purification and concentration step from the salt-rich
phase. This reverse elution method uses a purification matrix that retains impurities and salts,
allowing DNA fragments to be recovered in the flow-through. The plates were used according to
the manufacturer’s instructions with slight modifications to the commercially available product.
Specifically, a custom matrix filling volume of 500 pL. was used, and various centrifugation speeds
were tested during conditioning and elution to optimize DNA recovery and concentration. Each well
was loaded with 100 pL of a 200 ng/mL 160 bp DNA solution, and each combination of conditioning
and elution speed was tested in triplicate. To assess the desalting capacity of the matrix, conductivity
measurements were performed using the conductivity sensor of an AKTApurifier system (Cytiva,
Uppsala, Sweden).
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4.2.6 Analytical methods
4.2.6.1 DNA quantification

DNA was quantified using the Quant-iT™ PicoGreen™ dsDNA HS assay kit from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Black 384-well microplates with a total volume of 20 pL per
well were used for the top, bottom, and interphase samples. Each sample was analyzed alongside
blanks with similar composition but without DNA to account for any interference from phase-forming
or plasma components with the assay. These blank phases were also spiked with a known amount
of 160 bp DNA fragments to generate a reference signal for recovery calculations. Fluorescence
measurements were conducted according to the manufacturer’s instructions after an incubation
period of 2 min. Each sample, blank, and reference was measured in triplicate. DNA recoveries
in each phase were calculated by multiplying the measured DNA concentrations by the respective
phase volumes and dividing by the amount of input DNA.

4.2.6.2 Protein quantification

Total protein concentrations in the ATPS phases were measured in triplicate using the Nan-
oDrop™ 2000/2000c UV /Vis spectrometer (Thermo Fisher Scientific Inc.). Water was used as a
blank, and plasma used in the ATPS was diluted tenfold and measured to serve as a reference for
recovery calculations. An average extinction coefficient of 10 was assumed for the plasma protein
absorbance measurements at 280 nm.

4.2.6.3 SDS-PAGE analysis

Protein content in the phases was visualized using reducing SDS-PAGE with 50 mM DTT. Phase
samples were diluted tenfold in water or purified using reverse elution plates (BioEcho) before
mixing with NuPAGE LDS sample buffer (Invitrogen, Carlsbad, CA, USA) and denaturation at
70°C for 10 min. Proteins were separated on NuPAGE 4-12% BisTris Mini Protein Gel using an
Xcell SureLock Mini-Cell (Invitrogen) at 200 V, stained with InstantBlue Coomassie protein stain
(US Biological, Salem, MA, USA), and de-stained in water. A Novex Mark12 protein standard
(Invitrogen) was used as a molecular weight marker, and gels were imaged with a GelDoc Go system
by Bio-Rad (Hercules, CA, USA).

4.3 Results and discussion

4.3.1 DNA capture from plasma using ATPS
4.3.1.1 ATPS formation

The applicability of previous findings from synthetic plasma experiments was assessed for ATPS
prepared with human plasma. In preliminary experiments, phase formation of an exemplary
PEG /phosphate/plasma ATPS was investigated, as shown in Figure 4.1.

Upon adding PEG and salt solutions to plasma, initial turbidity indicated the formation of
protein aggregates [232]. After centrifugation, the resulting ATPS exhibited three distinct regions: a
yellowish top phase, a visibly defined interphase, and a clear bottom phase. These findings suggest
a three-phase partitioning system with a solid interphase rather than the conventional aqueous
two-phase partitioning typically observed in synthetic systems. However, it remains unclear whether
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Figure 4.1 PEG 1000/phosphate/plasma ATPS: (a) before phase separation, (b) after centrifu-
gation at 2000 x g, (c) after centrifugation at 8000 x g.

DNA detected in the interphase actively partitions into this region or if it co-precipitates or becomes
physically trapped, thereby altering its initial partitioning behavior. The thickness and appearance
of the interphase varied with the specific ATPS composition. For example, PEG 1000 systems formed
thicker and cloudier interphases compared to PEG 400 systems, where the interphase appeared as
a thin, compact disk. This observation aligns with the higher precipitating power of PEG with
increased molecular weight [167].

Similar to synthetic PEG /phosphate systems, the top phase of the plasma-containing ATPS was
primarily composed of polymer, while the bottom phase consisted predominantly of phosphate salts.
After removing all liquid constituting the top and bottom phases, the interphase was redissolved in
water, indicating it consisted predominantly of reversibly aggregated proteins. This enabled the
analysis of DNA and protein content in the interphase, facilitating the closure of mass balances
which was previously impossible for clear, synthetic systems lacking a visible interphase.

Interestingly, aside from the formation of an interphase, the observed phase volume ratios were
comparable to those measured in control systems using water as the matrix instead of plasma. This
indicates that replacing water with plasma does not significantly alter the phase equilibrium of the
selected formulations, aligning with the findings of Selvakumar et al. for ATPS PEG 1000/phosphate
ATPS loaded with bovine plasma [25]. Manually determined phase volumes for each system point
are provided in Table A4.4.

Additional experiments revealed that centrifuging the mixed systems at a higher centrifugation
speed of 8000 x g rather than the 1500 x g used for synthetic ATPS produced a slightly more
compact and manageable interphase (Figure 4.1b and c¢). This adjustment did not affect overall
DNA and protein distribution but improved the removal of residual liquid from the interphase.
Consequently, all plasma ATPS experiments were performed with phase separation at 8000 x g for
better handling and consistency.

Although the DNA input concentration of 200 ng/mL used in this study exceeds typical cfDNA
levels in plasma [10], it was chosen to ensure reliable detection with fluorescence-based assays. Since
partitioning behavior in ATPS remains independent of concentration as long as solubility limits
are not exceeded [168], the observed DNA distribution is expected to remain consistent at lower,
clinically relevant DNA concentrations.
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4.3.1.2 PEG 400/phosphate/plasma ATPS

In previous synthetic plasma experiments, DNA and protein were predominantly recovered in the
top phase of a PEG 400/phosphate ATPS. However, the addition of NaCl resulted in DNA migrating
almost entirely into the bottom phase, separating it from the main protein fraction. As explained
in more detail in Meutelet et al. [231], this directed switch is mainly due to uneven ion distribution
in the ATPS, which changes the physico-chemical properties of the phases [167]. The partitioning
behavior of a 160 bp DNA fragment in a 17.7% (w/w) PEG 400/17.3% (w/w) phosphate ATPS
containing 24.0% (w/w) human plasma with and without NaCl was investigated for comparison.
Figure 4.2 shows the respective DNA and plasma protein recoveries in the top phase (TP), bottom
phase (BP), and interphase (IP).
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Figure 4.2 160 bp DNA and plasma protein recoveries in the top phase (TP), bottom phase
(BP), and interphase (IP) of a 17.7% (w/w) PEG 400/17.3% (w/w) phosphate/24.0% (w/w)
plasma ATPS (a) without (b) and with 1.5% (w/w) NaCl.

Unlike the synthetic plasma system, where DNA was fully recovered in the top phase, DNA
was almost evenly distributed between the top phase and the interphase. Protein distribution, in
contrast, closely mirrored prior findings, even though the total protein concentration in the plasma
sample was approximately 6 times higher than the 10 mg/mL human serum albumin (HSA) and IgG
mix spiked into the synthetic solution. Upon adding NaCl to the plasma-based ATPS, DNA did not
transition to the bottom phase as observed in synthetic plasma but was instead primarily retained
in the interphase. These results suggest that the interphase interferes with DNA partitioning and
phase transition, likely because of the physical barrier formed by aggregated proteins and potential
DNA-protein interactions [233].

Interestingly, while the formation of an interphase may appear disadvantageous, it presents a
potential opportunity for selective DNA capture. In this PEG 400 system, the interphase contains
only a fraction of the total protein and is virtually free of PEG and salt, reducing the risk of
contaminants that could interfere with downstream analyses [103]. DNA concentration can be
significantly increased by redissolving the interphase in a small volume of water or buffer, making
this approach a promising initial capture and concentration step for ¢fDNA from plasma.

Additional experiments demonstrated that DNA collected in the interphase could be concentrated
25-fold, from an initial concentration of 200 ng/mL in plasma to over 5000 ng/mL, by redissolving
the interphase in just 10 pL of water (data not shown). However, despite the low protein recovery
in the redissolved interphase (3% of the input amount), the resulting protein concentration was

52



Chapter 4 — DNA extraction from plasma with ATPS

21.3 mg/mL, far exceeding the tolerance thresholds for sequencing-based downstream analyses [234].
Performing a lysis step on the DNA-containing interphase, followed by an additional purification
step, could be a viable option to reduce residual protein levels.

4.3.1.3 PEG 1000/phosphate/plasma ATPS

Building on the insights from earlier PEG 1000 ATPS investigations, where DNA partitioned
into the bottom phase with minimal protein recovery, the distribution of DNA and protein in a
19.5% (w/w) PEG 1000/13.8% (w/w) phosphate/37.7% (w/w) plasma system was analyzed (Figure
4.3). For a detailed description of the observed partitioning behavior, see Meutelet et al. [231].
The higher molecular weight of PEG 1000 requires fewer phase-forming components compared to
PEG 400 systems, allowing for a greater plasma input volume. This effect arises from the binodal
shift towards the origin, attributed to the increased hydrophobicity and exclusion effects of higher
molecular weight PEG [221]. Processing larger plasma volumes offers a distinct advantage, as the

probability of detecting potential rare cfDNA variants present at very low concentrations is increased
[235][236].
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Figure 4.3 160 bp DNA and plasma protein (a) recoveries and (b) concentrations in the top
phase (TP), bottom phase (BP), and interphase (IP) of a 19.5% (w/w) PEG 1000/13.8% (w/w)
phosphate/37.7% (w/w) plasma ATPS.

With the ability to sample the redissolved interphase, we confirmed that the discrepancies in
DNA and protein mass balances in clean systems without plasma were due to accumulation at
the interface between the top and bottom phases. As expected from the synthetic plasma system
experiments, up to 90% of the spiked DNA was recovered in the bottom phase, while only 5% of
the total plasma protein, corresponding to a concentration of 3.1 mg/mL, was detected in the same
phase. Reducing SDS-PAGE analysis (Figure A4.2) was used to qualitatively assess the protein
content in the phases of the PEG 1000 and PEG 400 systems. The results indicated that protein
distribution varies with the polymer molecular weight and confirmed that protein recovery in the
bottom phase is the lowest. The lower protein concentration left in the bottom phase than the
interphase, along with the capability for higher plasma input, suggests that PEG 1000 systems are
better suited than PEG 400 systems for efficient cfDNA extraction from plasma. This is why all
following experiments were performed using PEG 1000 systems.

However, although the DNA concentration in the bottom phase can reach several hundred
ng/mL, the protein concentration remains substantially higher. This poses a significant challenge
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for downstream sequencing techniques requiring PCR, as blood proteins like IgG, lactoferrin, and
hemoglobin are known to be potent PCR inhibitors [237]. These findings highlight the inherent
limitations of relying on an entirely ATPS-based system for extraction, as achieving sufficient
DNA concentration and purity in a single step is not feasible. Nevertheless, as an initial capture
step, ATPS proves to be an efficient and rapid method, removing over 95% of plasma proteins
while retaining high DNA recovery. Following this primary capture step, addressing the remaining
challenges, namely removing salts and residual protein from the DNA-containing bottom phase, is
critical for achieving the purity required for sensitive downstream analyses.

To the best of our knowledge, only one other study has described an ATPS-based extraction kit
for ¢fDNA purification from plasma [136]. In that approach, cfDNA is first captured in the bottom
phase of an initial ATPS, then transferred and concentrated in the top phase of a second ATPS,
followed by isopropanol precipitation, washing, and redissolution. Other recent studies on nucleic
acid extraction rely on different capture mechanisms, most commonly the adsorption of cfDNA
onto silica matrices [127]. Examples include the use of silica-coated magnetic beads [181][238] or
column-based kits [239][202]. A comprehensive overview of microfluidic systems for nucleic acid
extraction from human samples is provided by Obino et al. [137]. While these methods generally
report high ¢fDNA recovery and purity, ATPS-based extraction may offer distinct advantages in
terms of simplicity, cost-effectiveness, speed, and scalability. A direct comparison of yield, purity,
and overall handling will be performed once the extraction process incorporating the investigated
ATPS as a capture step has been fully established.

4.3.2 System robustness
4.3.2.1 Blood collection tube variability

The performance of ¢fDNA analysis in liquid biopsy is affected not only by the low initial DNA
concentrations and the challenge of sample purity but also by various preanalytical factors, including
blood collection, processing, and storage conditions [92]. Several studies have investigated cfDNA
quantity and integrity when stored in different types of blood collection tubes [240][83]. While
Ko /K3EDTA-containing tubes remain the most commonly used devices, specialized blood collection
tubes developed by companies like Streck or PreAnalytiX have been commercialized specifically
for cfDNA storage [79]. These tubes contain anticoagulants and distinct stabilizing agents [11],
which may impact DNA distribution and recovery in the ATPS capture step employed in this
study. To evaluate the robustness of the selected ATPS against variability introduced by different
blood collection tube types, the distribution of 160 bp DNA and plasma proteins was analyzed in
19.5% (w/w) PEG 1000/13.8% (w/w) phosphate/37.7% (w/w) plasma systems. Pooled plasma
samples from EDTA (E), Streck (S), or PAXgene (P) tubes were compared, as shown in Figure 4.4.

Most DNA was consistently recovered in the bottom phase across all three tube types, with
tubes S and E achieving similar recoveries over 75%, while tube P recovered 66%. As expected,
DNA recovery in the top phase was minimal, with values below the detection limit for tubes S and
E. Tube P showed the highest recovery in the interphase with 36%, compared to tubes S (23%) and
E (17%). However, the interphase measurements exhibited the highest standard deviations for all
tube types, likely due to protein interference that could have affected fluorescence readings [183].
Protein concentration measurements confirm that DNA capture in the bottom phase is a viable
option, as protein concentration remains below 3 mg/mL for all tube types. The most significant
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Figure 4.4 (a) 160 bp DNA recovery and (b) plasma protein concentration in the top phase
(TP), bottom phase (BP), and interphase (IP) of 19.5% (w/w) PEG 1000/13.8% (w/w)
phosphate/37.7% (w/w) plasma ATPS with pooled plasma from EDTA (E), Streck (S) or
PAXgene (P) blood collection tubes. Partitioning experiments were performed in duplicate,
and samples were measured in triplicate.

difference was observed in the interphase, where protein accumulation was lowest for tube P (54
mg/mL) compared to tubes S and E (over 70 mg/mL).

Interestingly, tube P exhibited higher DNA recovery in the interphase despite lower protein
concentrations in the same phase. This could be due to the specific stabilizing agents in PAXgene
tubes, which may promote DNA partitioning to the interphase by altering its interactions with
plasma proteins or phase-forming components. Although the stabilization reagent is not disclosed,
the manufacturer claims that the tube is free of cross-linking substances and does not chemically
modify ¢cfDNA [11]. Another notable observation was that pooled plasma from tube P had a reddish
hue, possibly indicating hemolysis [241]. This was also reflected in the final ATPS, where the
interphase appeared more red than yellow like in the other tubes. This suggests that cell lysis was
not entirely prevented [240], with released hemoglobin likely aggregating in the interphase. This
may explain the divergent DNA and protein measurements observed in the interphase of tube P,
either due to interference with the analytical assays or altered distribution behavior.

Overall, the ATPS proved robustness across different tube types, achieving high DNA recovery
in the bottom phase and a controlled distribution of plasma proteins. PAXgene tubes exhibited
distinct behavior, warranting further investigation. For consistency, Streck or EDTA tubes may be
preferred going forward.

4.3.2.2 Plasma variability

Another factor potentially affecting phase behavior and recovery outcomes in an ATPS composed of
plasma is the plasma variability across individuals. Differences in plasma composition can arise due
to variable water, protein, and metabolite contents resulting from donor-specific characteristics such
as genetics, environment, lifestyle, and health status [242]. To investigate this, the same PEG 1000
system was examined using plasma from individual anonymous donors (A-F), each collected in at
least two of the tube types S, E, or P. Figure 4.5 displays the resulting DNA recovery and protein
concentration across the top phase (TP), bottom phase (BP), and interphase (IP).
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Figure 4.5 (a) 160 bp DNA recovery and (b) plasma protein concentration in the top phase
(TP), bottom phase (BP), and interphase (IP) of 19.5% (w/w) PEG 1000/13.8% (w/w)
phosphate/37.7% (w/w) plasma ATPS with plasma from individual donors (A-F) from EDTA
(E), Streck (S) or PAXgene (P) blood collection tubes. Partitioning experiments were performed
in duplicate and samples were measured in triplicate.

DNA recovery in the top phase was negligible across all plasmas and tube types. Most DNA
partitioned into the bottom phase while the plasma protein bulk primarily accumulated at the
interphase, consistent with pooled plasma experiments. This trend was evident across all plasmas
tested for tube types S and E.

For tube S systems, DNA recovery in the bottom phase ranged from 67% (donor E) to 90%
(donor A). Interphase recoveries were similar across plasmas, reaching up to 40%, except for donor
A, where it was only 12%. This resulted in total recoveries exceeding 100% for most plasmas except
for donor A. This discrepancy may be due to interference from the stabilizing reagent, as it has
been suggested that Streck tubes contain a formaldehyde-releasing substance that can chemically
modify DNA through crosslinking [11], potentially leading to an overestimation of DNA quantities.
This effect may be more pronounced in the interphase due to the high protein content, which
could exacerbate interference with the fluorescence measurements. Warton et al. [83] reported
contamination with high molecular weight DNA in Streck tubes, which may have accumulated
in the interphase in this study. However, these explanations seem unlikely, as all samples were
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background-corrected using appropriate blank ATPS phase samples, and the effect was not observed
consistently across all experiments with individual or pooled plasma. Another explanation is the
trapping of bottom-phase liquid in the aggregated protein interphase, which could lead to an
overestimation of the DNA content in the interphase.

The DNA and protein distribution in tube type E systems was similar to that of type S, with
DNA recoveries ranging from 67% (donor B) to 86% (donor E). Interphase recoveries were lower
overall, with some plasmas (donors A, C, and E) exhibiting values below the detection limit.

In contrast, tube P systems exhibited less reproducible results, with higher standard deviations
and lower protein concentrations overall. DNA recovery in the bottom phase ranged from 42%
(donor D) to 95% (donor F). Notably, the protein concentration in tube P systems was also lower in
the bottom phase (around 1 mg/mL compared to 3 mg/mL for tubes S and E) and in the interphase
(up to 53 mg/mL, compared to 69-85 mg/mL for tube E and 60-75 mg/mL for tube S). This
suggests potential interference of either the stabilization reagent or partial hemolysis of the tube P
samples, which showed a reddish hue, affecting protein absorbance readings [241].

Protein concentrations in the top phase were constant at approximately 12 mg/mL across
all plasmas and tube types. In the bottom phase, concentrations plateaued at around 3 mg/mL
for tubes S and E. This threshold effect is likely due to solubility limits in the PEG- and salt-
rich phases [168] and could explain why the variations within the different plasmas were highest
in the interphase, where all supplementary proteins excluded from the top and bottom phases
tended to aggregate. This effect underscores a key advantage of the ATPS-based capture, as
plasma composition variability does not significantly affect protein distribution in the bottom phase,
ensuring reproducible outcomes.

Although some variability in DNA recovery was observed, particularly with tube type P samples,
tubes S and E demonstrated consistent trends across donor samples. With plasma from these
tubes, acceptable DNA recovery and low protein contamination in the bottom phase were achieved,
highlighting the reproducibility and reliability of the ATPS-based capture step. Nevertheless, further
optimization may be needed to address the variability introduced by specific tube formulations and
improve performance with hemolyzed samples.

4.3.3 DNA concentration
4.3.3.1 ATPS formation with solid components

One of the major challenges in liquid biopsy is the inherently low concentration of ¢fDNA, especially
during early-stage cancer detection when cfDNA levels are at their lowest [203]. To increase the
likelihood of detecting rare cfDNA variants, a logical approach is to increase the plasma volume to
be processed.

The plasma input volume can be increased without altering the relative concentrations of PEG
and salt by adding the phase-forming components as solids directly into the plasma. This approach
eliminates the need for pre-dissolving of the components, and the water content of the stock solutions
is replaced with plasma [230]. This method also offers the advantage of preventing transiently
high PEG and salt concentrations that could lead to DNA loss through precipitation [223], as the
components gradually dissolve in plasma. Additionally, using solid components is more convenient
for ready-to-use extraction kits, as the reduced water content decreases weight during logistics,
reduces the risk of contamination, and extends shelf life.
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To assess the effectiveness of this strategy, DNA and protein recoveries were compared between
ATPS prepared with pre-dissolved components (Figure 4.5) and those prepared with solid phase-
forming components (Figure 4.6), using individual plasma samples (donors A-E) collected in Streck
tubes.
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Figure 4.6 (a) 160 bp DNA recovery and (b) plasma protein concentration in the top phase
(TP), bottom phase (BP), and interphase (IP) of 19.5% (w/w) PEG 1000/13.8% (w/w)
phosphate/66.7% (w/w) plasma ATPS with solid components for different plasma donors (A-E)
from Streck tubes. Partitioning experiments were performed in duplicate and samples were
measured in triplicate.

By adding the components as solids, 29.0% (w/w) of the water from the pre-dissolved stock
solutions could be replaced with plasma without altering the amount of PEG and phosphate,
resulting in 66.7% (w/w) plasma in the ATPS. This approach not only increases the amount of
extractable ¢cfDNA but also minimizes the dilution associated with the addition of phase-forming
components. DNA recoveries between the two preparation methods were comparable across all
plasma samples, confirming consistent performance. The DNA recovery in the interphase was slightly
lower when solid components were used, possibly due to reduced DNA precipitation attributed to
the slower dissolution of PEG. The most notable difference was an increased protein concentration
in the interphase when solid components were used (over 110 mg/mL compared to approximately
70 mg/mL). This was expected due to the higher plasma input volume and was visibly reflected
in the thicker interphase. Despite this, phase formation and volume ratios were similar between
preparation methods. Importantly, protein concentrations in the bottom phase remained unchanged
despite the increased plasma volume, underscoring the ability of the ATPS capture step for controlled
protein removal. This control could be particularly valuable for a subsequent lysis step, allowing
precise adjustment of lysing agent quantities based on the known protein concentration in the
bottom phase.

To evaluate the scalability of the solid-components plasma ATPS, the PEG 1000 system was
prepared using 4 mL of pooled plasma. The phase volume ratio and the DNA and protein partitioning
behavior remained consistent (Figure A4.3). DNA recovery in the bottom phase was 80%, with a
protein concentration of 4.5 mg/mL.

These findings highlight the feasibility of dissolving solid phase-forming components directly
into plasma. This method simplifies the preparation process, maximizes the cfDNA concentration
available during extraction, and presents a scalable solution for processing larger plasma volumes.
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4.3.3.2 Phase volume ratio manipulation

Another advantage of ATPS is the potential to concentrate target molecules by adjusting the phase
volume ratio (Vg). Five systems were prepared along the same tie-line but with different Vz to
investigate if the DNA could be concentrated in the bottom phase by reducing its volume without
changing phase equilibrium composition [139]. To ensure comparability, all systems contained the
same amount of plasma, with water added as needed to maintain the total volume. The exact
compositions of the investigated system points are found in Table A4.3 in the supplementary material.
In the first experiment, systems were spiked with 200 ng/mL of a 160 bp DNA fragment, while in
the second experiment, a concentration of 100 ng/mL was used. DNA recovery and concentration,
as well as protein concentration in the phases, are shown in Figure 4.7.

A plateau in DNA concentration was observed in the bottom phase instead of the expected
increase with decreasing phase volume. The plateau occurred at approximately 500 ng/mL for a
200 ng/mL input and at 200 ng/mL for a 100 ng/mL input across all tested Vg, except at Vg = 5.3,
where the DNA concentration in the bottom phase was only half the plateau value. One hypothesis
was that the plateau reflects the solubility limit of DNA in the bottom phase. However, this
hypothesis is unlikely because the plateau was observed at 200 ng/mL when the input concentration
was lowered to 100 ng/mL, even though up to 500 ng/mL DNA could theoretically partition into the
bottom phase. Instead, the limiting factor appears to be the DNA concentration in the interphase,
as comparable values were observed for both input concentrations. This data suggests that any DNA
unable to accumulate in the interphase partitions into the bottom phase, explaining the observed
plateau behavior.

Consequently, DNA recovery in the bottom phase and overall DNA recovery decreased with
increasing Vi. The most likely explanation for the incomplete mass balances observed at Vp > 3.1
is the high amount of PEG 1000 required for phase formation, exceeding 27% (w/w) for this specific
tie-line. This elevated PEG concentration possibly caused irreversible DNA precipitation [77],
contributing to the observed losses.

Protein distribution exhibited comparable trends across the two experiments, regardless of the
DNA input amount. Protein concentration in the top phase plateaued at 10 mg/mL, while protein
concentration in the bottom phase decreased as the bottom phase volume decreased. This result is
counterintuitive, as one would expect both DNA and protein concentrations in the bottom phase to
increase. Notably, protein concentration in the interphase peaked at Vg = 2.1 but decreased for
Vr = 5.3, potentially due to the precipitating effects of the high PEG 1000 concentration [243].
This denaturation could prevent proper protein detection, mirroring the challenges observed with
DNA, as total recoveries declined at higher Vg.

The same experiment was repeated using solid phase-forming components added directly to
plasma to investigate whether the slower solubilization of PEG would improve DNA recovery. The
plasma content in the solid component systems was higher than in the liquid component systems
and was kept constant across all Vi values. All systems were spiked with 100 ng/mL DNA for
comparability.

Like the liquid component systems, DNA recoveries in the bottom phase decreased with increasing
Vr when using solid components. However, bottom phase recoveries were approximately 19% higher
across all Vg, while interphase recoveries were lower, confirming that adding the components as
solids reduces DNA precipitation. Despite this notable improvement, bottom phase recovery at
Vr = 5.3 remained low (32%), indicating that the PEG concentration was still too high to achieve an
adequate DNA concentration. An additional experiment was conducted using a system point on a
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Figure 4.7 (a) 160 bp DNA recovery, (b) concentration, and (c) plasma protein concentration in
the top phase (TP), bottom phase (BP), and interphase (IP) of five PEG 1000/phosphate/plasma
ATPS with phase volume ratios ranging from 1.0 to 5.3. ATPS were spiked with 200 ng/mL
or 100 ng/mL DNA and were prepared with pre-dissolved or solid components. Partitioning
experiments were performed in duplicate and samples were measured in triplicate.
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shorter tie-line, which required less PEG 1000 and salt, to improve DNA recovery and concentration
while minimizing losses. While this adjustment reduced DNA precipitation, the lower PEG levels
also decreased protein precipitation, shifting protein distribution from the interphase to the bottom
phase (data not shown). These findings suggest that an optimal PEG concentration is essential
to effectively precipitate plasma proteins while preventing DNA co-precipitation or entrapment,
ensuring efficient DNA extraction and concentration.

4.3.4 Combined purification and concentration

Another approach to increase the DNA concentration involved removing liquid from the DNA-
containing phase after the ATPS capture step. For this purpose, EchoLUTION purification plates
with a custom matrix filling volume of 500 pL provided by BioEcho were used. The purification
plates follow a reverse elution principle, where target DNA flows through while contaminants such
as salt and residual proteins are retained [185]. A so-called conditioning step is required to remove
the storage solution before the target solution is applied to the matrix. The standard protocol,
according to the manufacturer’s instructions, specifies a conditioning and elution centrifugation
rate of 1000 x g for 1 min. In the following experiment, the conditioning and elution rates were
modified to achieve simultaneous removal of contaminants and liquid, effectively concentrating the
DNA in the flow-through. The flow-through volume, DNA concentration, and recovery for different
combinations of conditioning and elution rates are presented in Figure 4.8.
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Figure 4.8 (a) Flow-through volume, (b) concentration, and (c) recovery of a 160 bp DNA
fragment after reverse elution. An input volume of 100 pL of 200 ng/mL DNA in water was
applied per 500 pL matrix-filled well in triplicate. Conditioning centrifugation rates of 1000 x g
and 3000 x g were tested in combination with elution rates of 500 x g, 750 x g, and 1000 X g.

The flow-through volume decreased with decreasing elution rates, but increasing the conditioning
speed achieved an even more significant reduction. At a conditioning rate of 3000 x g, a higher
removal of storage solution effectively “dried out” the matrix, enabling it to retain more input liquid
within the pores and between particles [185]. Combined with a lower elution rate, which increases
the residence time of the liquid in the matrix, an efficient volume reduction of the flow-through
was achieved. By combining conditioning at 3000 x g with elution at 750 x g, the input volume
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was reduced by 35%, while DNA concentration was enhanced by 12% compared to the standard
protocol.

Interestingly, DNA recovery was not significantly affected by the increased conditioning rate.
However, lower elution centrifugation rates led to a decrease in DNA recovery. This could be
attributed to insufficient centrifugal force to overcome capillary forces and prolonged residence time
within the matrix, which may cause DNA retention between particles or diffusion into pores [184].
Supplementary experiments demonstrated that unspecific adsorption to plate walls and frit material
accounted for no more than 5% of DNA loss (data not shown). These findings suggest that the
remaining DNA loss likely stems from electrostatic or hydrophobic interactions with the matrix or
entrapment within its structure [244].

The desalting capacity of the purification plate was evaluated under the adapted conditions
(conditioning 3000 x g, elution 750 x g). Conductivity measurements with increasing phosphate
stock concentrations (Figure 4.9) demonstrated that salt removal remained as effective as the
standard protocol for up to 30% (w/w) input salt. Less than 5% of the salt remained in the
flow-through, corresponding to conductivity values below 2 mS/cm.

Additionally, purification experiments of blank bottom phases revealed a reduction in plasma
protein concentrations from 4 mg/mL to below 0.5 mg/mL, with successful protein removal confirmed
via SDS-PAGE (Figure A4.4). However, when plasma was purified without a prior ATPS capture
step, only 37.5% of total protein was removed, leaving a substantial amount of protein exceeding
30 mg/mL. These results highlight the necessity of the ATPS capture step for significant protein
content reduction, as the plasma protein concentration is too high for the purification plates alone.
Conversely, the purification step is essential for removing residual protein and reducing the high salt
concentration introduced by ATPS, which can inhibit downstream applications such as PCR. Indeed,
preliminary quantitative PCR runs confirmed that amplification was only possible for desalted
samples (data not shown). While some DNA loss remains inevitable, the modified reverse elution
protocol demonstrates strong potential for achieving combined DNA purification and concentration,
towards meeting the requirements for amplification-based downstream applications.
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Figure 4.9 Conductivity measurements before and after reverse elution using: (a) standard
protocol (conditioning and elution at 1000 x g), (b) concentration protocol (conditioning at
3000 x g, elution at 750 x g). Increasing amounts of phosphate salt were used as input (100 pL
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4.4 Conclusions

This study demonstrates the potential of ATPS as a robust and efficient approach for cfDNA capture
from plasma. The presented PEG/phosphate systems achieved DNA purification and concentration
by selectively partitioning DNA into the bottom phase while effectively separating it from the
plasma protein bulk. Despite variability in plasma and blood collection tube types, consistent
DNA recovery and controlled protein removal were observed, underscoring the robustness of the
ATPS capture step. The addition of solid phase-forming components enabled increased plasma
input without compromising DNA recovery and protein distribution, highlighting this method’s
scalability and practicality. Additionally, an adapted reverse elution protocol demonstrated promise
as a tool for streamlined downstream processing of DNA-containing, salt-rich solution after ATPS-
based capture. Nonetheless, further improvements are necessary to remove residual proteins and
phase-forming components that could interfere with downstream analyses such as PCR or NGS.
Ongoing efforts focus on implementing a lysis step post-capture, which, when combined with
reverse elution, could streamline the simultaneous removal of salts and proteins without relying on
adsorption-based processes. These findings establish a solid foundation for developing a scalable
and reliable ATPS-based workflow for efficient ¢cfDNA extraction in liquid biopsy applications.
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Abstract

Efficient extraction of circulating cell-free DNA (¢fDNA) from plasma is critical for liquid biopsy
applications, but remains challenging due to ¢cfDNA’s short fragment size, low concentration, and
the presence of interfering proteins and genomic DNA. This study presents a simple extraction
process based on aqueous two-phase system (ATPS) capture and reverse elution purification as a
potentially lysis-free alternative to adsorption-based methods. Short DNA fragments selectively
partitioned into the salt-rich bottom phase, achieving up to 65% recovery after purification while
removing 99.7% of plasma proteins. Reverse elution enabled efficient desalting and up to fourfold
DNA concentration under mild, aqueous conditions. The extracts showed no qPCR inhibition and
displayed a cfDNA-like size profile with a cutoff around 750 bp, indicating selective enrichment of
short fragments. Although the total yield was slightly lower than that of the QIAamp Circulating
Nucleic Acid Kit (QIAGEN), the ATPS workflow substantially reduced processing time, equipment
needs, and cost. Next-generation sequencing of ¢cfDNA reference material extracted from DNA-free
plasma confirmed compatibility with library preparation and sequencing workflows, providing
proof of concept for a simplified cfDNA extraction strategy for amplification-based liquid biopsy
applications.

5.1 Introduction

Molecular diagnostics based on nucleic acids have become central to precision medicine, enabling
individualized disease characterization and treatment [245, 246]. Circulating cell-free DNA (cfDNA),
referring to extracellular DNA fragments released into the bloodstream primarily through apoptosis
and necrosis of cells, circulates in blood and other body fluids and has emerged as a key biomarker
for liquid biopsy, offering a minimally invasive alternative to tissue biopsy [203, 227]. Its analysis
serves applications ranging from cancer management to prenatal testing and transplant monitoring
[41, 247-249]. In oncology, a small fraction of cfDNA originates from tumor cells and is referred to
as circulating tumor DNA (ctDNA), which carries tumor-specific genetic alterations [51].

However, the analysis of cfDNA remains challenging, mainly due to its low abundance in plasma
[10]. Typically present at concentrations below 40 ng/mL, cfDNA consists of short, nucleosome-
associated fragments around 167 bp that are rapidly degraded and easily lost during processing
[205, 206]. Because ctDNA represents only a minute fraction of total cfDNA, contamination with
high-molecular-weight genomic DNA (gDNA) released from lysed blood cells during sample handling
can compromise mutation detection and quantification [11]. Consequently, cfDNA extraction
remains a critical bottleneck for sensitive and reproducible downstream molecular analyses, such as
next-generation sequencing (NGS), as extraction efficiency and preservation of fragment size can
significantly influence analytical outcomes [15, 207, 250]. These challenges are further amplified in
clinical diagnostics, where rapid turnaround times and high throughput are required with limited
sample volumes.

Commercial cfDNA extraction kits predominantly rely on solid-phase adsorption, most commonly
using silica membranes or silica-coated magnetic beads under high-salt conditions [95]. In these
systems, nucleic acids bind to the silica surface in the presence of chaotropic salts and are subsequently
recovered through sequential washing and elution steps [12]. While these approaches provide high
purity and are widely used as reference methods, such as the QIAamp Circulating Nucleic Acid Kit
(QIAGEN), they present several practical and analytical limitations. The multi-step bind-wash-elute
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workflow is time-consuming, requires repeated manual handling and vacuum or centrifugation steps,
and may increase the risk of cross-contamination [13]. Automated magnetic-bead-based systems
can mitigate this risk and improve workflow consistency, but other limitations remain. For instance,
incomplete removal of chaotropic salts may inhibit downstream PCR. In addition, because ¢cfDNA
is typically present at very low concentrations, incomplete adsorption or inefficient elution can
directly reduce analytical sensitivity [126]. From an analytical perspective, the recovery of short
DNA fragments may be less efficient, potentially introducing fragment-size bias and affecting the
representation of cfDNA populations [14, 15]. Furthermore, contamination with high-molecular-
weight gDNA released during sample handling can compromise the detection of rare tumor-derived
variants. Together with high reagent costs, limited throughput, and the need for specialized
equipment, these factors highlight the need for simpler, scalable, and cost-effective extraction
strategies. Consistent with this, comparative studies have reported substantial variability in cfDNA
yield, purity, and fragment size distribution across manual and automated extraction workflows,
underscoring that ¢fDNA isolation remains a critical and not yet fully standardized pre-analytical
step in liquid biopsy analysis [95, 131, 201, 251].

Given these challenges, liquid-liquid extraction using aqueous two-phase systems (ATPS) offers a
promising alternative to conventional solid-phase approaches. ATPS enable biomolecule partitioning
between two immiscible aqueous phases without chaotropic reagents or specialized consumables,
providing a fast, affordable, and easily scalable method that requires only simple centrifugation for
phase separation [229].

In our previous work [252], we demonstrated efficient and robust capture of short DNA fragments
from plasma using polyethylene glycol (PEG)/phosphate ATPS and introduced a solid-component
design to increase plasma input while minimizing dilution. Coupling the extraction with a reverse
elution step further improved DNA concentration and purity. However, the resulting concentrations
remained below the input requirements of standard NGS library preparation kits, and the influence
of a lysis step had not yet been investigated.

Building on this foundation, the present study optimizes the ATPS-based extraction process
to address these limitations. We assess the effects of different lysis conditions, identify alternative
system points for higher DNA concentration with minimal loss, and explore additional strategies,
such as serial ATPS, for further enrichment. The optimized workflow is evaluated for PCR inhibition
and compared to the QIAamp Circulating Nucleic Acid Kit (QIAGEN) using varying DNA inputs
and fragment lengths. Finally, the complete ATPS-based process is applied to a spiked cfDNA
reference set for NGS analysis, demonstrating that the method can yield sequencing-quality DNA
suitable for downstream molecular analyses.

5.2 Materials and methods

5.2.1 Blood collection and plasma processing

Blood samples were collected from healthy donors at the Institute for Experimental Hematology
and Transfusion Medicine at the University Hospital Bonn (Bonn, Germany). The study procedures
were performed in compliance with the approval granted by the Ethics Committee of the Medical
Faculty at the University of Bonn (protocol code 070/05) and adhered to the Declaration of Helsinki.
Written informed consent was obtained from all participants, and the procedures were carried
out in accordance with institutional guidelines. After giving consent, approximately 10 mL of
whole blood was collected into EDTA K3E S-Monovette collection tubes (Sarstedt, Niimbrecht,
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Germany) or Cell-Free DNA BCT® (Streck, La Vista, NE, USA). Blood samples were shipped at
room temperature and processed within 24 hours using a double centrifugation protocol to maximize
plasma recovery. Whole blood was first centrifuged at 1600 x g for 10 min at room temperature.
The plasma layer was then transferred and centrifuged at 16000 x g for 10 min to remove residual
blood cells. Plasma aliquots of 1 mL were stored at -80°C until further use.

5.2.2 Preparation of ATPS components

Starting points for system optimization were selected based on our previous work, where the
experimental workflow and phase sampling procedure are described in detail [252]. To maximize the
plasma input volume per ATPS, PEG 1000 (Merck KGaA, Darmstadt, Germany) and the phosphate
salts NaHoPOy - HoO (Merck) and KoHPO4 (VWR International, Radnor, PA, USA) were added
as solids rather than as pre-dissolved stock solutions. Cylindrical PEG pieces of up to 150 mg were
prepared by melting the waxy polymer in a microwave and allowing it to solidify in a cylindrical
mold for a few minutes. The salts were placed into Eppendorf tubes, mixed with spiked plasma,
and finally combined with the PEG. Plasma aliquots were thawed at room temperature on the lab
bench for 45 min, leaving any sedimented material undisturbed to avoid resuspension. Purified
160 bp DNA fragments were prepared as described by Meutelet et al. [231] and gently mixed with
plasma to the desired concentration before addition to the salts. For the NGS experiments, the
5-Gene-Multiplex Set ¢fDNA by SensID GmbH (Rostock, Germany) containing defined variants
(AKT1/BRAF/ERBB2/KRAS/PIK3CA) at 0% and 5% VAF was spiked into human-tech DNA-free
plasma (SensID GmbH). The amounts of phase-forming components and plasma varied with the
investigated system point and experimental conditions. A summary of the relevant system points is
provided in Table A5.1.

5.2.3 ATPS-based DNA extraction protocol

A schematic overview of the developed extraction process is shown in Figure A5.6a and comprises
three main steps: ATPS capture, an optional second ATPS concentration step, and purification
by reverse elution. Plasma was added to the tube containing phosphate salts, pulse-vortexed five
times, followed by the addition of the PEG cylinders and another five pulse-vortexes. The tube was
then mixed on a thermo-shaker at 1400 rpm and 25°C for 5 min, followed by vortexing to ensure
complete solubilization. Phase separation was achieved by centrifugation at 8000 x g for 1 min. The
top phase was carefully removed without disturbing the interphase or bottom phase. The bottom
phase was collected using a pipette by gently puncturing the interphase and transferring the liquid
to a new tube. Any recoverable liquid adhering to the tube walls or trapped within the interphase
was added to the bottom phase, and the final volume was measured manually with a pipette. The
remaining interphase was discarded. For the optional serial ATPS step, fresh plasma and PEG 1000
were added to the recovered bottom phase. Mixing, centrifugation, and phase extraction were
performed as described for the first ATPS.

The resulting salt-rich bottom phase was purified using the reverse elution plates from the
EchoCLEAN Organic Solvent DNA CleanUp Kit (BioEcho, Cologne, Germany). As described by
Meutelet et al. [252], plates containing 500 pL matrix filling volume per well were centrifuged at
3000 x g for 1 min for conditioning, and elution was performed at 750 x g for 1 min. Each well was
loaded with 100 pL or 50 pL, and the final purified DNA volume was measured manually using a
pipette.
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5.2.4 Lysis conditions

Three lysis methods were evaluated and compared with a non-lysed sample: Proteinase K with
lysis buffer from the QIAamp Circulating Nucleic Acid Kit (QIAGEN, Hilden, Germany) (Q),
an enzyme-free lysis buffer with clearing solution (BioEcho) (B), and a reducing agent in water
(T). Lysis was performed either on spiked plasma pre-ATPS capture or on bottom-phase samples
before reverse elution. Reagent concentrations and volumes were adapted from the respective
manufacturers’ protocols to match the plasma or bottom-phase volumes of the non-lysed sample.

For method Q, 100 pL. Proteinase K, 1 mL plasma, and 0.8 mL buffer ACL were combined,
vortexed for 30 s, and incubated at 60°C for 30 min. After cooling, the lysed plasma supernatant
was used for ATPS formation. For methods B and T, 0.5 mL lysis buffer or 50 mM reducing agent
solution was added to 1 mL plasma, incubated at 80°C for 2 min, and cooled to room temperature.
For lysis B, 43 pL clearing solution was then added, and only the supernatant was used. The same
procedures were applied to bottom-phase samples in post-capture lysis experiments. Conductivity
of purified lysates was measured using an AKTApurifier conductivity sensor (Cytiva, Uppsala,
Sweden).

5.2.5 Reference adsorption-based extraction protocol

The adsorption-based QIAamp Circulating Nucleic Acid Kit (QIAGEN) was used as a reference
extraction method. The protocol was performed according to the manufacturer’s instructions, except
that carrier RNA was omitted. In brief, the workflow included sample lysis, DNA binding to silica
columns, sequential washing with buffer and ethanol using a vacuum manifold, drying, and elution
in water with a microcentrifuge. A schematic overview of the workflow, including detailed process
parameters, is provided in Figure A5.6b.

5.2.6 Analytical methods
5.2.6.1 Protein quantification

Protein concentration in purified samples was measured in triplicate using a NanoDrop™ 2000,/2000c
UV /Vis spectrometer (Thermo Fisher Scientific). Water served as a blank, and tenfold-diluted
plasma served as a reference for removal-efficiency calculations. An average extinction coefficient
of 10 was assumed for plasma protein absorbance at 280 nm. Reducing SDS-PAGE analysis was
performed on selected samples following the protocol and equipment described by Meutelet et al.
[252] to assess protein removal and composition after lysis and extraction.

5.2.6.2 DNA quantification

DNA was quantified using the Quant-iT™ PicoGreen™ dsDNA HS assay kit from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Unpurified samples were diluted tenfold prior to analysis
to reduce interference from phase-forming components. Analysis was performed as described by
Meutelet et al. [252], with blanks to account for background signal and references for recovery
calculations. DNA recovery was calculated by multiplying the measured DNA concentration by the
extract volume and dividing by the amount of input DNA.
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5.2.6.3 Assessment of sample purity

Quantitative PCR (qPCR) was performed on selected purified samples to validate DNA quantification
and assess sample purity after extraction, verifying the absence of amplification inhibitors. The
assay targeted the spiked 160 bp DNA fragment. Reactions were performed in a total volume of
20 pL, containing 5 pL of sample or standard, 10 pL of SsoAdvanced™ Universal SYBR® Green
Supermix (Bio-Rad Laboratories GmbH, Feldkirchen, Germany), and 0.25 nM each of forward
(CTACGGCAAGCTGACCCT) and reverse (GAAGCACTGCACGCCGTAG) primers (Sigma-
Aldrich, St. Louis, MO, USA). All reactions were performed in triplicate on a QuantStudio™ 5
Real-Time PCR System (Thermo Fisher Scientific). Thermal cycling conditions comprised an
initial denaturation at 95°C for 7 min, followed by 40 cycles of denaturation at 95°C for 15 s
and annealing/extension at 60°C for 20 s. Quantification was performed using a standard curve
generated from serial dilutions of purified 160 bp DNA fragment (50 ng/mL to 0.005 ng/mL) and
calculated by the Quant Studio™ Design & Analysis Software v1.5.1 (Thermo Fisher Scientific)
based on cycle threshold (Ct) values. Amplification efficiency and linearity (R?) of the standard
curve were verified for each run. No-template controls and blank extraction controls were included
on each plate to confirm assay specificity and exclude contamination.

5.2.6.4 Evaluation of DNA integrity

DNA integrity was assessed using an ALU-based qPCR assay adapted from Umetani et al. [253]. Two
primer sets targeting repetitive ALU sequences were used to amplify 115 bp and 247 bp fragments.
Each 20 pL reaction contained 10 pL of SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad
Laboratories GmbH), 0.15 pM each of forward and reverse primer (either ALU115 or ALU247)
(Sigma-Aldrich), and 5 pL of sample or standard. Amplification was performed on the system
described above with the following cycling conditions: initial denaturation at 95°C for 10 min,
followed by 35 cycles of 95°C for 15 s and annealing at 64°C for 1 min. DNA concentrations were
determined from standard curves generated using serial dilutions of purified human genomic DNA
(200-0.02 ng/mL), and the DNA integrity index (DI) was expressed as the ratio of ALU247 to
ALU115 concentrations.

5.2.6.5 DNA fragment size analysis

DNA fragment size distribution was analyzed using the Agilent TapeStation 4150 system (Agilent
Technologies, Santa Clara, CA, USA) with the D1000 ScreenTape assay, following the manufac-
turer’s instructions. Samples (1 pL) were loaded together with the corresponding ladder, and
electropherograms were evaluated using TapeStation Analysis Software. To investigate fragment
size distribution in the extracts, the 160 bp PCR fragment was replaced with GeneRuler 1 kb Plus
DNA ladder (Thermo Fisher Scientific).

5.2.6.6 Next-generation sequencing

NGS libraries for the customized LIQUIDPlex CSTM Solid Tumor panel (Archer, Inc./IDT, Boulder,
CO, USA) were prepared according to the manufacturer’s instructions, using 35 ng ¢fDNA as input
material and targeting 35 genes. After quantification with the NEBNext Library Quant Kit for
Mlumina (New England Biolabs, Ipswich, MA, USA) on a QuantStudio5 DX qPCR cycler (Thermo
Fisher Scientific), libraries were paired-end sequenced for 300 cycles on a NovaSeq6000 sequencer
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(Illumina, San Diego, CA, USA). FASTQ files were generated on the Illumina DRAGEN v4 server
and analyzed on the Archer analysis platform (version 7.3.1; Archer) with default settings.

5.2.6.7 Statistical analysis

Due to the exploratory nature of this proof-of-concept study and the limited availability of plasma
samples, the number of biological replicates varied between experiments. Where possible, independent
replicates were included to assess reproducibility. Measurements were generally performed in technical
triplicate. Data are reported as mean + standard deviation (SD). Error bars in figures represent
SD of the indicated replicates. No formal statistical hypothesis testing was conducted, as the study
was designed for exploratory validation rather than quantitative comparison.

5.3 Results

5.3.1 System optimization

In our previous work [252], a promising ATPS composition (19.5% (w/w) PEG/13.9% (w/w) salt;
tie-line length 41%) was identified, which enabled efficient DNA capture in the bottom phase while
separating it from the main plasma protein fraction. However, the DNA concentration in the final
extract remained too low for reliable downstream analysis. Here, DNA concentration is expressed
as a concentration factor, defined as the ratio of the DNA concentration in the final extract to that
in the plasma input.

5.3.1.1 Effect of tie-line length and phase volume ratio

To increase DNA concentration without altering phase distribution, system compositions along
different tie-lines were investigated. Previously, increasing PEG concentration to reduce bottom-
phase volume led to DNA loss. To prevent this while maintaining a high phase volume ratio
(VRr), a system point on a shorter tie-line, requiring lower PEG and salt concentrations to induce
phase separation, was tested. Preliminary screening experiments identified a composition with
a theoretical Vg of five and tie-line length of 34% (27.1% (w/w) PEG/8.1% (w/w) salt), which
doubled the DNA concentration in the bottom phase without affecting recovery (70%) (Fig. A5.1a).
Protein distribution remained comparable to the reference system, confirming that selectivity was
maintained.

5.3.1.2 DNA concentration by reverse elution

To further enhance DNA concentration, the optimized system point was combined with the previously
described reverse elution protocol [252]. Figure 5.1 shows DNA recoveries and concentration
factors obtained with the standard and concentration purification protocols. The optimized ATPS
composition with a higher PEG content doubled the DNA concentration factor relative to the
reference system, without affecting recovery significantly (57-66%). Applying the optimized reverse
elution protocol (3000 x g conditioning, 750 x g elution) nearly doubled the factor again (from 2.3
to 4.1), yielding an overall fourfold increase compared to the initial system. Moreover, conductivity
measurements confirmed efficient salt removal for all conditions (Fig. A5.1b). Combining the
optimized ATPS composition with the adapted reverse elution protocol substantially improved DNA
concentration without compromising recovery or protein removal efficiency.
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Figure 5.1 Effect of system composition and purification protocol on DNA recovery and
concentration factor. DNA concentration factor (bars, left axis) and recovery (dots, right
axis) are shown for two ATPS compositions with different PEG/salt contents (% (w/w)).
Bottom-phase samples were purified using either the optimized (3000 x g conditioning, 750 X g
elution) or the standard reverse elution protocol (1000 x g for both steps). Data represent
mean + SD of biological duplicates, each measured in technical triplicates.

5.3.2 Effect of lysis on extraction efficiency

To assess the effects of a lysis step in the ATPS-based extraction workflow, three different lysis
methods were evaluated and compared with a non-lysed reference (No). The tested methods were
Proteinase K digestion with QTAGEN lysis buffer ACL (Q), BioEcho lysis buffer with clearing solution
(B), and lysis solution containing a reducing agent (T). For comparability, all systems contained
identical concentrations of phase-forming components and were purified using the optimized reverse
elution protocol. Figure 5.2 shows the resulting DNA concentration factors and recoveries, as well
as protein concentrations and removal efficiency for the tested lysis conditions pre- and post-ATPS
capture.

5.3.2.1 Plasma lysis pre-ATPS capture

When plasma was lysed before ATPS formation, phase behavior differed from the non-lysed reference,
showing a thinner or more flocculent interphase depending on the lysis method (Fig. A5.2a). Despite
these visual differences, protein removal remained high (99.4-99.9%) across all conditions. DNA
recovery was highest in the non-lysed system (75%+2%) and comparable for lysis QQ, while recoveries
for lysis B and T were below 13%.

5.3.2.2 Bottom phase lysis post-ATPS capture

Applying lysis to the DNA-containing bottom phase after capture with the reference ATPS (19.5%
(w/w) PEG/13.9% (w/w) salt) yielded comparable DNA concentration factors (1.0-1.2) across all
methods. After accounting for dilution, recoveries reached approximately 75% for lysis B, 60% for
lysis Q, and 53%46% for the non-lysed reference. Protein removal again exceeded 99.0% for all
methods, but SDS-PAGE analysis revealed differences in residual protein bands (Fig. A5.2b). In the
non-lysed bottom phase, distinct bands were observed at 66 kDa (human serum albumin (HSA)),
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Figure 5.2 Impact of pre- and post-ATPS capture lysis methods on DNA and protein recovery
in the bottom phase. (a-c) DNA concentration factor (bars, left axis) and recovery (dots,
right axis) for two ATPS compositions with different PEG/salt contents. Lysis was performed
on plasma pre-capture (a) or on the bottom phase post-capture (b-c) using enzymatic (Q),
buffer-based (B), or reducing (T) methods, compared to a non-lysed reference (No). (d-f)
Corresponding protein concentration (bars, left axis) and removal efficiency (dots, right axis)
under identical conditions. Data represent mean + SD of technical triplicates.

55 kDa (transferrin), ~45 kDa (al-antitrypsin), and 23 kDa (apolipoprotein Al). These bands
appeared fainter after purification, confirming protein removal. Following lysis, the intensity and
number of visible bands decreased: lysis T showed bands near 55 kDa, 45 kDa and 23 kDa, lysis
B retained the 23 kDa band and a faint one around 45 kDa, and lysis Q displayed the ~45 kDa
band as well as a smear around 6 kDa. Conductivity values were slightly lower for lysed samples
(0.5 mS/cm) than for the non-lysed bottom phase (0.9 mS/cm), suggesting minor salt precipitation
effects (Fig. A5.2c).

For the optimized ATPS composition (27.1% (w/w) PEG/8.1% (w/w) salt), protein removal
efficiency remained high (99.5%), and lysis showed no considerable benefit. The non-lysed sample
achieved the highest DNA recovery (59%) and concentration factor (4.0). Lysis B produced a similar
recovery but a lower concentration factor of 3.2 due to dilution with lysis buffer, while lysis Q
performed less effectively with a recovery of 47%.

Overall, the reduction-based lysis method B achieved recoveries comparable to or higher than
those of the enzymatic method Q, despite its shorter incubation time (2 min vs. 30 min) and the
absence of enzymes. However, depending on the system composition, omitting lysis completely
yielded equally efficient, if not higher, DNA extraction.
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5.3.3 Performance comparison with silica-based extraction

The performance of the optimized, lysis-free ATPS-based extraction and purification process was
evaluated and compared to the QIAamp Circulating Nucleic Acid kit (QIAGEN) across a range of
DNA input concentrations and fragment lengths. Figure 5.3 shows the resulting DNA concentration
factors and recoveries for a 160 bp DNA fragment as well as the fragment size distribution of a
1 kbp DNA ladder after extraction.
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Figure 5.3 Comparative performance of ATPS- and adsorption-based QTAGEN extraction. (a)
DNA concentration factor as a function of input concentration (2-100 ng/mL) for ATPS and
QIAGEN extractions. (b) DNA recovery as a function of input concentration. (c¢) Fragment
size distribution of a 1 kbp DNA ladder before and after extraction with both methods, showing
relative fluorescence intensity over fragment length (bp). Input analyses were performed in
technical triplicate. Fragment-length analysis was performed on a representative sample.

5.3.3.1 Effect of DNA input concentration

Plasma samples were spiked with a 160 bp DNA fragment at concentrations from 2 ng/mL to
100 ng/mL and extracted in parallel using the ATPS-based process and the QIAamp kit (QIAGEN).
Due to elution in a small final volume (<100 pL), the QIAamp kit achieved higher concentration
factors (4.9-6.3) across the tested input range. Nevertheless, the ATPS process yielded consistent
recoveries above 60% even at low DNA inputs (e.g., 1 ng DNA in 500 pL plasma), indicating robust
extraction efficiency. The recoveries calculated for QIAamp exceeded 100%, likely due to differences
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in the blank/reference (water) and sample (elution buffer) compositions. Reported recoveries for
this kit typically range between 70-80% [254]. While the QIAamp kit achieved higher apparent
recoveries, its workflow was approximately six times longer (~60 min) due to multiple incubation,
vacuum, and centrifugation steps (Fig. A5.6). In contrast, the ATPS-based process required only a
mixing step and centrifugation for phase separation and purification, offering reduced processing
time (~10 min turnaround, ~2 min hands-on) and straightforward scalability, particularly for larger
plasma volumes.

5.3.3.2 DNA fragment size distribution and integrity

Microelectrophoresis confirmed that the spiked 160 bp PCR fragment was successfully recovered
using both extraction methods (Fig. A5.3a,b). The analysis also showed that desalting is essential for
accurate fragment detection, as DNA bands and size markers did not migrate correctly in unpurified
samples. To evaluate DNA integrity and size distribution, additional experiments were performed
by spiking plasma with a 1 kbp DNA ladder. The ATPS-based extraction efficiently recovered
fragments within the cfDNA size range, while fragments larger than 750 bp were largely absent
from the extract. In contrast, the QIAamp extraction yielded higher overall DNA concentration
for all fragment sizes but displayed broader or poorly resolved peaks for fragments above 270 bp,
suggesting possible co-extraction of aggregated or high-molecular-weight DNA.

To further confirm the size selectivity of ATPS, plasma spiked with lambda DNA (48.5 kbp)
was analyzed. More than 70% of the lambda DNA was recovered in the interphase, while none was
detected in the bottom phase, confirming effective exclusion of long DNA fragments such as con-
taminating gDNA. The thicker interphase observed for lambda DNA samples visually corroborated
these findings (Fig. A5.3c,d).

ALU-qPCR was performed on extracts from unspiked, healthy plasma to detect endogenous
cfDNA and determine DNA integrity index (DI) following the method of Umetani et al. [253].
The DI of the QIAamp extract was 0.5, consistent with the presence of DNA fragments longer
than 247 bp. In contrast, DI values for the ATPS extracts ranged from 0.1 to 0.2, indicating that
nearly all DNA was truncated into fragments smaller than 247 bp. These results align with the
electrophoresis data, confirming the size-selective recovery of short cfDNA-like fragments in ATPS.

5.3.4 Assessment of qPCR compatibility

To assess potential inhibition of amplification-based techniques by matrix components in the
purified ATPS extracts, spike-in experiments were evaluated using qPCR. Figure 5.4a shows the
amplification curves for a dilution series of blank extracts spiked with 5 ng/mL DNA, displayed
for one representative replicate per condition for clarity (all curves shown in Fig. A5.4a). The
curves exhibit the expected sigmoidal shape with minimal variation between triplicates, indicating
the absence of inhibitory effects. The quantified DNA concentrations (4.9-5.5 ng/mL) closely
matched the expected values, further confirming the lack of inhibition. A qualitative comparison
with QIAamp extracts likewise showed comparable amplification performance, indicating that the
ATPS workflow does not introduce detectable inhibitors unique to the extraction (Fig. A5.4b).
Differences in Ct values between ATPS and QIAamp extracts corresponded to the respective DNA
concentrations obtained after extraction. Similarly, lysed samples showed efficient amplification,
suggesting that purification via reverse elution effectively removed potentially interfering components
from the lysis step. Consistent amplification behavior across diluted samples from the DNA input
experiments further supports the high purity and qPCR compatibility of ATPS extracts (Fig. 5.4b).
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Figure 5.4 Quantitative PCR performance for spike-in experiments and dilution series to assess
matrix inhibition. (a) Amplification curves for 160 bp DNA spiked at 5 ng/mL into water
and into a dilution series of the ATPS bottom phase extracts (BP) to evaluate potential
matrix inhibition of PCR amplification. Fluorescence intensity is plotted against cycle number.
Each condition was measured in technical triplicate; one representative amplification curve per
condition is shown for clarity. (b) Quantified DNA concentrations for input concentrations of
2-100 ng/mL measured in three dilutions (1:10, 1:100, 1:1000). Data represent mean + SD of
technical triplicates.

5.3.5 Serial ATPS extraction for enhanced DNA concentration

To further increase DNA concentration, the efficiency of serial ATPS steps was evaluated. In
this setup, fresh PEG was added to the bottom phase of a first ATPS to induce a second phase
separation, aiming to reduce the bottom-phase volume and remove residual protein. Due to mass
balance constraints, adding PEG alone did not reproduce the composition of the first ATPS, so
fresh plasma was added to dilute the rest of the phase-forming components. Although this increased
total volume, it enabled reaching the desired PEG/salt content while introducing additional DNA
into the system. This is a beneficial feature for liquid biopsy applications where larger plasma
volumes increase the chance of recovering rare cfDNA fragments [235].

DNA recovery and concentration factors were analyzed across three consecutive ATPS steps
(Tab. 5.1). Samples were diluted tenfold before analysis but were not purified by reverse elution
due to sample volume constraints, each bottom phase being used to create the subsequent ATPS.
Recovery for each step was calculated relative to the total DNA present before phase separation,
including DNA added through fresh plasma and carried over from the preceding step. The total
recovery was based on the total DNA input across all steps.

Serial ATPS formation was successfully achieved, though bottom-phase volume reduction for
systems 2 and 3 was limited to a factor of 3, compared to 4.7 for system 1. Total protein removal
reached 99.8% before reverse elution, confirming efficient protein depletion across all steps. Individual
step recoveries were consistent (70-79%), yet cumulative recovery decreased to 53+4% after the
second step and 46+3% after the third. Thus, while serial extraction increases plasma input and
DNA concentration, it does so at the expense of overall yield. This trade-off requires careful
optimization.
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Table 5.1 Parameters and analytical outcomes for serial ATPS steps. Overview of system
parameters and analytical results for consecutive ATPS steps, including plasma input, bottom
phase (BP) volume, concentration factors (CF), DNA recovery, protein concentration, and pro-
tein removal efficiency before reverse elution. Data is reported for a representative experiment.

ATPS ]?Tlasma BP BP CF DNA CF DNA Protein. Protein
input  volume recovery concentration removal
1 1000 pL. 215 pL 4.7 3.3+0.4 T1+8% 3.0 mg/mL 99.0%
2 229 uL 145 pL 3.1 4.5+0.3 70+5% 1.5 mg/mL 98.6%
3 154 pL 103 pL 2.9 6.2+0.3 79+4% 1.3 mg/mL 98.7%
Total 1383 pnL. 103 nL 13.4 6.2+0.3 46+3% 1.3 mg/mL 99.8%

5.3.6 Process optimization
5.3.6.1 Selection of optimal system composition

Following these findings, a second screening was conducted to identify the optimal system-point
composition that maximized bottom-phase volume reduction without compromising DNA recovery.
Based on previously established phase diagrams [231], four system points with increasing PEG and
decreasing salt concentrations were tested. The first composition was chosen to be similar to the
previously optimized composition (27.9% (w/w) PEG/8.1% (w/w) salt). The samples were diluted
tenfold prior to analysis, but were not purified by reverse elution. As expected, the plasma input to
bottom-phase volume ratio increased from 4.2 to 6.2 with higher PEG content, but DNA recovery
declined by more than 10% at a system composition of 31.0/6.5% (w/w) (Fig. 5.5a). Interestingly,
protein concentration in the bottom phase decreased at PEG concentrations above 30% (w/w),
indicating improved protein removal (Fig. 5.5b). The ATPS with 30.0% (w/w) PEG and 7.0%
(w/w) salt provided the best compromise between DNA concentration, recovery, protein removal,
and volume reduction, and was selected for subsequent experiments.

5.3.6.2 Influence of practical handling parameters

To streamline the ATPS-based extraction process, several practical parameters were evaluated,
including PEG dissolution, tube filling ratio, component addition order, incubation temperature,
and centrifugation time.

To accelerate PEG dissolution, thin shavings obtained from solidified PEG films were tested
instead of cylindrical PEG pieces. Although initial dissolution appeared faster, total dissolution
time was not reduced, and DNA recovery decreased to 36-53% compared to 45-74% with cylindrical
PEG for the same tube-to-plasma volume ratio of 2.5 (Fig. 5.5¢).

Process performance was also affected by the total ATPS volume relative to tube volume.
Systems with a tube-to-plasma volume ratio below two showed large variability in DNA recovery
(10-90%), likely due to insufficient mixing and incomplete dissolution of PEG and salt. A ratio of
at least two is therefore recommended to ensure reproducible results.

The order of component addition had a minor but reproducible influence. Optimal performance
was achieved when plasma was first mixed with the salt before adding PEG, using cylindrical pieces
smaller than 150 mg rather than shavings.
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Figure 5.5 Effects of system composition and tube-to-plasma volume ratio on DNA recovery.
(a) DNA concentration factor (bars, left axis) and DNA recovery (dots, right axis) before reverse
elution for ATPS compositions with different PEG/salt contents (% (w/w)). (b) Corresponding
protein concentration (bars, left axis) and removal efficiency (dots, right axis) under the same
conditions. (¢) DNA recovery of unpurified bottom phase samples as a function of tube-to-
plasma volume ratio for PEG cylinders (dots) and PEG shavings (diamonds). Data represent
mean + SD of technical triplicates.

Incubation temperature during mixing was evaluated by increasing it between 30°C and 40°C
compared to room temperature. Contrary to expectations based on PEG 1000’s melting point
(35-40°C), higher temperature did not accelerate dissolution, and led to increased protein partitioning
into the bottom phase, indicating reduced selectivity (Fig. A5.5a). Room-temperature incubation
was therefore selected for the final protocol, which also simplifies processing by eliminating the need
for heating during mixing.

Finally, centrifugation time for phase separation was reduced from 5 min to 1 min without
affecting phase formation (Fig. A5.5b), DNA recovery, or protein distribution. The resulting
optimized workflow is summarized in Figure A5.6a.

5.3.6.3 Optimization of reverse elution conditions

Lastly, modifications to the reverse elution protocol were tested to improve DNA recovery and
concentration. Specifically, it was observed that reusing purification plates that had undergone
repeated high-speed centrifugation (3000 x g) led to substantial DNA loss, suggesting that DNA
may become trapped within the damaged matrix. To verify this, the eluate was reapplied to the
same well and eluted again at 750 x g for 1 min. The second elution yielded the same final volume
as the first, but approximately twice the DNA amount was recovered, confirming that a large portion
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of DNA remained in the matrix after the first elution. While this double-elution step can effectively
recover retained DNA, it also increases the risk of co-eluting residual proteins or salts. Therefore,
using fresh plates that have not been centrifuged above 1000 x g more than once is recommended
to minimize DNA retention.

Reducing the input volume per well proved more directly beneficial for DNA concentration.
In the standard protocol, 100 uL of the bottom phase were applied per well, containing 500 pL
of the purification matrix. Experiments showed that the retained volume after conditioning at
3000 x g and elution at 750 x g remained approximately 30 pL, regardless of the input volume.
Consequently, decreasing the input from 100 pL to 50 pL increased the relative volume reduction
from 30.8% to 60.1% (Fig. 5.6a). When 100 uL of bottom phase were split into two wells (50 pL each,
eluates pooled), the DNA concentration factor increased from 2.4 to 3.9 without affecting recovery
(Fig. 5.6b). These results demonstrate that DNA concentration can be improved by lowering the
input volume per well while maintaining recovery and desalting efficiency.
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Figure 5.6 Correlation between input and output volumes during reverse elution and their
effect on DNA concentration. (a) Output volume (dots, left axis) and relative volume reduction
(diamonds, right axis) as a function of input volume during reverse elution using the optimized
protocol (3000 x g conditioning, 750 X g elution), including a linear trend line. (b) DNA
concentration factor for 100 pLL and 50 pL input extract per well containing 500 pL. purification
matrix. Data in (a) represent mean + SD from at least two independent experiments for each
input volume (n > 12 for 50 pL and 100 pL input). Data in (b) represent mean + SD of
technical triplicates.

5.3.7 Extraction of cfDNA reference material for sequencing analysis

As a proof-of-concept demonstration of sequencing compatibility, a ¢cfDNA reference set containing
defined variants was spiked into DN A-free plasma and processed using the developed ATPS-based
extraction workflow. Sequencing analysis performed in a routine molecular pathology laboratory at
a university clinic demonstrated that the resulting extracts enabled reliable NGS library preparation,
with expected quality-control metrics, including TapeStation profiles and library concentrations.
In addition, on-target deduplication ratio and median fragment lengths obtained on a NovaSeq
6000 sequencer (Illumina) were also within the expected range (Tab. A5.2). We further compared a
single-step ATPS extraction with a serial two-step ATPS process. In both cases, all variants spiked
at 5% variant allele frequency (VAF) were reliably detected, whereas no variants were observed in
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the negative controls spiked with 0% VAF cfDNA (Tab. 5.2). These results demonstrate that DNA
obtained via the ATPS extraction workflow is compatible with downstream library preparation and
NGS-based variant detection.

Table 5.2  Next-generation sequencing results for cfDNA reference material with defined
mutations extracted using the ATPS-based process. DNA-free plasma was spiked at 5% variant
allele frequency (VAF). Detected variants, total sequencing depth, and measured VAF are
reported for extracts obtained using a single ATPS step (ATPS 1) or two consecutive ATPS
steps (ATPS 2). Data is reported for a representative experiment.

Variant ATPS 1 ATPS 2
Gene cDNA Protein Depth VAF Depth VAF
AKT1 c.49G>A p-E17K 4702  0.070 6789  0.068
BRAF c.1799T>A p.V600E 3431  0.055 4851  0.059
ERBB2  ¢.2313_2324dup p.Y772_A775dup 7473  0.059 10915 0.060
KRAS c.35G>A p-G12D 4433  0.067 6471  0.075
KRAS c.181C>A p-Q61K 5151  0.086 7569  0.088
KRAS c.436G>A p.-A146T 2964  0.054 4324  0.045
PIK3CA ¢.1633G>A p-E545K 2885  0.063 4169  0.052
PIK3CA ¢.3140A>G p-H1047R 4320  0.104 6488  0.102

5.4 Discussion

In this study, we developed and optimized an ATPS-based workflow to extract and purify short
DNA fragments from plasma, demonstrating its potential for liquid biopsy applications. Although
DNA recovery has not yet reached the efficiency of state-of-the-art adsorption-based methods
such as the QIAamp kit (QIAGEN) [14], the presented method offers a rapid, simple, and cost-
effective alternative that requires minimal equipment and handling. Furthermore, the ATPS-
based workflow enabled reproducible DNA recovery from minute input amounts, efficient protein
removal, compatibility with amplification-based downstream analyses, and robust performance under
optimized parameters. This approach could facilitate the clinical implementation of cfDNA-based
liquid biopsy assays, advancing individualized disease monitoring and treatment [41].

DNA concentration is critical for NGS library preparation, as most kits require defined input
amounts of DNA in small volumes (e.g., 10 ng in 50 uL), and ¢fDNA concentrations in plasma
typically range from 1 to 40 ng/mL [10]. The initially selected ATPS composition provided high
recovery, but limited volume reduction (Vz=1). Shifting along the same tie-line to increase Vg
caused substantial DNA loss [252], likely due to PEG-induced DNA precipitation [167, 223]. A
shorter tie-line was identified where DNA and protein partitioning remained consistent, yet phase
formation required less PEG and salt, enabling an effective reduction in bottom-phase volume
while maintaining ~60% recovery after purification. These findings confirm that ATPS composition
can be tuned to balance recovery and selectivity, though approaching the binodal too closely
reduces robustness and alters partitioning behavior [214], as observed before [252]. The second
system optimization highlights the influence of PEG exclusion effects and solubility limits on DNA
recovery [168, 221], as well as the inherent trade-off between concentration and yield in ATPS-based
extraction.
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Serial extraction experiments, inspired by back-extraction approaches found in the literature
[136, 215], demonstrated that repeated ATPS steps can effectively increase DNA concentration and
total plasma input. However, each step introduced incremental DNA loss, ultimately reducing total
yield to about half after three ATPS. Despite the consistent formation of biphasic systems and
enhanced protein removal, deviations in phase volume reduction in later cycles suggest compositional
shifts. While PEG and salt ratios were theoretically identical across all systems, the lower plasma
and protein content in systems 2 and 3 likely influenced phase formation and shifted the binodal, as
previously observed for biomass-dependent phase behavior [25]. Thus, while serial extraction can
improve concentration and purity, its advantages must be weighed against the cumulative DNA
losses it entails.

The influence of lysis on extraction performance was evaluated both pre- and post-ATPS capture
to determine whether additional disruption of protein-DNA complexes could enhance recovery. The
results indicate that plasma lysis prior to ATPS formation is not beneficial, as it disrupts phase
behavior due to altered protein composition and plasma dilution. Because each lysis method relies
on different mechanisms (enzymatic digestion, reduction, precipitation), the resulting interphase
appearance and composition vary accordingly. This was confirmed by SDS-PAGE analysis of lysed
bottom-phase samples, which revealed method-specific protein band patterns reflecting distinct
degradation pathways. Proteinase K is a serine protease that cleaves peptide bonds [255] and
produces a broad smear of low-molecular-weight fragments, whereas the strong reduction agent
used in lysis T disrupts disulfide bonds, yielding smaller protein subunits [256]. However, without a
precipitating agent such as the clearing solution in lysis B, these subunits remain in solution.

In contrast, applying lysis post-ATPS, when most proteins have already been removed from
the bottom phase, increased DNA recovery by up to 20%. This suggests that disrupting residual
DNA-protein interactions within the bottom phase facilitates DNA release during purification.
However, the benefit of post-capture lysis was not consistent across all systems. In the ATPS
containing 7.6% (w/w) more PEG and 5.7% (w/w) less salt, the non-lysed sample performed best.
This likely reflects unfavorable interactions between lysis reagents and phase-forming components,
most likely the high amount of PEG, which could lead to increased PEG-salt precipitation [257].

Among the tested lysis methods, the rapid, enzyme-free lysis B achieved comparable recovery
to the enzymatic standard while drastically reducing incubation time. Method Q was optimized
for proprietary buffer systems and plasma lysis to increase DNA adsorption onto silica, which
explains its reduced effectiveness in lysing high-salt bottom-phase samples. The results highlight
that post-capture lysis can improve DNA yield, but is not strictly required, as the salt-rich bottom
phase itself likely promotes histone dissociation and ¢fDNA release [258]. Because cfDNA is naturally
associated with histones, conventional extraction workflows typically rely on lysis using strong
chaotropes such as guanidine thiocyanate to improve DNA adsorption to silica membranes or beads
[125, 259]. In ATPS systems, omitting this step could streamline the workflow, reduce reagent
consumption, and facilitate automation, supporting potential clinical implementation.

Process parameter optimization revealed that seemingly minor handling conditions can impact
the reproducibility and efficiency of ATPS-based DNA extraction. Attempts to accelerate PEG
dissolution by using thin shavings unexpectedly reduced DNA recovery, likely due to transient local
PEG concentration peaks that promote DNA precipitation, as previously observed for pre-dissolved
PEG systems [252]. In contrast, slower, more gradual dissolution of larger PEG pieces improved DNA
recovery, highlighting the importance of homogeneous component mixing and complete equilibration
before phase separation [141, 260]. Similarly, systems processed in overfilled tubes (tube-to-plasma
ratios <2) showed high variability, indicating insufficient mixing and impaired mass transfer. These
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conditions could lead to increased DNA entrapment in the interphase rather than transfer to the
protein-poor bottom phase. This hypothesis is supported by recent studies showing that mixing
time and agitation speed influence partitioning and mass transfer in ATPS [261]. In addition, vessel
geometry, particularly the height-to-diameter ratio, has been shown to affect phase separation
kinetics and equilibrium in ATPS, further emphasizing the role of physical process parameters in
system performance [262].

Further tests showed that elevated temperatures during mixing did not accelerate PEG dissolution
but instead led to undesired protein partitioning into the bottom phase. Such temperature-induced
binodal shifts have been reported previously for PEG—salt ATPS [263], and elevated temperature
can also alter protein stability. Thus, room-temperature operation preserves selectivity while
simplifying handling. Although the equilibration time could not be shortened without compromising
performance, the centrifugation time was reduced from 5 min to 1 min without affecting phase
formation or analyte distribution, thereby improving process throughput. Together, these findings
demonstrate that control of practical handling parameters such as mixing, temperature, and tube
volume is essential for reliable ATPS performance. Maintaining a simple, room-temperature workflow
supports scalability and facilitates integration into automated extraction platforms. High-throughput
processing could be achieved using a deep-well plate format and a liquid-handling station equipped
with an integrated centrifuge and a rotational shaker, as in the setup described in our previous work
[231].

Purification by reverse elution was optimized to increase DNA concentration and purity. As
shown previously for 160 bp DNA fragments in water [252], higher conditioning speeds effectively
“dried” the purification matrix, thereby allowing greater retention of the input liquid within pores
and interparticle spaces [185]. Combined with a lower elution rate, which prolongs liquid-matrix
contact, this enabled efficient flow-through volume reduction. Although DNA loss was slightly
higher for real bottom-phase samples than for spiked water, the purification step remains essential
for removing excess salts and residual proteins that can interfere with downstream analyses. DNA
retention in the matrix likely arises from entrapment within interstitial spaces by capillary forces
[188], weak electrostatic interactions [244], or, in the case of plasma extracts, associations with salt
and proteins.

When purification plates previously exposed to high-speed centrifugation were reused, DNA
retention increased substantially. This suggests that mechanical stress during conditioning damages
purification matrix particles, altering pore structure and binding capacity [264, 265]. While a
second elution can recover most of the retained DNA, it also risks co-eluting residual contaminants,
making the use of fresh plates preferable. In contrast, reducing the input-to-matrix ratio improved
concentration performance without compromising recovery or purity, thereby providing a simple
means to increase the final DNA concentration factor. Further tuning of this ratio could enhance
performance, though too little matrix risks contaminant breakthrough, while excess matrix increases
DNA retention. Overall, these insights demonstrate that physical handling parameters, rather
than matrix chemistry alone, can substantially influence the final yield and concentration in the
purification step.

The analytical performance of the ATPS extracts confirmed their suitability for amplification-
based downstream analysis. qPCR spike-in experiments inspired by Devonshire et al. [15] showed no
evidence of inhibition [266], and measured concentrations closely matched expected values, indicating
efficient removal of potentially interfering plasma and phase-forming components. ALU-qPCR
analysis of unspiked plasma further demonstrated that ATPS extracts contained predominantly
short DNA fragments (<247 bp) [253], whereas silica-based extraction also retained longer fragments.

84



Chapter 5 — Proof of concept for ATPS-based cfDNA extraction

The resulting low DNA integrity index aligns with the characteristic size distribution of ctDNA
in plasma [206], and electropherograms confirmed the efficient exclusion of longer fragments from
the bottom phase. This selective recovery reduces gDNA contamination while efficiently retaining
cfDNA [11]. The preferential recovery of shorter fragments suggests that the ATPS extraction system
introduces a degree of size selectivity. Such enrichment may be advantageous for mutation-based
liquid biopsy assays, as tumor-derived DNA fragments are typically shorter than background ¢cfDNA
[267-269]. Similar size-selective approaches have been reported to increase the relative abundance of
tumor-derived variants [136, 238]. For applications requiring fully unbiased genome-wide fragment
representation, the potential influence of extraction-related size selection should be evaluated in
future studies.

To assess the compatibility of ATPS-derived extracts with sequencing workflows, proof-of-concept
NGS experiments were performed in a clinical molecular pathology laboratory with experience
in liquid biopsy diagnostics for solid tumors. Library preparation was consistently successful for
all ATPS extracts, indicating the absence of inhibitory residues and sufficient cfDNA quality.
Sequencing quality metrics were within expected ranges, enabling reliable variant calling at adequate
depth. According to the sequencing laboratory, the library preparation and sequencing quality
metrics obtained from ATPS-extracted samples were comparable to those typically observed for
routine plasma samples processed in their laboratory using the Maxwell®@RSC Rapid ccfDNA Kit
(Promega), which had previously been internally benchmarked against a QIAamp-based extraction
workflow (personal communication). Together, these results demonstrate that ¢cfDNA purified using
the developed ATPS-based workflow is compatible with downstream NGS analysis. However, this
study does not include a direct, comprehensive comparison with established cfDNA extraction
methods, and future studies should demonstrate that variant detection and library complexity are
comparable.

Similar to the microfluidic PIBEX approach developed by Lee et al. [188], the presented workflow
addresses several practical limitations associated with conventional silica-based extraction methods,
such as the manual QIAamp Circulating Nucleic Acid Kit, including the risk of cross-contamination
during multi-step handling, limited input volumes, and relatively high consumable costs [13]. Based
on comparative analyses reported in the literature, the recovery efficiency achieved with the ATPS-
based method falls within the range reported for commonly used magnetic bead-based systems,
such as the Maxwell RSC ccfDNA Plasma Kit (Promega, 60%) and the MagMAX Cell-Free
DNA Isolation Kit (Applied Biosystems, 50%) [14, 254]. Although further benchmarking against
established workflows will be necessary, the simplicity of the phase-partitioning approach, its
minimal handling requirements, and potential scalability suggest that the developed ATPS workflow
represents a promising alternative to conventional adsorption-based cfDNA extraction strategies.

A limitation of the present study is that most experiments were performed using cfDNA reference
material spiked into healthy plasma rather than patient-derived clinical samples. While this model
system enabled controlled investigation of DNA partitioning behavior and extraction performance,
clinical plasma samples may present additional complexities, including variable levels of genomic DNA
contamination, nucleoprotein complexes, and heterogeneous cfDNA fragment length distributions
[95, 270]. Consequently, future validation using patient-derived plasma samples will be necessary to
fully assess the robustness and clinical applicability of the ATPS-based extraction workflow.
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5.5 Conclusions

In conclusion, this study demonstrates the feasibility of an ATPS-based workflow for the extraction
and purification of cfDNA-like fragments from plasma under mild, aqueous conditions. The process
operates without chemical or enzymatic lysis, enables efficient protein removal, and yields high
DNA purity compatible with PCR and NGS analyses, all within a short processing time using
minimal equipment. This makes it suitable for routine and potentially automated use. Although a
trade-off between recovery and concentration remains, and validation with patient-derived plasma
is still required, the presented method represents a considerable step toward more accessible cfDNA
extraction. Building on prior work, this study addresses earlier limitations in concentration efficiency
and lysis, establishing a proof of concept for an alternative ATPS-based extraction workflow for
amplification-based liquid biopsy applications.
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Conclusion and outlook

This thesis aimed to investigate aqueous two-phase systems (ATPS) as an alternative platform for
extracting short circulating cell-free DNA (cfDNA)-like fragments from plasma and to translate
fundamental insights into a practical, analytically compatible workflow for liquid biopsy applications.
To achieve this, a systematic approach was followed, progressing from controlled model systems
to application in a complex biological matrix and ultimately to the development of an integrated
extraction process. In doing so, this work addresses key challenges associated with cfDNA isolation,
including low analyte concentrations, abundant plasma proteins, and the need for scalable, simplified
sample preparation strategies.

The first study (Chapter 3) focused on establishing a fundamental understanding of short
DNA fragment partitioning in polymer—salt ATPS. A multitude of system parameters, including
polyethylene glycol (PEG) molecular weight, tie-line length, phase volume ratio, and the addition
of neutral salt, were investigated, revealing consistent trends in DNA distribution. In particular,
PEG molecular weight emerged as a key determinant of partitioning behavior, with lighter PEG
chains favoring top-phase distribution while heavier PEG led to DNA enrichment in the bottom
phase. Furthermore, adding neutral salts such as NaCl to systems containing PEG smaller than
600 g/mol enabled selective DNA transfer from the top phase to the protein-depleted bottom
phase. These findings not only confirmed that short DNA fragments behave similarly to plasmid
DNA in PEG/phosphate systems but also provided a basis for the rational selection of systems for
further separation experiments. Because the experiments were conducted in well-defined model
systems or simplified matrices, it remained unclear how well the observed partitioning behavior
would translate to ATPS containing human plasma, where additional interactions with proteins
and other biomolecules are expected. In particular, DNA—protein interactions and changes in phase
behavior could alter partitioning and reduce selectivity. Addressing this uncertainty was therefore
essential to assess the practical applicability of ATPS for ¢cfDNA extraction and directly motivated
the second study.
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Accordingly, the second study (Chapter 4) investigated DNA partitioning and recovery in
plasma-containing PEG /phosphate ATPS. The most notable difference from model systems was
the formation of a protein-rich interphase, which partially affected phase separation and DNA
distribution, especially in systems that required the addition of a neutral salt to recover DNA in
the bottom phase. Nevertheless, the expected trends were confirmed in selected plasma-containing
PEG 1000 systems, enabling high DNA recovery in the salt-rich bottom phase while significantly
reducing protein content. This partitioning behavior proved reproducible across different types of
blood collection tubes and samples from individual donors. Beyond confirming the applicability
of ATPS to DNA isolation from plasma, this study also addressed practical considerations for
further process development. Process efficiency was increased by using solid PEG and salts rather
than pre-dissolved solutions for phase formation, enabling higher plasma input without additional
dilution. The scalability of this approach was validated by processing 4 mL of plasma at once, which
corresponds to the volume of plasma from a single blood draw. Furthermore, a method to purify
the salt-rich DNA extracts was necessary to make them suitable for downstream analysis. To this
end, a reverse elution step was introduced, allowing DNA to be recovered and slightly concentrated
in the flow-through while retaining salts and removing residual protein. These findings established
the feasibility of ATPS-based DNA capture from plasma while revealing remaining challenges,
including the potential need for a lysis step to improve protein removal and the insufficient final
DNA concentration in the extracts, as sequencing-based downstream analyses place high demands
on input material. Addressing these issues formed the basis for the subsequent study.

The third study (Chapter 5) therefore focused on integrating individual process steps into a
coherent, optimized ATPS-based extraction workflow and on evaluating its analytical performance.
First, the need for a dedicated lysis step before or after ATPS formation was critically assessed.
The results showed that protein removal was unaffected by lysis. They also suggested that the high
salt concentrations in the bottom phase may promote the dissociation of DNA-protein complexes,
enabling efficient DNA recovery without additional lysing reagents. These findings support workflow
simplification by omitting time-consuming enzymatic or chemical treatments. In addition, strategies
to increase DNA concentration while maintaining recovery were explored. Serially adding fresh
PEG and plasma to the salt-rich bottom phase from a previous ATPS increased concentration
but also caused cumulative losses. This trade-off between recovery and concentration is a key
consideration for future process optimization, particularly for low-abundance analytes such as
c¢fDNA. Furthermore, operational parameters, including mixing conditions before phase separation,
centrifugation time, and system handling, were investigated to shorten the process while maintaining
robustness. These optimization experiments revealed that process performance is strongly influenced
not only by system composition but also by practical execution. In particular, complete dissolution
of the components and thorough mixing before phase separation were found to be crucial for
consistent DNA recovery. Importantly, the developed workflow was evaluated for compatibility
with downstream analytical methods. The extracted DNA showed no evidence of PCR inhibition,
confirming its suitability for amplification-based analyses. Additionally, the extracts exhibited a
fragment-size distribution characteristic of ¢cfDNA, and tests with a spiked DNA ladder revealed
a selective reduction in high-molecular-weight DNA. This size selectivity may be advantageous
for liquid biopsy applications, as diagnostically relevant fragments are enriched while background
interference is reduced. Although the overall recovery of sequencing-ready DNA was slightly lower
than that achieved with a conventional adsorption-based extraction kit, the ATPS-based process
demonstrated clear advantages in processing time, minimal equipment requirements, and operational
simplicity. The successful generation of sequencing libraries and the detection of target mutations in
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a synthetic cfDNA reference set using next-generation sequencing further confirmed the feasibility
of the developed workflow.

Taken together, the results of this thesis demonstrate that ATPS are a viable and versatile
platform for extracting cfDNA-like fragments from plasma. Moreover, this work provides a com-
prehensive framework for understanding and using liquid-liquid extraction systems for cfDNA
isolation by linking fundamental partitioning studies to application-oriented process development.
The findings show that selective capture of short DNA fragments, substantial protein removal, and
compatibility with downstream molecular analyses can be achieved through a simplified, scalable
workflow. At the same time, several aspects remain to be addressed to fully realize this method’s
potential. While the studies presented demonstrate feasibility using model DNA fragments and
reference cfDNA material, validation with clinical samples is required to assess performance under
realistic conditions, including varying DNA concentrations and fragment lengths, and to detect
tumor-derived DNA. Given the simplicity of phase separation and the use of mild conditions, which
offer clear advantages for scalable implementation, integrating aqueous two-phase extraction into
automated, high-throughput platforms is a promising avenue for future development to broaden the
range of applications.

In conclusion, this thesis establishes ATPS as a promising alternative to conventional solid-phase
extraction methods for cfDNA-like fragments. Although further optimization and validation are
needed, the work demonstrates that liquid-liquid extraction strategies can simplify sample prepara-
tion workflows without compromising analytical compatibility. By addressing both fundamental and
applied aspects, this research lays a foundation for future advances that improve the accessibility,
scalability, and efficiency of liquid biopsy technologies.

93






References

1]

G. Molla and M. Bitew. ,,The Future of Cancer Diagnosis and Treatment: Unlocking the Power
of Biomarkers and Personalized Molecular-Targeted Therapies®. In: Journal of Molecular
Pathology 6.3 (2025), p. 20. DOI: 10.3390/ jmp6030020.

S. M. Batool et al. , The Liquid Biopsy Consortium: Challenges and opportunities for early
cancer detection and monitoring®. In: Cell Reports Medicine 4.10 (2023), p. 101198. poOI:
10.1016/j.xcrm.2023.101198.

A. Armakolas, M. Kotsari, and J. Koskinas. ,,Liquid Biopsies, Novel Approaches and Future
Directions®. In: Cancers 15.5 (2023), p. 1579. DOI: 10.3390/cancers15051579.

D. Fernandez-Lazaro, J. L. G. Hernandez, A. C. Garcia, A. C. Martinez, J. Mielgo-Ayuso,
and J. J. Cruz-Hernandez. , Liquid Biopsy as Novel Tool in Precision Medicine: Origins,
Properties, Identification and Clinical Perspective of Cancer’s Biomarkers®. In: Diagnostics
10.4 (2020), p. 215. poI: 10.3390/diagnostics10040215.

S. N. Lone et al. ,Liquid biopsy: a step closer to transform diagnosis, prognosis and future of
cancer treatments®. In: Molecular Cancer 21.79 (2022). DOI: 10.1186/s12943-022-01543-7.

A. Kustanovich, R. Schwartz, T. Peretz, and A. Grinshpun. ,Life and death of circulating
cell-free DNA“ In: Cancer Biology € Therapy 20.8 (2019), pp. 1057-1067. DOI: 10.1080/
15384047.2019.1598759.

E. Sanchez-Herrero, R. Serna-Blasco, L. R. de Lope, V. Gonzalez-Rumayor, A. Romero, and
M. Provencio. ,,Circulating Tumor DNA as a Cancer Biomarker: An Overview of Biological
Features and Factors That may Impact on ctDNA Analysis“. In: Frontiers in Oncology 12
(2022), p. 943253. DOL: 10.3389/fonc.2022.943253.

S. C. Ding and Y. M. D. Lo. ,,Cell-Free DNA Fragmentomics in Liquid Biopsy*. In: Diagnostics
12.4 (2022), p. 978. DOI: 10.3390/diagnostics12040978.

Y. M. D. Lo, D. S. Han, P. Jiang, and R. W. Chiu. ,Epigenetics, fragmentomics, and
topology of cell-free DNA in liquid biopsies®. In: Science 372.144 (2021), eaaw3616. DOI:
10.1126/science.aaw3616.

A. L. Volckmar et al. A field guide for cancer diagnostics using cell-free DNA: From
principles to practice and clinical applications® In: Genes Chromosomes and Cancer 57.3
(2018), pp. 123-139. por: 10.1002/gcc.22517.

95


https://doi.org/10.3390/jmp6030020
https://doi.org/10.1016/j.xcrm.2023.101198
https://doi.org/10.3390/cancers15051579
https://doi.org/10.3390/diagnostics10040215
https://doi.org/10.1186/s12943-022-01543-7
https://doi.org/10.1080/15384047.2019.1598759
https://doi.org/10.1080/15384047.2019.1598759
https://doi.org/10.3389/fonc.2022.943253
https://doi.org/10.3390/diagnostics12040978
https://doi.org/10.1126/science.aaw3616
https://doi.org/10.1002/gcc.22517

[12]

[13]

[14]

[16]

[17]

18]

[21]

22]

96

D. Grolz et al. ,Liquid Biopsy Preservation Solutions for Standardized Pre-Analytical
Workflows—Venous Whole Blood and Plasma“ In: Current Pathobiology Reports 6.4 (2018),
pp. 275-286. DOI: 10.1007/540139-018-0180-Z.

M. L. Sanchez et al. ,Nucleic Acids Isolation for Molecular Diagnostics: Present and Future
of the Silica-based DNA/RNA Purification Technologies®. In: Separation and Purification
Reviews 52.3 (2023), pp. 193-204. poI: 10.1080/15422119.2022.2053159.

S. C. Tan and B. C. Yiap. ,DNA, RNA, and protein extraction: the past and the present®. In:
Journal of Biomedicine & Biotechnology 2009.574398 (2009). DOI: 10.1155/2009/574398.

R. J. Diefenbach, J. H. Lee, R. F. Kefford, and H. Rizos. ,,Evaluation of commercial kits for
purification of circulating free DNA“ In: Cancer Genetics 228-229 (2018), pp. 21-27. DOI:
10.1016/j.cancergen.2018.08.005.

A. S. Devonshire et al. ,,Towards standardisation of cell-free DNA measurement in plasma:
controls for extraction efficiency, fragment size bias and quantification. In: Analytical and
Bioanalytical Chemistry 406.26 (2014), pp. 6499-6512. DOI: 10.1007/s00216-014-7835-3.

A. M. Jorge and J. F. Pereira. ,,Aqueous two-phase systems — versatile and advanced
(bio)process engineering tools“. In: Chemical Communications 60.84 (2024), pp. 12144-12168.
DOI: 10.1039/d4cc02663b.

J. F. Pereira and J. A. Coutinho. ,,Aqueous Two-Phase Systems*. In: Liquid-Phase Eztraction.
Elsevier, 2020, pp. 157-182. poI: 10.1016/B978-0-12-816911-7.00005-0.

M. Gonzélez-Gonzalez and F. Ruiz-Ruiz. ,,Aqueous Two-Phase Systems for the Recovery of
Bioparticles®. In: Aqueous Two-Phase Systems for Bioprocess Development for the Recovery
of Biological Products. Ed. by J. B. Marco Rito-Palomares. Springer, Cham, 2017, pp. 55-78.
DOI: 10.1007/978-3-319-59309-8_4.

M. Bensch, P. S. Wierling, B. Selbach, and J. Hubbuch. ,,High throughput screening in
downstream processing - Aqueous two phase extraction as a competitive initial purification
step®. In: Chemie Ingenieur Technik 77.8 (2005), p. 1193. DOI: 10.1002/cite.200590260.

S. Raja, V. R. Murty, V. Thivaharan, V. Rajasekar, and V. Ramesh. ,,Aqueous Two Phase
Systems for the Recovery of Biomolecules — A Review*. In: Science and Technology 1.1 (2011),
pp. 7-16. DOI: 10.5923/j.scit.20110101.02.

R. Hatti-Kaul. ,,Aqueous Two-Phase Systems - A General Overview®. In: Molecular Biotech-
nology 19.3 (2001), pp. 269-277. DOI: 10.1385/MB:19:3:2609.

F. Mashayekhi, A. S. Meyer, S. A. Shiigi, V. Nguyen, and D. T. Kamei. ,,Concentration of
mammalian genomic DNA using two-phase aqueous micellar systems®. In: Biotechnology and
Bioengineering 102.6 (2009), pp. 1613-1623. poI: 10.1002/bit.22188.

F. Luechau, T. C. Ling, and A. Lyddiatt. ,Partition of plasmid DNA in polymer-salt aqueous
two-phase systems®. In: Separation and Purification Technology 66.2 (2009), pp. 397-404.
DOI: 10.1016/j.seppur.2008.12.003.

M. Vargas et al. ,Purification of IgG and albumin from human plasma by aqueous two
phase system fractionation®. In: Biotechnology Progress 28.4 (2012), pp. 1005-1011. DOI:
10.1002/btpr. 1565.


https://doi.org/10.1007/S40139-018-0180-Z
https://doi.org/10.1080/15422119.2022.2053159
https://doi.org/10.1155/2009/574398
https://doi.org/10.1016/j.cancergen.2018.08.005
https://doi.org/10.1007/s00216-014-7835-3
https://doi.org/10.1039/d4cc02663b
https://doi.org/10.1016/B978-0-12-816911-7.00005-0
https://doi.org/10.1007/978-3-319-59309-8_4
https://doi.org/10.1002/cite.200590260
https://doi.org/10.5923/j.scit.20110101.02
https://doi.org/10.1385/MB:19:3:269
https://doi.org/10.1002/bit.22188
https://doi.org/10.1016/j.seppur.2008.12.003
https://doi.org/10.1002/btpr.1565

References

32]

[33]

[34]

[35]

[36]

P. Selvakumar, T. C. Ling, S. Walker, and A. Lyddiatt. ,,Redefinition of working aqueous
two-phase systems: A generic description for prediction of the effective phase chemical
composition for process control and biorecovery“. In: Journal of Chromatography B 878.21
(2010), pp. 1784-1790. DOI: 10.1016/j.jchromb.2010.05.004.

D. Hanahan and R. A. Weinberg. ,Hallmarks of cancer: The next generation“. In: Cell 144.5
(2011), pp. 646-674. DOI: 10.1016/3.cell.2011.02.013.

E. Geeurickx and A. Hendrix. ,, Targets, pitfalls and reference materials for liquid biopsy
tests in cancer diagnostics®. In: Molecular Aspects of Medicine 72 (2020), p. 100828. DOTI:
10.1016/j .mam.2019.10.005.

S. Das, M. K. Dey, R. Devireddy, and M. R. Gartia. ,,Biomarkers in Cancer Detection,
Diagnosis, and Prognosis®. In: Sensors 24.1 (2024). DOI: 10.3390/524010037.

E. Crowley, F. D. Nicolantonio, F. Loupakis, and A. Bardelli. ,,Liquid biopsy: monitoring
cancer-genetics in the blood“. In: Nature Reviews Clinical Oncology 10.8 (2013), pp. 472-484.
DOI: 10.1038/nrclinonc.2013.110.

L. A. Diaz and A. Bardelli. ,Liquid biopsies: Genotyping circulating tumor DNA*“ In: Journal
of Clinical Oncology 32.6 (2014), pp. 579-586. DOI: 10.1200/JC0.2012.45.2011.

M. Gerlinger et al. , Intratumor heterogeneity and branched evolution revealed by multiregion
sequencing®. In: The New England Journal of Medicine 366.10 (2012), pp. 883-892. DOI:
10.1056/nejmoal113205.

L. Ma et al. , Liquid biopsy in cancer: current status, challenges and future prospects®. In:
Signal Transduction and Targeted Therapy 9.1 (2024), pp. 1-36. DOL: 10.1038/s41392-024~
02021-w.

E. Heitzer, I. S. Haque, C. E. Roberts, and M. R. Speicher. ,,Current and future perspectives
of liquid biopsies in genomics-driven oncology“. In: Nature Reviews Genetics 20.2 (2019),
pp. 71-88. DOI: 10.1038/s41576-018-0071-5

G. Siravegna, S. Marsoni, S. Siena, and A. Bardelli. , Integrating liquid biopsies into the
management of cancer’ In: Nature Reviews Clinical Oncology 14.9 (2017), pp. 531-549. DOIL:
10.1038/nrclinonc.2017.14.

C. Alix-Panabieres and K. Pantel. ,Liquid Biopsy: From Discovery to Clinical Application®.
In: Cancer Discovery 11.4 (2021), pp. 858-873. DOI: 10.1158/2159-8290.CD-20-1311.

D. W. Cescon, S. V. Bratman, S. M. Chan, and L. L. Siu. ,,Circulating tumor DNA and
liquid biopsy in oncology®. In: Nature Cancer 1.3 (2020), pp. 276-290. DOI: 10.1038/s43018~
020-0043-5.

Y. M. D. Lo et al. ,Presence of fetal DNA in maternal plasma and serum*. In: The Lancet
350.9076 (1997), pp. 485-487. DOI: 10.1016/S0140-6736(97)02174-0.

Y. Y. Yan et al. ,Cell-Free DNA: Hope and Potential Application in Cancer. In: Frontiers
in Cell and Developmental Biology 9 (2021), p. 192. DOI: 10.3389/fcell.2021.639233.

M. Keller and S. Agbor-Enoh. ,Donor-Derived Cell-Free DNA for Acute Rejection Monitoring
in Heart and Lung Transplantation®. In: Current Transplantation Reports 8.4 (2021), pp. 351—
358. DOI: 10.1007/s40472-021-00349-8.

97


https://doi.org/10.1016/j.jchromb.2010.05.004
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.mam.2019.10.005
https://doi.org/10.3390/s24010037
https://doi.org/10.1038/nrclinonc.2013.110
https://doi.org/10.1200/JCO.2012.45.2011
https://doi.org/10.1056/nejmoa1113205
https://doi.org/10.1038/s41392-024-02021-w
https://doi.org/10.1038/s41392-024-02021-w
https://doi.org/10.1038/s41576-018-0071-5
https://doi.org/10.1038/nrclinonc.2017.14
https://doi.org/10.1158/2159-8290.CD-20-1311
https://doi.org/10.1038/s43018-020-0043-5
https://doi.org/10.1038/s43018-020-0043-5
https://doi.org/10.1016/S0140-6736(97)02174-0
https://doi.org/10.3389/fcell.2021.639233
https://doi.org/10.1007/s40472-021-00349-8

[40]

[41]

[42]

[43]

[45]

[46]

[47]

[48]

[50]

[51]

98

D. W. Bianchi and R. W. Chiu. ,Sequencing of Circulating Cell-free DNA during Pregnancy“.
In: The New England Journal of Medicine 379.5 (2018), pp. 464-473. pDOIL: 10 . 1056/
nejmral705345.

J. C. Wan et al. ,Liquid biopsies come of age: towards implementation of circulating tumour
DNA® In: Nature Reviews Cancer 17.4 (2017), pp. 223-238. DOI: 10.1038/nrc.2017.7.

I. Heidrich, L. Ac¢kar, P. M. Mohammadi, and K. Pantel. ,,Liquid biopsies: Potential and
challenges®. In: International Journal of Cancer 148.3 (2021), pp. 528-545. DOI: 10.1002/
ijc.33217.

S. A. Cohen, M. C. Liu, and A. Aleshin. ,,Practical recommendations for using ctDNA in
clinical decision making®. In: Nature 619 (2023), pp. 259-268. DOI: 10.1038/s41586-023~
06225-7.

C. A. Coppola, S. D. Summa, G. Matera, B. Pilato, D. Traversa, and S. Tommasi. ,,Liquid
Biopsy: The Challenges of a Revolutionary Approach in Oncology*. In: International Journal
of Molecular Sciences 26.11 (2025). DOI: 10.3390/1ijms26115013.

L. Gorgannezhad, M. Umer, M. N. Islam, N. T. Nguyen, and M. J. Shiddiky. ,,Circulating
tumor DNA and liquid biopsy: opportunities, challenges, and recent advances in detection
technologies®. In: Lab on a Chip 18.8 (2018), pp. 1174-1196. DOI: 10.1039/c81c00100f.

P. Mandel and P. Métais. ,Les acides nucléiques du plasma sanguin chez 'Homme*. In:
Compte Rendus des Séances de la Société de Biologie et de ses filiales 142 (1948), pp. 241-243.

J. Aucamp, A. J. Bronkhorst, C. P. Badenhorst, and P. J. Pretorius. ,, The diverse origins of
circulating cell-free DNA in the human body: a critical re-evaluation of the literature In:
Biological Reviews 93.3 (2018), pp. 1649-1683. pOI: 10.1111/brv.12413.

A. J. Bronkhorst, V. Ungerer, and S. Holdenrieder. , Early detection of cancer using circulating
tumor DNA: biological, physiological and analytical considerations®. In: Critical Reviews
in Clinical Laboratory Sciences 57.4 (2020), pp. 253-269. DOI: 10.1080/10408363.2019.
1700902.

R. Meddeb, E. Pisareva, and A. R. Thierry. ,Guidelines for the Preanalytical Conditions for
Analyzing Circulating Cell-Free DNA“ In: Clinical Chemistry 65.5 (2019), pp. 623-633. DOI:
10.1373/clinchem.2018.298323.

Z. Qin, V. A. Ljubimov, C. Zhou, Y. Tong, and J. Liang. ,,Cell-free circulating tumor DNA in
cancer®. In: Chinese Journal of Cancer 35 (2016), p. 36. DOI: 10.1186/s40880-016-0092-4.

C. Bettegowda et al. ,,Detection of Circulating Tumor DNA in Early-and Late-Stage Human
Malignancies®. In: Science Translational Medicine 6.224 (2014), 224ra24. po1: 10.1126/
scitranslmed.3007094.

L. Keller, Y. Belloum, H. Wikman, and K. Pantel. ,,Clinical relevance of blood-based ctDNA
analysis: mutation detection and beyond“. In: British Journal of Cancer 124.2 (2020), pp. 345—
358. DOI: 10.1038/s41416-020-01047-5

A. J. Widman et al. ,,Ultrasensitive plasma-based monitoring of tumor burden using machine-
learning-guided signal enrichment®. In: Nature Medicine 30.6 (2024), pp. 1655-1666. DOI:
10.1038/s41591-024-03040-4.


https://doi.org/10.1056/nejmra1705345
https://doi.org/10.1056/nejmra1705345
https://doi.org/10.1038/nrc.2017.7
https://doi.org/10.1002/ijc.33217
https://doi.org/10.1002/ijc.33217
https://doi.org/10.1038/s41586-023-06225-y
https://doi.org/10.1038/s41586-023-06225-y
https://doi.org/10.3390/ijms26115013
https://doi.org/10.1039/c8lc00100f
https://doi.org/10.1111/brv.12413
https://doi.org/10.1080/10408363.2019.1700902
https://doi.org/10.1080/10408363.2019.1700902
https://doi.org/10.1373/clinchem.2018.298323
https://doi.org/10.1186/s40880-016-0092-4
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1038/s41416-020-01047-5
https://doi.org/10.1038/s41591-024-03040-4

References

G. Brock, E. Castellanos-Rizaldos, L. Hu, C. Coticchia, and J. Skog. , Liquid biopsy for
cancer screening, patient stratification and monitoring®. In: Translational Cancer Research
4.3 (2015), pp. 280-290. DOI: 10.3978/3.issn.2218-676X.2015.06.05.

Z. Hu, H. Chen, Y. Long, P. Li, and Y. Gu. ,,The main sources of circulating cell-free DNA:
Apoptosis, necrosis and active secretion®. In: Critical Reviews in Oncology/Hematology 157
(2021), p. 103166. pOI: 10.1016/j.critrevonc.2020.103166.

T. Qi, M. Pan, H. Shi, L. Wang, Y. Bai, and Q. Ge. ,,Cell-Free DNA Fragmentomics: The
Novel Promising Biomarker®. In: International Journal of Molecular Sciences 24.2 (2023),
p. 1503. DOI: 10.3390/1jms24021503.

R. K. McGinty and S. Tan. , Histone, nucleosome, and chromatin structure®. In: Fundamentals
of Chromatin. Ed. by J. L. Workman and S. M. Abmayr. Springer New York, 2014, pp. 1-28.
DOI: 10.1007/978-1-4614-8624-4_1

F. Diehl et al. ,,Circulating mutant DNA to assess tumor dynamics®. In: Nature Medicine
14.9 (2008), pp. 985-990. DOI: 10.1038/nm.1789.

S. Valpione et al. ,Plasma total cell-free DNA (c¢fDNA) is a surrogate biomarker for tumour
burden and a prognostic biomarker for survival in metastatic melanoma patients®. In: Furopean
Journal of Cancer 88.3 (2018), pp. 1-9. DOI: 10.1016/j.ejca.2017.10.029.

D. Gale et al. ,Residual ctDNA after treatment predicts early relapse in patients with
early-stage non-small cell lung cancer®. In: Annals of Oncology 33.5 (2022), pp. 500-510. DOI:
10.1016/j .annonc.2022.02.007.

M. Oellerich et al. ,,Using circulating cell-free DNA to monitor personalized cancer therapy*.
In: Critical Reviews in Clinical Laboratory Sciences 54.3 (2017), pp. 205-218. DOI: 10.1080/
10408363.2017.1299683.

M. W. Snyder, M. Kircher, A. J. Hill, R. M. Daza, and J. Shendure. ,,Cell-free DNA Comprises
an In Vivo Nucleosome Footprint that Informs Its Tissues-Of-Origin® In: Cell (2016), pp. 57—
68. DOI: 10.1016/j.cell.2015.11.050.

M. Garcia-Pardo, M. Makarem, J. J. N. Li, D. Kelly, and N. B. Leighl. , Integrating circulating-
free DNA (cfDNA) analysis into clinical practice: opportunities and challenges®. In: British
Journal of Cancer 127 (2022), pp. 592-602. DOI: 10.1038/s41416-022-01776-9.

N. Soda, K. Clack, and M. J. Shiddiky. ,Recent advances in liquid biopsy technologies
for cancer biomarker detection®. In: Sensors & Diagnostics 1.3 (2022), pp. 343-375. DOI:
10.1039/d2sd00010e.

R. Sharma and S. Sharma. ,,Physiology, Blood Volume*. In: StatPearls. StatPearls Publishing,
2026.

J. Mathew, P. Sankar, and M. Varacallo. ,,Physiology, Blood Plasma® In: StatPearls. Stat-
Pearls Publishing, 2026.

H. A. Krebs. ,Chemical composition of blood plasma and serum.“ In: Annual Review of
Biochemistry 19 (1950), pp. 409-430. DOI: 10.1146/annurev.bi.19.070150.002205.

T. Burnouf. ,Modern Plasma Fractionation®. In: Transfusion Medicine Reviews 21.2 (2007),
pp- 101-117. por: 10.1016/j.tmrv.2006.11.001.

99


https://doi.org/10.3978/j.issn.2218-676X.2015.06.05
https://doi.org/10.1016/j.critrevonc.2020.103166
https://doi.org/10.3390/ijms24021503
https://doi.org/10.1007/978-1-4614-8624-4_1
https://doi.org/10.1038/nm.1789
https://doi.org/10.1016/j.ejca.2017.10.029
https://doi.org/10.1016/j.annonc.2022.02.007
https://doi.org/10.1080/10408363.2017.1299683
https://doi.org/10.1080/10408363.2017.1299683
https://doi.org/10.1016/j.cell.2015.11.050
https://doi.org/10.1038/s41416-022-01776-9
https://doi.org/10.1039/d2sd00010e
https://doi.org/10.1146/annurev.bi.19.070150.002205
https://doi.org/10.1016/j.tmrv.2006.11.001

[69]

[79]

[30]

100

D. A. Belinskaia, P. A. Voronina, V. I. Shmurak, R. O. Jenkins, and N. V. Goncharov.
»Serum Albumin in Health and Disease: Esterase, Antioxidant, Transporting and Signaling
Properties®. In: International Journal of Molecular Sciences 22.19 (2021), p. 10318. poOI:
10.3390/1jms221910318.

H. W. Schroeder and L. Cavacini. ,,Structure and function of immunoglobulins® In: Journal of
Allergy and Clinical Immunology 125.2 (2010), S41-S52. DOL: 10.1016/j . jaci.2009.09.046.

A. V. Nichols. , Functions and interrelationships of different classes of plasma lipoproteins.
In: Proceedings of the National Academy of Sciences of the United States of America 64.3
(1969), pp. 1128-1137. DOI: 10.1073/pnas.64.3.1128.

M. Elsabahy, A. Nazarali, and M. Foldvari. ,,Non-Viral Nucleic Acid Delivery: Key Challenges
and Future Directions®. In: Current Drug Delivery 8.3 (2012), pp. 235-244. po1: 10.2174/
156720111795256174.

F. E. Ahmed. ,Sample preparation and fractionation for proteome analysis and cancer
biomarker discovery by mass spectrometry®. In: Journal of Separation Science 32.5-6 (2009),
pp. 771-798. DOI: 10.1002/jssc.200800622.

R. E. Olson and D. D. Christ. ,,Chapter 33. Plasma Protein Binding of Drugs®. In: Annual
Reports in Medicinal Chemistry 31 (1996), pp. 327-336. DOI: 10.1016/S0065-7743(08)
60472-8.

K. A. Sharp and B. Honig. ,,Salt effects on nucleic acids®. In: Current Opinion in Structural
Biology 5.3 (1995), pp. 323-328. DOI: 10.1016/0959-440X (95)80093-X.

C. F. Anderson and M. T. Record. ,Salt-nucleic acid interactions®. In: Annual Review of
Physical Chemistry 46.1 (1995), pp. 657-700. DOI: 10.1146/annurev.pc.46.100195.003301.

A. Frerix, M. Schonewald, P. Geilenkirchen, M. Miiller, M. R. Kula, and J. Hubbuch.
»,Exploitation of the coil-globule plasmid DNA transition induced by small changes in
temperature, pH salt, and poly(ethylene glycol) compositions for directed partitioning in
aqueous two-phase systems“. In: Langmuir 22.9 (2006), pp. 4282-4290. por: 10. 1021/
1a052745u.

W. J. Qian, J. M. Jacobs, T. Liu, D. G. Camp, and R. D. Smith. ,,Advances and Chal-
lenges in Liquid Chromatography-Mass Spectrometry-based Proteomics Profiling for Clini-
cal Applications*“. In: Molecular €& Cellular Proteomics 5.10 (2006), pp. 1727-1744. DOT:
10.1074/MCP.M600162-MCP200.

F. Salvianti et al. ,,The pre-analytical phase of the liquid biopsy“ In: New Biotechnology 55
(2020), pp. 19-29. DOI: 10.1016/j .nbt.2019.09.006.

M. Jung, S. Klotzek, M. Lewandowski, M. Fleischhacker, and K. Jung. ,,Changes in concen-
tration of DNA in serum and plasma during storage of blood samples®. In: Clinical Chemistry
49.6 (2003), pp. 1028-1029. por: 10.1373/49.6.1028.

S. E. Messaoudi, F. Rolet, F. Mouliere, and A. R. Thierry. ,,Circulating cell free DNA:
Preanalytical considerations®. In: Clinica Chimica Acta 424 (2013), pp. 222-230. DOI: 10.
1016/j.cca.2013.05.022.

P. Song et al. ,Limitations and opportunities of technologies for the analysis of cell-free
DNA in cancer diagnostics®. In: Nature Biomedical Engineering 6.3 (2022), pp. 232-245. DOI:
10.1038/s41551-021-00837-3.


https://doi.org/10.3390/ijms221910318
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1073/pnas.64.3.1128
https://doi.org/10.2174/156720111795256174
https://doi.org/10.2174/156720111795256174
https://doi.org/10.1002/jssc.200800622
https://doi.org/10.1016/S0065-7743(08)60472-8
https://doi.org/10.1016/S0065-7743(08)60472-8
https://doi.org/10.1016/0959-440X(95)80093-X
https://doi.org/10.1146/annurev.pc.46.100195.003301
https://doi.org/10.1021/la052745u
https://doi.org/10.1021/la052745u
https://doi.org/10.1074/MCP.M600162-MCP200
https://doi.org/10.1016/j.nbt.2019.09.006
https://doi.org/10.1373/49.6.1028
https://doi.org/10.1016/j.cca.2013.05.022
https://doi.org/10.1016/j.cca.2013.05.022
https://doi.org/10.1038/s41551-021-00837-3

References

[83]

[87]

[83]

K. Warton, N. L. Yuwono, M. J. Cowley, M. J. McCabe, A. So, and C. E. Ford. ,,Evaluation
of Streck BCT and PAXgene Stabilised Blood Collection Tubes for Cell-Free Circulating
DNA Studies in Plasma®. In: Molecular Diagnosis and Therapy 21 (2017), pp. 563-570. DOI:
10.1007/840291-017-0284-x.

N. Y. Lam, T. H. Rainer, R. W. Chiu, and Y. M. Lo. ,EDTA Is a Better Anticoagulant than
Heparin or Citrate for Delayed Blood Processing for Plasma DNA Analysis“ In: Clinical
Chemistry 50.1 (2004), pp. 256-257. DOI: 10.1373/clinchem.2003.026013.

I. M. Diaz, A. Nocon, D. H. Mehnert, J. Fredebohm, F. Diehl, and F. Holtrup. ,,Performance
of Streck ¢fDNA blood collection tubes for liquid biopsy testing®. In: PLOS ONFE 11.11
(2016), e0166354. DOI: 10.1371/journal . pone.0166354.

M. R. Fernando et al. ;A new methodology to preserve the original proportion and integrity
of cell-free fetal DNA in maternal plasma during sample processing and storage®. In: Prenatal
Diagnosis 30.5 (2010), pp. 418-424. DOI: 10.1002/pd.2484.

S. Parpart-Li et al. ,The effect of preservative and temperature on the analysis of circulating
tumor DNA In: Clinical Cancer Research 23.10 (2017), pp. 2471-2477. por: 10.1158/1078-
0432.CCR-16-1691.

R. W. Chiu, L. L. Poon, T. K. Lau, T. N. Leung, E. M. Wong, and Y. M. D. Lo. , Effects of
Blood-Processing Protocols on Fetal and Total DNA Quantification in Maternal Plasma®. In:
Clinical Chemistry 47.9 (2001), pp. 1607-1613. DOI: 10.1093/clinchem/47.9.1607.

D. W. Swinkels, E. Wiegerinck, E. A. Steegers, and J. B. D. Kok. , Effects of Blood-Processing
Protocols on Cell-free DNA Quantification in Plasma‘. In: Clinical Chemistry 49.3 (2003),
pp- 525-526. DOI: 10.1373/49.3.525.

S. Holdenrieder et al. ,,Nucleosomes in serum as a marker for cell death®. In: Clinical Chemistry
and Laboratory Medicine 39.7 (2001), pp. 596-605. DO1: 10.1515/CCLM. 2001 .095.

H. Markus et al. ,Evaluation of pre-analytical factors affecting plasma DNA analysis®. In:
Scientific Reports 8.1 (2018), pp. 1-10. DOI: 10.1038/s41598-018-25810-0.

A. J. Bronkhorst, J. Aucamp, and P. J. Pretorius. ,,Cell-free DNA: Preanalytical variables®.
In: Clinica Chimica Acta 450 (2015), pp. 243-253. DOI: 10.1016/j.cca.2015.08.028.

S. Volik, M. Alcaide, R. D. Morin, and C. Collins. ,Cell-free DNA (cfDNA): Clinical
significance and utility in cancer shaped by emerging technologies®. In: Molecular Cancer
Research 14.10 (2016), pp. 898-908. pOI: 10.1158/1541-7786 .MCR-16-0044.

A. M. Newman et al. ,Integrated digital error suppression for improved detection of circulating
tumor DNA“ In: Nature Biotechnology 34.5 (2016), pp. 547-555. DOI: 10.1038/nbt . 3520.

G. Johansson et al. ,,Considerations and quality controls when analyzing cell-free tumor
DNA¥ In: Biomolecular Detection and Quantification 17 (2019), p. 100078. pOI: 10.1016/j.
bdq.2018.12.003.

A. M. Newman et al. ,,An ultrasensitive method for quantitating circulating tumor DNA
with broad patient coverage®. In: Nature Medicine 20.5 (2014), pp. 548-554. DOI: 10.1038/
nm.3519.

101


https://doi.org/10.1007/s40291-017-0284-x
https://doi.org/10.1373/clinchem.2003.026013
https://doi.org/10.1371/journal.pone.0166354
https://doi.org/10.1002/pd.2484
https://doi.org/10.1158/1078-0432.CCR-16-1691
https://doi.org/10.1158/1078-0432.CCR-16-1691
https://doi.org/10.1093/clinchem/47.9.1607
https://doi.org/10.1373/49.3.525
https://doi.org/10.1515/CCLM.2001.095
https://doi.org/10.1038/s41598-018-25810-0
https://doi.org/10.1016/j.cca.2015.08.028
https://doi.org/10.1158/1541-7786.MCR-16-0044
https://doi.org/10.1038/nbt.3520
https://doi.org/10.1016/j.bdq.2018.12.003
https://doi.org/10.1016/j.bdq.2018.12.003
https://doi.org/10.1038/nm.3519
https://doi.org/10.1038/nm.3519

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

107]

[108]

109

102

S. Bartels, S. Persing, B. Hasemeier, E. Schipper, H. Kreipe, and U. Lehmann. ,,Molecular
Analysis of Circulating Cell-Free DNA from Lung Cancer Patients in Routine Laboratory
Practice: A Cross-Platform Comparison of Three Different Molecular Methods for Mutation
Detection®. In: The Journal of Molecular Diagnostics 19.5 (2017), pp. 722-732. DOI: 10.
1016/ . jmoldx.2017.05.008.

M. Arya, I. S. Shergill, M. Williamson, L. Gommersall, N. Arya, and H. R. Patel. ,Basic
principles of real-time quantitative PCR® In: Ezxpert Review of Molecular Diagnostics 5.2
(2005), pp. 209-219. DOT: 10.1586/14737159.5.2.209.

S. A. Bustin, S. Zaccara, and T. Nolan. ,Principles of the Real-time Polymerase Chain
Reaction®. In: Polymerase Chain Reaction: Theory and Technology. Ed. by M. A. Behlke,
K. Berghof-Jager, T. Brown, and et al. Caister Academic Press, 2019. po1: 10.21775/
9781912530243.

I. Palacin-Aliana, N. Garcia-Romero, A. Asensi-Puig, J. Carrién-Navarro, V.
Gonzélez-Rumayor, and A. Ayuso-Sacido. ,Clinical Utility of Liquid Biopsy-Based
Actionable Mutations Detected via ddPCR® In: Biomedicines 9.8 (2021), p. 906. DOI:
10.3390/biomedicines9080906.

B. Vogelstein and K. W. Kinzler. ,Digital PCR® In: Proceedings of the National Academy of
Sciences 96.16 (1999), pp. 9236-9241. DOI: 10.1073/pnas.96.16.9236.

E. Zonta et al. ,Multiplex Detection of Rare Mutations by Picoliter Droplet Based Digital
PCR: Sensitivity and Specificity Considerations®. In: PLOS ONE 11.7 (2016), e0159094. DOTI:
10.1371/journal .pone.0159094.

J. Hedman and P. Radstrom. ,,Overcoming inhibition in real-time diagnostic PCR® In: PCR
Detection of Microbial Pathogens. Vol. 943. Methods in Molecular Biology. Springer, 2013,
pp. 17-48. DOI: 10.1007/978-1-60327-353-4_2.

E. J. Kontanis and F. A. Reed. ,Evaluation of real-time PCR amplification efficiencies to
detect PCR inhibitors®. In: Journal of Forensic Sciences 51.4 (2006), pp. 795-804. DOLI:
10.1111/3j.1556-4029.2006.00182.x.

I. Kinde, J. Wu, N. Papadopoulos, K. W. Kinzler, and B. Vogelstein. ,Detection and
quantification of rare mutations with massively parallel sequencing®. In: Proceedings of the
National Academy of Sciences of the United States of America 108.23 (2011), pp. 9530-9535.
DOI: 10.1073/pnas.1105422108.

S. Serrati et al. ,,Next-generation sequencing: Advances and applications in cancer diagnosis®.
In: OncoTargets and Therapy 9 (2016), pp. 7355-7365. DOI: 10.2147/0TT.S99807.

Y. Sun et al. ,Next-Generation Diagnostics: Gene Panel, Exome, or Whole Genome?“ In:
Human Mutation 36.6 (2015), pp. 648-655. DOI: 10.1002/humu. 22783.

T. Hu, N. Chitnis, D. Monos, and A. Dinh. ,Next-generation sequencing technologies: An
overview®. In: Human Immunology 82.11 (2021), pp. 801-811. DOI: 10.1016/j .humimm.2021.
02.012.

T. Forshew et al. ,Noninvasive identification and monitoring of cancer mutations by targeted
deep sequencing of plasma DNA“ In: Science Translational Medicine 4.136 (2012). DOI:
10.1126/scitranslmed.3003726.


https://doi.org/10.1016/j.jmoldx.2017.05.008
https://doi.org/10.1016/j.jmoldx.2017.05.008
https://doi.org/10.1586/14737159.5.2.209
https://doi.org/10.21775/9781912530243
https://doi.org/10.21775/9781912530243
https://doi.org/10.3390/biomedicines9080906
https://doi.org/10.1073/pnas.96.16.9236
https://doi.org/10.1371/journal.pone.0159094
https://doi.org/10.1007/978-1-60327-353-4_2
https://doi.org/10.1111/j.1556-4029.2006.00182.x
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.2147/OTT.S99807
https://doi.org/10.1002/humu.22783
https://doi.org/10.1016/j.humimm.2021.02.012
https://doi.org/10.1016/j.humimm.2021.02.012
https://doi.org/10.1126/scitranslmed.3003726

References

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117)

[118]

[119]

[120]

[121]

[122]

[123]

S. Linnarsson. ,Recent advances in DNA sequencing methods — general principles of sample
preparation®. In: Ezperimental Cell Research 316.8 (2010), pp. 1339-1343. por: 10.1016/j.
yexcr.2010.02.036.

S. R. Head et al. ,Library construction for next-generation sequencing: Overviews and
challenges®. In: BioTechniques 56.2 (2014), pp. 61-77. DOI: 10.2144/000114133.

S. Goodwin, J. D. McPherson, and W. R. McCombie. ,,Coming of age: ten years of next-
generation sequencing technologies®. In: Nature Reviews Genetics 17.6 (2016), pp. 333-351.
DOI: 10.1038/nrg.2016.49.

E. L. V. Dijk, Y. Jaszczyszyn, and C. Thermes. ,Library preparation methods for next-
generation sequencing: Tone down the bias“. In: Ezperimental Cell Research 322.1 (2014),
pp. 12-20. poI: 10.1016/j.yexcr.2014.01.008.

D. Aird et al. ,,Analyzing and minimizing PCR amplification bias in Illumina sequencing
libraries“. In: Genome Biology 12.2 (2011), R18—. poI: 10.1186/gb-2011-12-2-r18.

M. W. Schmitt, S. R. Kennedy, J. J. Salk, E. J. Fox, J. B. Hiatt, and L. A. Loeb. ,Detection
of ultra-rare mutations by next-generation sequencing®. In: Proceedings of the National
Academy of Sciences of the United States of America 109.36 (2012), pp. 14508-14513. DOI:
10.1073/pnas.1208715109.

A. Rimola, D. Costa, M. Sodupe, J. F. Lambert, and P. Ugliengo. ,,Silica Surface Features and
Their Role in the Adsorption of Biomolecules: Computational Modeling and Experiments*.
In: Chemical Reviews 113.6 (2013), pp. 4216-4313. DOI: 10.1021/cr3003054.

M. Sulpizi, M. P. Gaigeot, and M. Sprik. , The Silica—Water Interface: How the Silanols
Determine the Surface Acidity and Modulate the Water Properties®. In: Journal of Chemical
Theory and Computation 8.3 (2012), pp. 1037-1047. po1: 10.1021/ct2007154.

Y. Zhang and P. S. Cremer. ,Interactions between macromolecules and ions: the Hofmeister
series®. In: Current Opinion in Chemical Biology 10.6 (2006), pp. 658-663. DOI: 10.1016/j.
cbpa.2006.09.020.

X. Li, J. Zhang, and H. Gu. ,,Study on the Adsorption Mechanism of DNA with Mesoporous
Silica Nanoparticles in Aqueous Solution®. In: Langmuir 28.5 (2012), pp. 2827-2834. DOI:
10.1021/1a204443j.

K. A. Melzak, C. S. Sherwood, R. F. Turner, and C. A. Haynes. ,Driving forces for DNA
adsorption to silica in perchlorate solutions“ In: Journal of Colloid and Interface Science
181.2 (1996), pp. 635-644. DOI: 10.1006/jcis.1996.0421

B. Shi, Y. K. Shin, A. A. Hassanali, and S. J. Singer. ,DNA Binding to the Silica Surface*.
In: Journal of Physical Chemistry B 119.34 (2015), pp. 11030-11040. por: 10.1021/acs.
jpcb.5b01983.

W. Y. Chen, D. Matulis, W. P. Hu, Y. F. Lai, and W. H. Wang. ,,Studies of the interactions
mechanism between DNA and silica surfaces by Isothermal Titration Calorimetry“ In:
Journal of the Taiwan Institute of Chemical Engineers 116.3 (2020), pp. 62-66. DOI: 10.
1016/j.jtice.2020.11.019.

Qiagen. QIAamp Circulating Nucleic Acid Handbook. Sample to Insight. Qiagen, 2019.

103


https://doi.org/10.1016/j.yexcr.2010.02.036
https://doi.org/10.1016/j.yexcr.2010.02.036
https://doi.org/10.2144/000114133
https://doi.org/10.1038/nrg.2016.49
https://doi.org/10.1016/j.yexcr.2014.01.008
https://doi.org/10.1186/gb-2011-12-2-r18
https://doi.org/10.1073/pnas.1208715109
https://doi.org/10.1021/cr3003054
https://doi.org/10.1021/ct2007154
https://doi.org/10.1016/j.cbpa.2006.09.020
https://doi.org/10.1016/j.cbpa.2006.09.020
https://doi.org/10.1021/la204443j
https://doi.org/10.1006/jcis.1996.0421
https://doi.org/10.1021/acs.jpcb.5b01983
https://doi.org/10.1021/acs.jpcb.5b01983
https://doi.org/10.1016/j.jtice.2020.11.019
https://doi.org/10.1016/j.jtice.2020.11.019

[124]

[125]

[126]

[127)

[128]

[129]

[130]

[131]

[132]

133

[134]

[135]

[136]

[137]

138

104

X. Xue, M. D. Teare, I. Holen, Y. M. Zhu, and P. J. Woll. ,,Optimizing the yield and utility
of circulating cell-free DNA from plasma and serum® In: Clinica Chimica Acta 404.2 (2009),
pp- 100-104. po1: 10.1016/j.cca.2009.02.018.

T. Poeckh, S. Lopez, A. O. Fuller, M. J. Solomon, and R. G. Larson. ,,Adsorption and elution
characteristics of nucleic acids on silica surfaces and their use in designing a miniaturized
purification unit®. In: Analytical Biochemistry 373 (2007), pp. 253-262. DOI: 10.1016/J.AB.
2007.10.026.

C. Katevatis, A. Fan, and C. M. Klapperich. ,,Low concentration DNA extraction and recovery
using a silica solid phase®. In: PLOS ONE 12.5 (2017). bo1: 10.1371/journal.pone.0176848.

X. Ye and B. Lei. ,The current status and trends of DNA extraction®. In: BioFssays 45.8
(2023). DOIL: 10.1002/bies.202200242.

M. A. Gijs, F. Lacharme, and U. Lehmann. ,Microfluidic Applications of Magnetic Particles
for Biological Analysis and Catalysis“. In: Chemical Reviews 110.3 (2009), pp. 1518-1563.
DOI: 10.1021/cr9001929.

C. Pérez-Barrios et al. ,,Comparison of methods for circulating cell-free DNA isolation using
blood from cancer patients: impact on biomarker testing®. In: Translational Lung Cancer
Research 5.6 (2016), pp. 665-672. DOI: 10.21037/t1lcr.2016.12.03.

L. F. van Dessel et al. ,High-throughput isolation of circulating tumor DNA: a comparison of
automated platforms®. In: Molecular Oncology 13.2 (2019), pp. 392-402. DOI: 10.1002/1878~
0261.12415.

F. Sandberg, N. Kueng, C. R. Largiader, and U. Amstutz. ,Evaluation of variability in
cell-free DNA extraction efficiency from plasma and urine and spike-in normalization® In:
Scientific Reports 15 (2025), p. 22999. DOI: 10.1038/s41598-025-06563-z.

A. R. Thierry et al. ,,Clinical validation of the detection of KRAS and BRAF mutations
from circulating tumor DNA* In: Nature Medicine 20.4 (2014), pp. 430-435. por: 10.1038/
nm.3511.

R. Fregel, A. Gonzélez, and V. M. Cabrera. ,Improved ethanol precipitation of DNA* In:
FElectrophoresis 31.8 (2010), pp. 1350-1352. DOI: 10.1002/elps.200900721.

D. Moore and D. Dowhan. ,Purification and concentration of DNA from aqueous solutions.
In: Current protocols in molecular biology. Vol. 59. 2002, pp. 2.1.1-2.1.10. pO1: 10.1002/
0471142727 .mb0201asb9.

S. He et al. ,DNA precipitation revisited: A quantitative analysis®. In: Nano Select 3.3 (2022),
pp. 617-626. DOI: 10.1002/nano.202100152.

F. Janku et al. ,,A novel method for liquid-phase extraction of cell-free DNA for detection
of circulating tumor DNA In: Scientific Reports 11.1 (2021). DOI: 10.1038/s41598-021~
98815-x.

D. Obino, M. Vassalli, A. Franceschi, A. Alessandrini, P. Facci, and F. Viti. ,,An overview on
microfluidic systems for nucleic acids extraction from human raw samples®. In: Sensors 21.9
(2021), p. 3058. DOI: 10.3390/521093058.

Y. T. Chiu. ,Method for Accurate Diagnosis of a Disease Targeting Biomarkers in Liquid
Biopsy*“. Patent US12253519B2. 2018.


https://doi.org/10.1016/j.cca.2009.02.018
https://doi.org/10.1016/J.AB.2007.10.026
https://doi.org/10.1016/J.AB.2007.10.026
https://doi.org/10.1371/journal.pone.0176848
https://doi.org/10.1002/bies.202200242
https://doi.org/10.1021/cr9001929
https://doi.org/10.21037/tlcr.2016.12.03
https://doi.org/10.1002/1878-0261.12415
https://doi.org/10.1002/1878-0261.12415
https://doi.org/10.1038/s41598-025-06563-z
https://doi.org/10.1038/nm.3511
https://doi.org/10.1038/nm.3511
https://doi.org/10.1002/elps.200900721
https://doi.org/10.1002/0471142727.mb0201as59
https://doi.org/10.1002/0471142727.mb0201as59
https://doi.org/10.1002/nano.202100152
https://doi.org/10.1038/s41598-021-98815-x
https://doi.org/10.1038/s41598-021-98815-x
https://doi.org/10.3390/s21093058

References

[139)]
[140]

[141]

142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]
[150]

[151]

[152]

[153]

P.-A. Albertsson. Partition of Cell Particles and Macromolecules. 3rd ed. John Wiley, 1986.

P. A. Rosa, I. F. Ferreira, A. M. Azevedo, and M. R. Aires-Barros. ,,Aqueous two-phase
systems: A viable platform in the manufacturing of biopharmaceuticals®. In: Journal of
Chromatography A 1217.16 (2010), pp. 2296-2305. DOI: 10.1016/j.chroma.2009.11.034.

J. A. Asenjo and B. A. Andrews. ,,Aqueous two-phase systems for protein separation: Phase
separation and applications®. In: Journal of Chromatography A 1238 (2012), pp. 1-10. DOI:
10.1016/j.chroma.2012.03.049.

B. Y. Zaslavsky, V. N. Uversky, and A. Chait. ,Analytical applications of partitioning
in aqueous two-phase systems: Exploring protein structural changes and protein—partner
interactions in vitro and in vivo by solvent interaction analysis method®. In: Biochimica et
Biophysica Acta 1864.5 (2016), pp. 622—644. DOI: 10.1016/j.bbapap.2016.02.017.

A. Glyk, T. Scheper, and S. Beutel. ,Influence of different phase-forming parameters on the
phase diagram of several PEG-salt aqueous two-phase systems*. In: Journal of Chemical and
Engineering Data 59.3 (2014), pp. 850-859. DOI: 10.1021/3je401002w.

A. L. Grilo, M. R. Aires-Barros, and A. M. Azevedo. , Partitioning in Aqueous Two-Phase
Systems: Fundamentals, Applications and Trends® In: Separation & Purification Reviews
45.1(2016),pp.68780.DOI:10.1080/15422119.2014.983128.

A. Zarouri et al. ,A high-performance polymer composite column for coronavirus nucleic acid
purification®. In: Scientific Reports 14.1 (2024), p. 1138. DOI: 10.1038/s41598-024-51671-x.

F. Luechau, T. C. Ling, and A. Lyddiatt. ,Primary capture of high molecular weight nucleic
acids using aqueous two-phase systems*. In: Separation and Purification Technology 66.1
(2009), pp. 202-207. DOI: 10.1016/J.SEPPUR.2008.12.008.

R. Sadeghi and F. Jahani. ,Salting-In and Salting-Out of Water-Soluble Polymers in Aqueous
Salt Solutions®. In: Journal of Physical Chemistry B 116.17 (2012), pp. 5234-5241. DOI:
10.1021/jp300665b.

M. Igbal et al. ,Aqueous two-phase system (ATPS): an overview and advances in its
applications®. In: Biological Procedures Online 18.1 (2016), pp. 1-18. poI: 10.1186/S12575-
016-0048-8.

H. Walter and G. Johansson. Methods in Enzymology: Aqueous Two-Phase Systems. Vol. 228.
Academic Press, Inc., 1994.

A. Kaul. ,,The Phase Diagram*. In: Aqueous Two-Phase Systems (2000), pp. 11-21. DOI:
10.1385/1-59259-028-4:11.

X. Zhang, Z. Cai, L. Wang, S. Xie, and W. Zong. Unlocking Liquid-Liquid Separation:
Exploring the Marvels of Aqueous Two-Phase Systems. 2024. DOI: 10.1016/j .microc.2024.
110445.

J. Benavides and M. Rito-Palomares. ,,Practical experiences from the development of aqueous
two-phase processes for the recovery of high value biological products®. In: Journal of Chemical
Technology € Biotechnology 83.2 (2008), pp. 133-142. DOT: 10.1002/jctb.1844.

A. Segaran and L. S. Chua. ,,Review of recent applications and modifications of aqueous
two-phase system for the separation of biomolecules®. In: International Journal of Biological
Macromolecules 276.Part 1 (2024), p. 133856. pDOI: 10.1016/j.1ijbiomac.2024.133856.

105


https://doi.org/10.1016/j.chroma.2009.11.034
https://doi.org/10.1016/j.chroma.2012.03.049
https://doi.org/10.1016/j.bbapap.2016.02.017
https://doi.org/10.1021/je401002w
https://doi.org/10.1080/15422119.2014.983128
https://doi.org/10.1038/s41598-024-51671-x
https://doi.org/10.1016/J.SEPPUR.2008.12.008
https://doi.org/10.1021/jp300665b
https://doi.org/10.1186/S12575-016-0048-8
https://doi.org/10.1186/S12575-016-0048-8
https://doi.org/10.1385/1-59259-028-4:11
https://doi.org/10.1016/j.microc.2024.110445
https://doi.org/10.1016/j.microc.2024.110445
https://doi.org/10.1002/jctb.1844
https://doi.org/10.1016/j.ijbiomac.2024.133856

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

163

[164]

[165]

106

R. Y. Chiu, A. V. Thach, C. M. Wu, B. M. Wu, and D. T. Kamei. ,,An aqueous two-phase
system for the concentration and extraction of proteins from the interface for detection using
the lateral-flow immunoassay*“. In: PLOS ONE 10.11 (2015). DOI: 10.1371/journal.pone.
0142654.

J. G. Huddleston, R. Wang, J. A. Flanagan, S. O’Brien, and A. Lyddiatt. ,,Variation of
protein partition coefficients with volume ratio in poly(ethylene glycol)-salt aqueous two-
phase systems*. In: Journal of Chromatography A 668.1 (1994), pp. 3—11. DOI: 10.1016/0021-
9673(94)80086-3.

A. M. Azevedo, A. G. Gomes, P. A. Rosa, I. F. Ferreira, A. M. Pisco, and M. R. Aires-
Barros. ,Partitioning of human antibodies in polyethylene glycol-sodium citrate aqueous
two-phase systems®. In: Separation and Purification Technology 65.1 (2009), pp. 14-21. DOTI:
10.1016/j .seppur.2007.12.010.

H.-O. Johansson, G. Karlstrom, F. Tjerneld, and C. A. Haynes. ,Driving forces for phase
separation and partitioning in aqueous two-phase systems*. In: Journal of Chromatography
B 711 (1998), pp. 3-17. DOI: 10.1016/50378-4347 (97)00585-9.

R. S. King, H. W. Blanch, and J. M. Prausnitz. ,Molecular thermodynamics of aqueous
two-phase systems for bioseparations®. In: AIChE Journal 34.10 (1988), pp. 1585-1594. DOTI:
10.1002/aic.690341002.

M. Feig and B. M. Pettitt. ,Sodium and Chlorine Ions as Part of the DNA Solvation Shell*
In: Biophysical Journal 77.4 (1999), pp. 1769-1781. pOI: 10.1016/30006-3495(99)77023-2.

C. Kepka, J. Rhodin, R. Lemmens, F. Tjerneld, and P. E. Gustavsson. , Extraction of plasmid
DNA from Escherichia coli cell lysate in a thermoseparating aqueous two-phase system®. In:
Journal of Chromatography A 1024 (2004), pp. 95-104. DOI: 10.1016/j.chroma.2003.10.
028.

C. L. Effio, L. Wenger, O. Otes, S. A. Oelmeier, R. Kneusel, and J. Hubbuch. ,,Downstream
processing of virus-like particles: Single-stage and multi-stage aqueous two-phase extraction®
In: Journal of Chromatography A 1383 (2015), pp. 35-46. DOI: 10.1016/j.chroma.2015.01.
007.

G. A. Gomes, A. M. Azevedo, M. R. Aires-Barros, and D. M. F. Prazeres. ,Purification of
plasmid DNA with aqueous two phase systems of PEG 600 and sodium citrate/ammonium
sulfate®. In: Separation and Purification Technology 65.1 (2009), pp. 22-30. DOI: 10.1016/j.
seppur.2008.01.026.

J. Huddleston, A. Veide, K. Kohler, J. Flanagan, S. O. Enfors, and A. Lyddiatt. ,The
molecular basis of partitioning in aqueous two-phase systems®. In: Trends in Biotechnology
9.1 (1991), pp. 381-388. DOI: 10.1016/0167-7799(91)90130-A.

I. R. Juckles. ,Fractionation of proteins and viruses with polyethylene glycol“ In: Biochimica
et Biophysica Acta (BBA) - Protein Structure 229.3 (1971), pp. 535-546. DOI: 10.1016/0005-
2795(71)90269-8.

D. B. Knowles, A. S. LaCroix, N. F. Deines, I. Shkel, and M. T. Record. ,,Separation of
preferential interaction and excluded volume effects on DNA duplex and hairpin stability®.
In: Proceedings of the National Academy of Sciences of the United States of America 108.31
(2011), pp. 12699-12704. DOI: 10.1073/pnas.1103382108.


https://doi.org/10.1371/journal.pone.0142654
https://doi.org/10.1371/journal.pone.0142654
https://doi.org/10.1016/0021-9673(94)80086-3
https://doi.org/10.1016/0021-9673(94)80086-3
https://doi.org/10.1016/j.seppur.2007.12.010
https://doi.org/10.1016/s0378-4347(97)00585-9
https://doi.org/10.1002/aic.690341002
https://doi.org/10.1016/S0006-3495(99)77023-2
https://doi.org/10.1016/j.chroma.2003.10.028
https://doi.org/10.1016/j.chroma.2003.10.028
https://doi.org/10.1016/j.chroma.2015.01.007
https://doi.org/10.1016/j.chroma.2015.01.007
https://doi.org/10.1016/j.seppur.2008.01.026
https://doi.org/10.1016/j.seppur.2008.01.026
https://doi.org/10.1016/0167-7799(91)90130-A
https://doi.org/10.1016/0005-2795(71)90269-8
https://doi.org/10.1016/0005-2795(71)90269-8
https://doi.org/10.1073/pnas.1103382108

References

[166]

167]

[168]

[169)]

[170]

[171]

[172]

[173]

[174]

175

[176]

[177]

[178]

[179]

S. B. Zimmerman and S. O. Trach. ,Excluded volume effects on the partition of macro-
molecules between two liquid phases®. In: Biopolymers 30.7-8 (1990), pp. 703-718. DOI:
10.1002/bip.360300706.

F. Luechau, T. C. Ling, and A. Lyddiatt. ,Selective partition of plasmid DNA and RNA in
aqueous two-phase systems by the addition of neutral salt“. In: Separation and Purification
Technology 68.1 (2009), pp. 114-118. DOI: 10.1016/j.seppur.2009.04.016.

J. A. Asenjo and B. A. Andrews. ,Aqueous two-phase systems for protein separation: A
perspective®. In: Journal of Chromatography A 1218 (2011), pp. 8826-8835. DOI: 10.1016/j.
chroma.2011.06.051.

O. Matsarskaia, F. Roosen-Runge, and F. Schreiber. ,Multivalent ions and biomolecules:
Attempting a comprehensive perspective®. In: ChemPhysChem 21.16 (2020), pp. 1742-1767.
DOI: 10.1002/cphc.202000162.

S. C. Ribeiro, G. A. Monteiro, J. M. Cabral, and D. M. Prazeres. ,Isolation of plasmid DNA
from cell lysates by aqueous two-phase systems*. In: Biotechnology and Bioengineering 78.4
(2002), pp. 376-384. DOI: 10.1002/bit.10227.

M. Wiendahl, S. A. Oelmeier, F. Dismer, and J. Hubbuch. ,,High-throughput screening-based
selection and scale-up of aqueous two-phase systems for pDNA purification®. In: Journal of
Separation Science 35.22 (2012), pp. 3197-3207. pOI: 10.1002/jssc.201200310.

M. A. Torres-Acosta et al. ,Practical deployment of automation to expedite aqueous two-
phase extraction. In: Journal of Biotechnology 387 (2024), pp. 32-43. DOI: 10.1016/j .
jbiotec.2024.03.013.

M. Bensch, B. Selbach, and J. Hubbuch. ,,High throughput screening techniques in down-
stream processing: Preparation, characterization and optimization of aqueous two-phase
systems®. In: Chemical Engineering Science 62.7 (2007), pp. 2011-2021. por: 10.1016/j.
ces.2006.12.053.

R. Bhambure, K. Kumar, and A. S. Rathore. ,High-throughput process development for
biopharmaceutical drug substances®. In: Trends in Biotechnology 29.3 (2011), pp. 127-135.
DOI: 10.1016/j.tibtech.2010.12.001.

S. A. Oelmeier, F. Dismer, and J. Hubbuch. ,Application of an aqueous two-phase systems
high-throughput screening method to evaluate mAb HCP separation. In: Biotechnology and
Bioengineering 108.1 (2011), pp. 69-81. DOI: 10.1002/bit.22900.

V. Dechavanne et al. ;A high-throughput protein refolding screen in 96-well format combined
with design of experiments to optimize the refolding conditions®. In: Protein Fxpression and
Purification 75.2 (2011), pp. 192-203. pOI: 10.1016/j.pep.2010.09.008.

M. A. Torres-Acosta, G. J. Lye, and D. Dikicioglu. ,,Automated liquid-handling operations
for robust, resilient, and efficient bio-based laboratory practices®. In: Biochemical Engineering
Journal 188 (2022), p. 108713. DOI: 10.1016/j.bej.2022.108713.

W. Gaisford. ,Robotic liquid handling and automation in epigenetics®. In: Journal of
Laboratory Automation 17.5 (2012), pp. 327-329. DOI: 10.1177/2211068212457160.

J. Hubbuch. ,,Editorial: High-throughput process development*. In: Biotechnology Journal
7.10 (2012), pp. 1185-1185. DOI: 10.1002/biot .201200333.

107


https://doi.org/10.1002/bip.360300706
https://doi.org/10.1016/j.seppur.2009.04.016
https://doi.org/10.1016/j.chroma.2011.06.051
https://doi.org/10.1016/j.chroma.2011.06.051
https://doi.org/10.1002/cphc.202000162
https://doi.org/10.1002/bit.10227
https://doi.org/10.1002/jssc.201200310
https://doi.org/10.1016/j.jbiotec.2024.03.013
https://doi.org/10.1016/j.jbiotec.2024.03.013
https://doi.org/10.1016/j.ces.2006.12.053
https://doi.org/10.1016/j.ces.2006.12.053
https://doi.org/10.1016/j.tibtech.2010.12.001
https://doi.org/10.1002/bit.22900
https://doi.org/10.1016/j.pep.2010.09.008
https://doi.org/10.1016/j.bej.2022.108713
https://doi.org/10.1177/2211068212457160
https://doi.org/10.1002/biot.201200333

[180]

[181]

[182]

183

[184]

[185]
[186]
187

[188]

[189]
[190]
[191]

[192]

193]

[194]

108

N. Ali, R. D. C. P. Rampazzo, A. D. T. Costa, and M. A. Krieger. ,Current Nucleic
Acid Extraction Methods and Their Implications to Point-of-Care Diagnostics®. In: BioMed
Research International 2017 (2017), p. 9306564. DOI: 10.1155/2017/9306564.

H. Zhong et al. ,A novel method for extracting circulating cell-free DNA from whole blood
samples and its utility in the non-invasive prenatal test®. In: Prenatal Diagnosis 42.9 (2022),
pp. 1173-1181. poI: 10.1002/pd.6212.

C. Schrader, A. Schielke, L. Ellerbroek, and R. Johne. ,PCR inhibitors — occurrence, properties
and removal®. In: Journal of Applied Microbiology 113.5 (2012), pp. 1014-1026. DOI: 10.
1111/3.1365-2672.2012.05384 . x.

M. L. Lauro et al. ,Overcoming Biopharmaceutical Interferents for Quantitation of Host
Cell DNA Using an Automated, High-Throughput Methodology*. In: AAPS Journal 25.10
(2023), pp. 1-11. DOI: 10.1208/512248-022-00764-4.

L. Hagel. ,,Gel Filtration: Size Exclusion Chromatography*. In: Protein Purification: Princi-
ples, High Resolution Methods, and Applications. Ed. by J.-C. Janson. 3rd ed. John Wiley &
Sons, 2011, pp. 51-91. DOT: 10.1002/9780470939932. ch3.

M. Miiller and J. Hucklenbroich. ,,Rapid Purification of High Quality Nucleic Acids from
Biological Samples®. Patent US11578319B2. 2023.

Cytiva. Size Exclusion Chromatography, Principles and Methods. 2020.

M. Hall. ,Size Exclusion Chromatography (SEC)“ In: Biopharmaceutical Processing: Devel-
opment, Design, and Implementation of Manufacturing Processes (2018), pp. 421-432. DOI:
10.1016/B978-0-08-100623-8.00021-9.

H. Lee, W. Na, C. Park, K. H. Park, and S. Shin. ,,Centrifugation-free extraction of circulating
nucleic acids using immiscible liquid under vacuum pressure®. In: Scientific Reports 8.1 (2018),
pp. 1-11. DOI: 10.1038/S41598-018-23766-9.

M. S. H. Akash and K. Rehman. , Ultraviolet-Visible (UV-VIS) Spectroscopy*. In: Springer
Nature Singapore, 2019, pp. 29-56. DOI: 10.1007/978-981-15-1547-7_3.

J. Sambrook and D. W. Russel. Molecular Cloning: A Laboratory Manual. 3rd ed. Vol. 33. 1.
Cold Spring Harbor Laboratory Press, 2001, pp. 75-78.

D. F. Swinehart. ,The Beer-Lambert Law*. In: Journal of Chemical Education 39.7 (1962),
pp. 333-335. DOI: 10.1021/ed039p333.

K. Nielsen, H. S. Mogensen, J. Hedman, H. Niederstiatter, W. Parson, and N. Morling.
,Comparison of five DNA quantification methods®. In: Forensic Science International: Genetics
2.3 (2008), pp. 226-230. DOI: 10.1016/j.fsigen.2008.02.008.

A. Bardelli and K. Pantel. ,Liquid Biopsies, What We Do Not Know (Yet)*. In: Cancer Cell
31.2 (2017), pp. 172-179. DOI: 10.1016/j.ccell.2017.01.002.

A. 1. Dragan, J. R. Casas-Finet, E. S. Bishop, R. J. Strouse, M. A. Schenerman, and C. D.
Geddes. ,,Characterization of PicoGreen Interaction with dsDNA and the Origin of Its
Fluorescence Enhancement upon Binding®. In: Biophysical Journal 99.9 (2010), pp. 3010
3019. DOI: 10.1016/3.bpj.2010.09.012.


https://doi.org/10.1155/2017/9306564
https://doi.org/10.1002/pd.6212
https://doi.org/10.1111/j.1365-2672.2012.05384.x
https://doi.org/10.1111/j.1365-2672.2012.05384.x
https://doi.org/10.1208/s12248-022-00764-4
https://doi.org/10.1002/9780470939932.ch3
https://doi.org/10.1016/B978-0-08-100623-8.00021-9
https://doi.org/10.1038/S41598-018-23766-9
https://doi.org/10.1007/978-981-15-1547-7_3
https://doi.org/10.1021/ed039p333
https://doi.org/10.1016/j.fsigen.2008.02.008
https://doi.org/10.1016/j.ccell.2017.01.002
https://doi.org/10.1016/j.bpj.2010.09.012

References

[195]

[196]

197]

198

199]

200]

201]

[202]

203

[204]

205]

206]

207]

[208]

V. L. Singer, L. J. Jones, S. T. Yue, and R. P. Haugland. ,,Characterization of PicoGreen
reagent and development of a fluorescence- based solution assay for double-stranded DNA
quantitation. In: Analytical Biochemistry 249.2 (1997), pp. 228-238. DOI: 10.1006/abio.
1997.2177.

S. A. Bustin et al. ,,The MIQE Guidelines: Minimum Information for Publication of Quanti-
tative Real-Time PCR Experiments®. In: Clinical Chemistry 55.4 (2009), pp. 611-622. por:
10.1373/clinchem.2008.112797.

L. S. Pessoa, M. Heringer, and V. P. Ferrer. ,ctDNA as a cancer biomarker: A broad
overview*. In: Critical Reviews in Oncology/Hematology 155.9 (2020), p. 103109. DOI1: 10.
1016/j.critrevonc.2020.103109.

P. S. Bernard and C. T. Wittwer. ,Real-Time PCR, Technology for Cancer Diagnostics®. In:
Clinical Chemistry 48.8 (2002), pp. 1178-1185. DOI: 10.1093/clinchem/48.8.1178.

C. D. Georgiou and I. Papapostolou. ,,Assay for the quantification of intact/fragmented
genomic DNA“ In: Analytical Biochemistry 358.2 (2006), pp. 247-256. DOI: 10.1016/j.ab.
2006.07.035.

Y. Nakayama, H. Yamaguchi, N. Einaga, and M. Esumi. ,Pitfalls of DNA quantification
using dnabinding fluorescent dyes and suggested solutions“. In: PLOS ONE 11.3 (2016). DOTI:
10.1371/journal.pone.0150528.

E. Polatoglou, Z. Mayer, V. Ungerer, A. J. Bronkhorst, and S. Holdenrieder. ,Isolation and
Quantification of Plasma Cell-Free DNA Using Different Manual and Automated Methods*.
In: Diagnostics 12.10 (2022). pOI: 10.3390/diagnostics12102550.

P. V. D. Leest et al. ,,Dutch National Round Robin Trial on Plasma-Derived Circulating Cell-
Free DNA Extraction Methods Routinely Used in Clinical Pathology for Molecular Tumor
Profiling“. In: Clinical Chemistry 68.7 (2022), pp. 963-972. DOI: 10.1093/clinchem/hvac069.

E. Heitzer, P. Ulz, and J. B. Geigl. ,,Circulating Tumor DNA as a Liquid Biopsy for Cancer*.
In: Clinical Chemistry 61.1 (2015), pp. 112-123. DOI: 10.1373/clinchem.2014.222679.

L. D. Mattos-Arruda et al. ,,Capturing intra-tumor genetic heterogeneity by de novo mutation
profiling of circulating cell-free tumor DNA: a proof-of-principle“. In: Annals of Oncology
25.9 (2014), pp. 1729-1735. DOI: 10.1093/annonc/mdu239.

Y. M. D. Lo et al. ,Maternal plasma DNA sequencing reveals the genome-wide genetic
and mutational profile of the fetus“. In: Science Translational Medicine 2.61 (2010). DOT:
10.1126/scitranslmed.3001720.

H. R. Underhill, J. O. Kitzman, S. Hellwig, N. C. Welker, R. Daza, and D. N. Baker.
,Fragment Length of Circulating Tumor DNA® In: PLOS Genetics 12.7 (2016). pDOI: 10.
1371/journal .pgen.1006162.

L. Sorber et al. ,A Comparison of Cell-Free DNA Isolation Kits: Isolation and Quantification
of Cell-Free DNA in Plasma®. In: Journal of Molecular Diagnostics 19.1 (2017), pp. 162-168.
DOI: 10.1016/3 . jmoldx.2016.09.009.

P. Diederich, S. Amrhein, F. Himmerling, and J. Hubbuch. ,Evaluation of PEG/phosphate
aqueous two-phase systems for the purification of the chicken egg white protein avidin by
using high-throughput techniques®. In: Chemical Engineering Science 104 (2013), pp. 945-956.
DOI: 10.1016/j.ces.2013.10.008.

109


https://doi.org/10.1006/abio.1997.2177
https://doi.org/10.1006/abio.1997.2177
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1016/j.critrevonc.2020.103109
https://doi.org/10.1016/j.critrevonc.2020.103109
https://doi.org/10.1093/clinchem/48.8.1178
https://doi.org/10.1016/j.ab.2006.07.035
https://doi.org/10.1016/j.ab.2006.07.035
https://doi.org/10.1371/journal.pone.0150528
https://doi.org/10.3390/diagnostics12102550
https://doi.org/10.1093/clinchem/hvac069
https://doi.org/10.1373/clinchem.2014.222679
https://doi.org/10.1093/annonc/mdu239
https://doi.org/10.1126/scitranslmed.3001720
https://doi.org/10.1371/journal.pgen.1006162
https://doi.org/10.1371/journal.pgen.1006162
https://doi.org/10.1016/j.jmoldx.2016.09.009
https://doi.org/10.1016/j.ces.2013.10.008

209

[210]

[211]

212]

[213]

[214]

[215]

[216]

217]

[218]

[219]

[220]

[221]

110

B. M. Alberts. ,Efficient Separation of Single-Stranded and Double-Stranded Deoxyribonucleic
Acid in a Dextran-Polyethylene Glycol Two-Phase System*. In: Biochemistry 6.8 (1967),
pp- 2527-2531.

L. Rudin and P. A. Albertsson. ,A new method for the isolation of deoxyribonucleic acid
from microorganisms®. In: Biochimica et Biophysica Acta (BBA) - Nucleic Acids and Protein
Synthesis 134.1 (1967), pp. 37-44. DOI: 10.1016/0005-2787 (67)90087-1.

A. Frerix, M. Miiller, M.-R. Kula, and J. Hubbuch. ,,Scalable recovery of plasmid DNA based
on aqueous two-phase separation®. In: Biotechnology and Applied Biochemistry 42.1 (2005),
pp. 57-66. DOIL: 10.1042/5a20040107.

I. P. Trindade, M. M. Diogo, D. M. Prazeres, and J. C. Marcos. ,,Purification of plasmid
DNA vectors by aqueous two-phase extraction and hydrophobic interaction chromatography*.
In: Journal of Chromatography A 1082.2 (2005), pp. 176-184. DOI: 10.1016/j.chroma.2005.
05.079.

F. Rahimpour, F. Feyzi, S. Maghsoudi, and R. Hatti-Kaul. ,Purification of Plasmid DNA with
Polymer-Salt Aqueous Two-Phase System: Optimization Using Response Surface Method-
ology*“. In: Biotechnology and Bioengineering 95.4 (2006), pp. 627—637. DOI: 10.1002/bit.
20920.

H. O. Johansson et al. ,Plasmid DNA partitioning and separation using poly(ethylene
glycol) /poly(acrylate) /salt aqueous two-phase systems®. In: Journal of Chromatography A
1233 (2012), pp. 30-35. DOI: 10.1016/3.chroma.2012.02.028.

T. Matos, H. O. Johansson, J. A. Queiroz, and L. Bulow. ,Isolation of PCR DNA fragments
using aqueous two-phase systems®. In: Separation and Purification Technology 122 (2014),
pp. 144-148. DOI: 10.1016/j.seppur.2013.11.014.

B. Nazer, M. Dehghani, B. Goliaei, and E. Morad. ,Partitioning of pyrimidine single
stranded oligonucleotide using polyethylene glycol — sodium sulfate aqueous two-phase
systems; experimental and modeling*. In: Fluid Phase Equilibria 432 (2017), pp. 45-53. DOL:
10.1016/j.£1uid.2016.10.014.

F. Luechau, T. C. Ling, and A. Lyddiatt. ,Selective partition of plasmid DNA and RNA from
crude Escherichia coli cell lysate by aqueous two-phase systems®. In: Biochemical Engineering
Journal 55.3 (2011), pp. 230-232. DOI: 10.1016/j.bej.2011.04.014.

M. Rito-Palomares, C. Dale, and A. Lyddiatt. ,,Generic application of an aqueous two-
phase process for protein recovery from animal blood“ In: Process Biochemistry 35.7 (2000),
pp. 665-673. DOI: 10.1016/S0032-9592(99)00119-3.

J. C. Merchuk, B. A. Andrews, and J. A. Asenjo. ,,Aqueous two-phase systems for protein
separation. Studies on phase inversion®. In: Journal of Chromatography B 711 (1998), pp. 285
293. DOI: 10.1016/s0378-4347(97) 00594-x.

M. T. Zafarani-Moattar and P. Jafari. ,Phase diagrams for liquid-liquid and liquid-solid
equilibrium of the ternary polyethylene glycol + di-sodium hydrogen citrate + water system®.
In: Fluid Phase Equilibria 337 (2013), pp. 224-233. DOI: 10.1016/j.f1uid.2012.09.005.

B. Nazer, M. R. Dehghani, and B. Goliaei. ,,Plasmid DNA affinity partitioning using polyethy-
lene glycol — sodium sulfate aqueous two-phase systems®. In: Journal of Chromatography B
1044-1045 (2017), pp. 112-119. por: 10.1016/j.jchromb.2017.01.002.


https://doi.org/10.1016/0005-2787(67)90087-1
https://doi.org/10.1042/ba20040107
https://doi.org/10.1016/j.chroma.2005.05.079
https://doi.org/10.1016/j.chroma.2005.05.079
https://doi.org/10.1002/bit.20920
https://doi.org/10.1002/bit.20920
https://doi.org/10.1016/j.chroma.2012.02.028
https://doi.org/10.1016/j.seppur.2013.11.014
https://doi.org/10.1016/j.fluid.2016.10.014
https://doi.org/10.1016/j.bej.2011.04.014
https://doi.org/10.1016/S0032-9592(99)00119-3
https://doi.org/10.1016/s0378-4347(97)00594-x
https://doi.org/10.1016/j.fluid.2012.09.005
https://doi.org/10.1016/j.jchromb.2017.01.002

References

222

223]

[224]

[225]

[226]

[227]

[228]

229

230]

[231]

232

233

[234]

M. A. Eiteman. ,Partitioning of Charged Solutes in Poly(Ethylene Glycol)/Potassium
Phosphate Aqueous Two-Phase Systems®. In: Separation Science and Technology 29.6 (1994),
pp. 685—700. DOI: 10.1080/01496399408005603.

J. T. Lis and R. Schleif. ,Size fractionation of double-stranded DNA by precipitation with
polyethylene glycol. In: Nucleic Acids Research 2.3 (1975), pp. 383-389.

J. C. Marcos, L. P. Fonseca, M. T. Ramalho, and J. M. S. Cabral. , Partial purification of
penicillin acylase from Escherichia coli in poly(ethylene glycol)-sodium citrate aqueous two-
phase systems®. In: Journal of Chromatography B 734 (1999), pp. 15-22. DOI: 10.1016/s0378-
4347(99)00319-9.

V. A. Buzanovskii. ,,Determination of Proteins in Blood. Part 1: Determination of Total
Protein and Albumin® In: Review Journal of Chemistry 7.1 (2017), pp. 79-124. DOI: 10.
1134/82079978017010010.

International Agency for Research on Cancer. Global cancer burden growing, amidst mounting
need for services. World Health Organization. 2024.

D. D. Capua, D. Bracken-Clarke, K. Ronan, A. M. Baird, and S. Finn. ,The liquid biopsy
for lung cancer: State of the art, limitations and future developments®. In: Cancers 13.3923
(2021). poOI: 10.3390/cancers13163923.

J. J. Adashek, F. Janku, and R. Kurzrock. ,Signed in blood: Circulating tumor dna in
cancer diagnosis, treatment and screening®. In: Cancers 13.3600 (2021). por: 10.3390/
cancers13143600.

J. F. Pereira, M. G. Freire, and J. A. Coutinho. ,,Aqueous two-phase systems: Towards novel
and more disruptive applications®. In: Fluid Phase Equilibria 505 (2020), p. 112341. pOI:
10.1016/j.£f1uid.2019.112341.

P. Selvakumar, T. C. Ling, S. Walker, and A. Lyddiatt. ,Partitioning of haemoglobin and
bovine serum albumin from whole bovine blood using aqueous two-phase systems®. In:
Separation and Purification Technology 90 (2012), pp. 182-188. DOI: 10.1016/j . seppur.
2012.02.032.

R. Meutelet, L. J. Bisch, B. C. Buerfent, M. Miiller, and J. Hubbuch. , Partitioning behavior
of short DNA fragments in polymer/salt aqueous two-phase systems®. In: Biotechnology
Journal 19.9 (2024). DOI: 10.1002/biot . 202400394.

D. Hall et al. ,Protein aggregate turbidity: Simulation of turbidity profiles for mixed-
aggregation reactions®. In: Analytical Biochemistry 498 (2016), pp. 78-94. DOI: 10.1016/j.
ab.2015.11.021.

H. Malonga, J. F. Neault, H. Arakawa, and H. A. Tajmir-Riahi. ,DNA Interaction with Human
Serum Albumin Studied by Affinity Capillary Electrophoresis and FTIR Spectroscopy®. In:
DNA and Cell Biology 25.1 (2006). DOI: 10.1089/dna.2006.25.63.

W. A. Al-Soud, L. J. Jénsson, and P. Radstréom. ,Identification and Characterization of
Immunoglobulin G in Blood as a Major Inhibitor of Diagnostic PCR* In: Journal of Clinical
Microbiology 38.1 (2000), pp. 345-350. DOI: 10.1128/jcm.38.1.345-350.2000.

111


https://doi.org/10.1080/01496399408005603
https://doi.org/10.1016/s0378-4347(99)00319-9
https://doi.org/10.1016/s0378-4347(99)00319-9
https://doi.org/10.1134/S2079978017010010
https://doi.org/10.1134/S2079978017010010
https://doi.org/10.3390/cancers13163923
https://doi.org/10.3390/cancers13143600
https://doi.org/10.3390/cancers13143600
https://doi.org/10.1016/j.fluid.2019.112341
https://doi.org/10.1016/j.seppur.2012.02.032
https://doi.org/10.1016/j.seppur.2012.02.032
https://doi.org/10.1002/biot.202400394
https://doi.org/10.1016/j.ab.2015.11.021
https://doi.org/10.1016/j.ab.2015.11.021
https://doi.org/10.1089/dna.2006.25.63
https://doi.org/10.1128/jcm.38.1.345-350.2000

[235]

[236]

[237]

238

[239]

240

[241]

[242]

[243]

[244]

[245]

[246]

[247]

112

J. L. Sherwood, C. Corcoran, H. Brown, A. D. Sharpe, M. Musilova, and A. Kohlmann.
,Optimised Pre-Analytical Methods Improve KRAS Mutation Detection in Circulating
Tumour DNA (ctDNA) from Patients with Non-Small Cell Lung Cancer (NSCLC)® In:
PLOS ONE 11.2 (2016), e0150197. po1: 10.1371/journal.pone.0150197.

I. W. Deveson et al. ,Evaluating the analytical validity of circulating tumor DNA sequencing
assays for precision oncology“. In: Nature Biotechnology 39.9 (2021), pp. 1115-1128. por:
10.1038/s41587-021-00857~-z.

W. A. Al-Soud and P. Radstréom. ,Purification and characterization of PCR-inhibitory
components in blood cells“. In: Journal of Clinical Microbiology 39.2 (2001), pp. 485-493.
DOI: 10.1128/jcm.39.2.485-493.2001.

Y. Liu et al. ,,A nano-magnetic size selective cfDNA extraction platform for liquid biopsy
with enhanced precision. In: Journal of Chromatography B 1199 (2022). por: 10.1016/j .
jchromb.2022.123236.

T. Ruppert, A. Roth, J. Kollmeier, T. Mairinger, and N. Frost. ,Cell-free DNA extraction
from urine of lung cancer patients and healthy individuals: Evaluation of a simple method
using sample volume up-scaling®. In: Journal of Clinical Laboratory Analysis 37.21-22 (2023).
DOI: 10.1002/jcla.24984.

P. V. Toro et al. ,,Comparison of cell stabilizing blood collection tubes for circulating
plasma tumor DNA“ In: Clinical Biochemistry 48.15 (2015), pp. 993-998. por: 10.1016/j .
clinbiochem.2015.07.097.

G. Lippi et al. ,Haemolysis: An overview of the leading cause of unsuitable specimens in
clinical laboratories®. In: Clinical Chemistry and Laboratory Medicine 46.6 (2008), pp. 764
772. DOI: 10.1515/CCLM.2008.170.

Y. Liu et al. ,,Quantitative variability of 342 plasma proteins in a human twin population®
In: Molecular Systems Biology 11.2 (2015), p. 786. DOI: 10.15252/msb.20145728.

K. C. Ingham. ,Protein precipitation with polyethylene glycol®. In: Methods in Enzymology
104 (1984), pp. 351-356. DOI: 10.1016/S0076-6879(84)04101-X.

V. D’Atri et al. ,,Size exclusion chromatography of biopharmaceutical products: From current
practices for proteins to emerging trends for viral vectors, nucleic acids and lipid nanoparticles®.
In: Journal of Chromatography A 1722 (2024), p. 464862. DOI: 10.1016/j.chroma.2024.
464862.

A. Ziegler, A. Koch, K. Krockenberger, and A. Grohennig. ,Personalized medicine using
DNA biomarkers: a review®. In: Human Genetics 131.10 (2012), pp. 1627-1638. DOI: 10.
1007/500439-012-1188-9.

J.-L. Lu and Z.-Y. Liang. ,,Circulating free DNA in the era of precision oncology: Pre-
and post-analytical concerns®. In: Chronic Diseases and Translational Medicine 2.4 (2016),
pp. 223-230. DOL: 10.1016/j.cdtm.2016.12.001.

S. Bernardi et al. , Feasibility of Leukemia-Derived Exosome Enrichment and Co-isolated ds-
DNA Sequencing in Acute Myeloid Leukemia Patients: A Proof of Concept for New Leukemia
Biomarkers Detection®. In: Cancers 14.18 (2022), p. 4504. DOI: 10.3390/cancers14184504.


https://doi.org/10.1371/journal.pone.0150197
https://doi.org/10.1038/s41587-021-00857-z
https://doi.org/10.1128/jcm.39.2.485-493.2001
https://doi.org/10.1016/j.jchromb.2022.123236
https://doi.org/10.1016/j.jchromb.2022.123236
https://doi.org/10.1002/jcla.24984
https://doi.org/10.1016/j.clinbiochem.2015.07.097
https://doi.org/10.1016/j.clinbiochem.2015.07.097
https://doi.org/10.1515/CCLM.2008.170
https://doi.org/10.15252/msb.20145728
https://doi.org/10.1016/S0076-6879(84)04101-X
https://doi.org/10.1016/j.chroma.2024.464862
https://doi.org/10.1016/j.chroma.2024.464862
https://doi.org/10.1007/S00439-012-1188-9
https://doi.org/10.1007/S00439-012-1188-9
https://doi.org/10.1016/j.cdtm.2016.12.001
https://doi.org/10.3390/cancers14184504

References

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

258

259

260

A. Colosini et al. ,Stratification of Oligometastatic Prostate Cancer Patients by Liquid
Biopsy: Clinical Insights from a Pilot Study*. In: Biomedicines 10.6 (2022), p. 1321. DOI:
10.3390/biomedicines10061321.

T. M. Snyder, K. K. Khush, H. A. Valantine, and S. R. Quake. ,,Universal noninvasive
detection of solid organ transplant rejection®. In: Proceedings of the National Academy of
Sciences of the United States of America 108.15 (2011), pp. 6229-6234. DOI: 10.1073/pnas.
1013924108.

P. van der Leest et al. ,Comparison of circulating cell-free dna extraction methods for
downstream analysis in cancer patients®. In: Cancers 12.5 (2020), p. 1222. po1: 10.3390/
cancers12051222.

T. Koessler et al. ,Reliability of liquid biopsy analysis: an inter-laboratory comparison of
circulating tumor DNA extraction and sequencing with different platforms® In: Laboratory
Investigation 100.11 (2020), pp. 1475-1484. DOI: 10.1038/s41374-020-0459-7.

R. Meutelet et al. , Extraction and purification of short DNA fragments from plasma using
aqueous two-phase systems for liquid biopsy*“. In: Separation and Purification Technology
369 (2025), p. 132884. DOI: 10.1016/j.seppur.2025.132884.

N. Umetani et al. ,Increased Integrity of Free Circulating DNA in Sera of Patients with
Colorectal or Periampullary Cancer: Direct Quantitative PCR for ALU Repeats®. In: Clinical
Chemistry 52.6 (2006), pp. 1062-1069. DOI: 10.1373/clinchem.2006.068577.

H. Lee, C. Park, W. Na, K. H. Park, and S. Shin. ,Precision cell-free DNA extraction for
liquid biopsy by integrated microfluidics®. In: npj Precision Oncology 4.1 (2020), pp. 1-10.
DOI: 10.1038/s41698-019-0107-0.

L. Hedstrom. ,,Serine Protease Mechanism and Specificity®“. In: Chemical Reviews 102.12
(2002), pp. 4501-4523. DOI: 10.1021/CRO00033X.

M. Levison, A. Josephson, and D. Kirschbaum. ,Reduction of Biological Substances by
Water-Soluble Phosphines: Gamma-Globulin (IgG)“ In: Experentia 25.25 (1969), pp. 126-127.
DOI: 10.1007/BF018990786.

M. del Carme Pons Royo and A. Jungbauer. ,,Polyethylene glycol precipitation: fundamentals
and recent advances®. In: Preparative Biochemistry and Biotechnology 55.8 (2025), pp. 935—
954. DOI: 10.1080/10826068.2025.2470220.

D. L. Bidney and G. R. Reeck. ,Association Products and Conformations of Salt-Dissociated
and Acid-Extracted Histones. A Two-Phase Procedure for Isolating Salt-Dissociated Histones®.
In: Biochemistry 16.9 (1977), pp. 39-96. DOI: 10.1021/bi006282a013.

R. Boom, C. J. Sol, M. M. Salimans, C. L. Jansen, P. M. W.-V. Dillen, and J. V. D.
Noordaa. ,Rapid and simple method for purification of nucleic acids®“ In: Journal of Clinical
Microbiology 28.3 (1990), pp. 495-503. DOI: 10.1128/jcm.28.3.495-503.1990.

P. Movahedi, A. J. Q. Qayeh, and J. R. Shahrouzi. ,, Investigation of non-equilibrium separation
time on the partitioning of cephalexin in an aqueous two-phase system composed of glucose
and acetonitrile. In: Journal of Non-Equilibrium Thermodynamics 48.4 (2023), pp. 443-454.
DOI: 10.1515/jnet-2023-0028.

113


https://doi.org/10.3390/biomedicines10061321
https://doi.org/10.1073/pnas.1013924108
https://doi.org/10.1073/pnas.1013924108
https://doi.org/10.3390/cancers12051222
https://doi.org/10.3390/cancers12051222
https://doi.org/10.1038/s41374-020-0459-7
https://doi.org/10.1016/j.seppur.2025.132884
https://doi.org/10.1373/clinchem.2006.068577
https://doi.org/10.1038/s41698-019-0107-0
https://doi.org/10.1021/CR000033X
https://doi.org/10.1007/BF01899076
https://doi.org/10.1080/10826068.2025.2470220
https://doi.org/10.1021/bi00628a013
https://doi.org/10.1128/jcm.28.3.495-503.1990
https://doi.org/10.1515/jnet-2023-0028

[261]

262]

263

[264]

[265]

266]

267]

268]

269

270]

114

F. Yarahmadi, J. R. Shahrouzi, and A. J. Q. Qayeh. ,Influence of mixing time and agitation
speed on partitioning and mass transfer coefficient of cephalexin in aqueous two-phase
systems*. In: Scientific Reports 15.1 (2025), p. 40746. DOI: 10.1038/s41598-025-24639-8.

C. Solano-Castillo and M. Rito-Palomares. ,,Kinetics of phase separation under different
process and design parameters in aqueous two-phase systems*. In: Journal of Chromatography
B: Biomedical Sciences and Applications 743.1-2 (2000), pp. 195-201. pDOI: 10.1016/S0378~
4347 (00)00060-8.

A. Meirelles. ,,Equilibrium Phase Behavior of Poly(ethylene glycol) + Potassium Phosphate
+ Water Two-Phase Systems at Various pH and Temperatures®. In: Journal of Chemical €
Engineering Data (1997). DOL: 10.1021/je9602677.

C. O’Fégéin, P. M. Cummins, and B. O’Connor. ,,Gel-Filtration Chromatography“. In:
Protein Chromatography 1485 (2016), p. 15. DOI: 10.1007/978-1-4939-6412-3_2.

M. C. Nweke, R. G. McCartney, and D. G. Bracewell. ,Mechanical characterisation of
agarose-based chromatography resins for biopharmaceutical manufacture®. In: Journal of
Chromatography A 1530 (2017), pp. 129-137. por: 10.1016/j.chroma.2017.11.038.

M. Sidstedt, P. Radstréom, and J. Hedman. ,PCR inhibition in gPCR, dPCR and MPS—mech-
anisms and solutions®. In: Analytical and Bioanalytical Chemistry 412.9 (2020), pp. 2009-2023.
DOI: 10.1007/S00216-020-02490-2.

C. T. Maansson et al. ,In vitro size-selection of short circulating tumor DNA fragments from
late-stage lung cancer patients enhance the detection of mutations and aneuploidies®. In:
Journal of Liquid Biopsy 4 (2024). DOI: 10.1016/j.j1b.2024.100141.

X. Liu et al. ,Enrichment of short mutant cell-free DNA fragments enhanced detection of
pancreatic cancer”. In: EBioMedicine 41 (2019), pp. 345-356. DOI: 10.1016/j.ebiom.2019.
02.010.

F. Mouliere et al. ,Enhanced detection of circulating tumor DNA by fragment size analysis®. In:
Science Translational Medicine 10 (2018), p. 100141. DOI: 10.1126/scitranslmed.aat4921.

O. Tutanov, A. Shefer, Y. Tsentalovich, and S. Tamkovich. ,,Comparative Analysis of
Molecular Functions and Biological Role of Proteins from Cell-Free DNA-Protein Complexes
Circulating in Plasma of Healthy Females and Breast Cancer Patients“. In: International
Journal of Molecular Sciences 24.8 (2023), p. 7279. pOI: 10.3390/1jms24087279.


https://doi.org/10.1038/s41598-025-24639-8
https://doi.org/10.1016/S0378-4347(00)00060-8
https://doi.org/10.1016/S0378-4347(00)00060-8
https://doi.org/10.1021/je9602677
https://doi.org/10.1007/978-1-4939-6412-3_2
https://doi.org/10.1016/j.chroma.2017.11.038
https://doi.org/10.1007/S00216-020-02490-2
https://doi.org/10.1016/j.jlb.2024.100141
https://doi.org/10.1016/j.ebiom.2019.02.010
https://doi.org/10.1016/j.ebiom.2019.02.010
https://doi.org/10.1126/scitranslmed.aat4921
https://doi.org/10.3390/ijms24087279

List of Figures

1.1 Schematic overview of the liquid biopsy workflow . . . . . . .. .. .. ... ... .... 3
1.2 Schematic comparison of two molecular diagnostic approaches . . . . . . . .. .. .. .. 6
1.3 Schematic representation of DNA adsorption to silica surfaces . . . . . .. ... ... .. 7
1.4 Schematic phase diagram of a polymer—-salt ATPS . . ... ... ... ... ....... 9
1.5 Schematic representation of gel filtration . . . . . . . .. .. .00 12
3.1 Partitioning of 160 bp DNA in PEG/phosphate ATPS . . . ... ... ... .. ..... 36
3.2 Effect of neutral salt additives on 160 bp DNA partitioning in PEG/phosphate ATPS . 37
3.3 Partitioning of 160 bp DNA, HSA, and IgG in PEG/phosphate ATPS . . ... ... .. 40
4.1 Plasma-containing ATPS before and after phase separation . . . . ... ... ... ... 51
4.2 Partitioning of 160 bp DNA and plasma proteins in PEG 400/phosphate ATPS . . . . . 52
4.3 Partitioning of 160 bp DNA and plasma proteins in PEG 1000/phosphate ATPS . . . . 53
4.4  Effect of blood collection tubes on DNA and protein partitioning in plasma-containing
ATPS . e 55

4.5 Effect of donor variability on DNA and protein partitioning in plasma-containing ATPS 56
4.6 Partitioning of DNA and proteins in plasma-containing ATPS using solid components . 58
4.7 Effect of phase volume ratio on DNA and protein partitioning in plasma-containing ATPS 60
4.8 DNA concentration by reverse elution . . . . . .. . .. ... ... .0 61
4.9 Conductivity of extracts before and after reverse elution . . . . . . .. .. ... ... .. 62

5.1 Effect of system composition and purification protocol on DNA recovery and concentration 74

5.2 Impact of pre- and post-ATPS lysis methods on DNA and protein recovery . . .. .. . 75
5.3 Comparison of ATPS-based and adsorption-based (QIAGEN) DNA extraction . . . . . 76
5.4 Assessment of matrix-induced inhibition by qPCR . . . . . . . . ... L 78
5.5 Effect of system composition and tube-to-plasma volume ratio on DNA recovery . .. . 80
5.6 Correlation between input and output volumes during reverse elution . . . ... .. .. 81
A3.1 Phase diagrams of PEG/phosphate ATPS with and without NaCl . . . . ... ... .. 122
A3.2 Agarose gel analysis of NaCl-induced DNA phase shift . . . . ... .. ... ... .... 122
A4.1 Schematic workflow for plasma ATPS partitioning experiments . . . . . . . ... .. .. 126
A4.2 SDS-PAGE analysis of PEG 400 and PEG 1000/phosphate/plasma ATPS . . . . . . .. 128



A4.3 Scale-up of plasma-containing ATPS . . . . . .. .. ... ... ... ... ....... 129

A4.4 SDS-PAGE analysis of plasma-containing ATPS before and after reverse elution . . . . 129
A5.1 Effect of system composition and purification protocol on DNA partitioning and sample
conductivity . . . . . .. L 132
A5.2 Tmpact of pre- and post-ATPS lysis on phase formation, protein partitioning, and
conductivity . . . . . . L oL 133
A5.3 Effect of DNA fragment length on recovery and phase formation . . ... ... ... .. 134
Ab5.4 Assessment of gPCR amplification performance and matrix inhibition . . .. ... . .. 135
A5.5 Effect of process parameters on ATPS formation . . . . ... ... .. ... .. ..... 135

A5.6 Schematic comparison of ATPS-based and adsorption-based DNA extraction workflows 136

116



List of Tables

1.1 Physicochemical properties of plasma components . . . . . ... ... ... ....... 4
3.1 Overview of ATPS-based DNA extraction approaches reported in the literature . . . . . 31
3.2 DNA and protein recovery in synthetic plasma-containing ATPS . . . ... ... .. .. 40
5.1 Process parameters and analytical outcomes for serial ATPS steps . . . . .. ... ... 79

5.2 NGS analysis of cfDNA reference material extracted using the ATPS-based workflow . . 82

A3.1 System composition and DNA recovery of investigated ATPS . . . . .. ... ... ... 123
A4.1 Binodal coefficients and tie-line slopes of investigated ATPS . . . . . .. ... ... ... 127
A4.2 System compositions of investigated ATPS with pre-dissolved components . . . . . . . . 127
A4.3 System compositions of investigated ATPS with solid components . . . . . ... .. .. 127
A4.4 Phase volumes of investigated ATPS . . . . . . .. ... .. oo 128
A5.1 ATPS compositions for DNA capture in the bottom phase . . . . . . .. ... ... ... 132
A5.2 Quality metrics of NGS library preparation for ATPS-extracted cfDNA samples. . . . . 134

117






Abbreviations

Acronym  Meaning

ATPS aqueous two-phase systems

bp base pairs

BP bottom phase

cfDNA circulating cell-free DNA
ctDNA circulating tumor DNA

Ct cycle threshold

Da Dalton

ddPCR droplet digital polymerase chain reaction
dsDNA double-stranded DNA

EDTA ethylenediaminetetraacetic acid
EO-PO ethylene oxide-propylene oxide
gDNA genomic DNA

HSA human serum albumin

IegG immunoglobulin G

1P interphase

kbp kilo base pairs

LOD limit of detection

MW molecular weight

NGS next-generation sequencing
PAA polyacrylate

PBS phosphate buffered saline

PCR polymerase chain reaction
PEG polyethylene glycol

pDNA plasmid DNA

RFU relative fluorescence unit
qPCR quantitative polymerase chain reaction

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Continued on next page

119



Acronym

Meaning

ssDNA
TAE
TLL
TP

Uv
UV/Vis
VAF

single-stranded DNA
tris-acetate-EDTA
tie-line length

top phase

ultraviolet
ultraviolet/visible
variant allele frequency
volume ratio

120



Appendix Chapter 3
Partitioning behavior of short DNA fragments in polymer/salt
aqueous two-phase systems

Rafaela Meutelet!, Lea J. Bisch!, Benedikt C. Biirfent?, Markus Miiller?, and Jiirgen

Hubbuch!

L Institute of Process Engineering in Life Sciences, Section IV: Biomolecular Separation Engi-

neering, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

2 BioEcho Life Sciences GmbH, Biocampus Cologne, Kéln, Germany

121



A 60 . — B 60 ; : : : : .
W\ A PEG 200 \ A 0% (w/w) NaCl
L A e  PEG 400 W e 1% (w/w) NaCl
500 2%\ = PEG600 |1 50r 3\ = 1.5% (w/w) NaCl| 1
v PEG 1000 '
40¢
30r
20 NA
~N
S
L . N ~ _
10 ."" ~"\- ~
.v""-..\.l\l\
0 L L L AR T e Ry 0 L L L ! !
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Phosphate in % (w/w) Phosphate in % (w/w)

122

Figure A3.1 Binodal curves for (A) PEG/phosphate ATPS at pH 7.4 with various PEG
molecular weights and (B) PEG 400/phosphate ATPS with NaCl addition. Binodal data was
measured on the liquid handling station and fitted using Equation 3.1.

0.0% 0.5% 1.0% 1.5%
M TP BP TP BP TP BP TP BP

Figure A3.2 Agarose gel electrophoresis of top phase (TP) and bottom phase (BP) samples from
a 17.7% (w/w) PEG 400/17.3% (w/w) phosphate ATPS with increasing NaCl concentrations
(0.0%, 0.5%, 1.0%, and 1.5% (w/w)). Lane M is a DNA bp marker. Systems were spiked with
600 ng/mL DNA and samples were desalted before electrophoresis.



Appendices

Table A3.1 Data values of 160 bp DNA fragment recoveries shown in Figure 3.1 and total
recoveries (mean + SD). Composition, PEG molecular weight (MW), and tie-line length (TLL)
are indicated for each ATPS.

PEG MW ATPS comp. in % (w/w) TLL DNA recovery in %
PEG Phosphate in % (w/w) Top phase Bottom phase Total
16.9 23.6 27.9 91.4 £ 8.3 0.1+1.0 91.5 £ 9.3
17.8 23.7 33.7 101.6 £ 34 0 101.6 + 3.4
900 19.1 23.8 39.7 94.3 £ 5.0 0 94.3 £ 5.0
20.2 24.7 46.9 99.6 + 3.1 0.2+ 1.8 99.8 + 4.9
21.1 24.9 50.3 90.0 + 2.7 0.3+ 1.2 90.2 + 3.9
21.8 25.5 54.1 91.1 &£ 5.0 0.5 +£0.7 91.6 £ 5.7
17.7 17.3 33.5 97.8 £ 2.4 0 97.8 £ 2.4
19.7 18.4 45.0 72.9 £ 2.8 0 72.9 +£ 2.8
400 20.0 19.6 48.5 76.6 £ 2.0 0.1 +£0.7 76.7 £ 2.7
20.8 20.8 52.6 78.2 £ 4.8 0 78.2 + 4.8
22.4 22.5 58.8 55.9 £+ 3.5 1.2 +£1.0 57.0 + 4.5
24.9 24.3 66.4 36.4 + 3.8 0 36.4 + 3.8
16.2 15.1 30.5 51.5 £ 1.3 473 £ 1.5 98.8 + 2.9
18.5 16.1 42.0 1.5+ 0.6 129.8 + 4.0 131.2 + 4.6
600 19.3 16.5 44.9 0.2 £0.7 121.5 + 2.9 121.7 + 3.6
19.9 17.9 48.9 0.9 + 0.7 106.7 £ 4.3 107.5 £ 5.0
21.7 18.6 53.7 0.3 0.5 31.1 +£ 4.0 31.4 + 4.5
24.2 20.6 61.4 177 £ 1.0 0.3 £ 0.5 18.0 £ 1.5
17.1 12.9 31.3 0.24+1.9 82.6 £ 2.3 82.8 £4.2
19.5 13.8 41.1 1.2+14 89.4 + 2.8 90.6 + 4.3
1000 22.1 14.4 48.6 0 57.3 £ 9.6 57.3 £ 9.6
23.5 14.8 52.1 0 72.1 + 3.1 72.1 + 3.1
24.2 15.4 54.3 1.2+ 15 26.5 + 2.3 2771 £ 3.7
26.4 16.3 59.8 0 142 +£1.1 142 £ 1.1
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Graphical abstract

Extraction and purification of short DNA fragments from plasma using ATPS for liquid biopsy
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Figure A4.1 Schematic overview of the experimental workflow for partitioning experiments
with plasma-containing ATPS. System preparation, phase separation, sampling of the top phase
(TP), interphase (IP), and bottom phase (BP) and subsequent analysis are depicted.
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Table A4.1 Binodal coefficients a, b, and ¢, and tie-line slope (TLS) of the investigated
PEG/phosphate ATPS at pH 7.4. A detailed description of binodal and tie-line data acquisition
is given in Meutelet et al. (2024).

ATPS a b ¢ TLS
PEG 400/Phosphate 82.33 -0.330 -0.00007 -1.29
PEG 400/Phosphate/1.5% (w/w) NaCl  73.64 -0.333 -0.00010 n/a
PEG 1000/Phosphate 111.24 -0.504 -0.00017 -1.94

Table A4.2 System compositions in % (w/w) and corresponding stock solution volumes in pL to
prepare ATPS with a theoretical total volume of 600 pL. and pH 7.4 investigated in this study.
“70% (w/w) PEG in water; ~ 40% (w/w) phosphate salts in water, pH 7.4; ~"25% (w/w) NaCl

in water.

PEG Phosphate NaCl Water Plasma

% pL %  uL % nL %  pL % nL
400 17.7 161.8 17.3 2227 O 0 414 35.6 24.0 179.9
400 17.7 161.8 17.3 2227 1.5 356 399 0 24.0 179.9
1000 19.5 172.0 13.8 171.0 O 0 29.0 0 377 257.0

Table A4.3 Amount of solid phase-forming components in mg and volume of spiked plasma
in pL used to prepare ATPS with a theoretical total volume of 600 pL and pH 7.4. The
corresponding amounts of PEG 1000 and phosphate are specified in % (w/w). The expected
phase volume ratio (V) is indicated for the five system points on the same tie-line.

PEG Phosphate PEG 1000 NaH;PO, Ks;HPO,4; Plasma Water

% % mg mg mg nL nL Vi
19.5 13.8 133.0 21.31 72.45 454.7 0 n/a
19.0 12.5 127.6 19.1 65.2 412.4 47.3 1.0
22.0 11.0 146.7 16.7 57.0 412.4 34.0 1.4
25.0 9.5 165.6 14.3 48.9 412.4 21.2 2.1
27.0 8.5 178.0 12.8 43.5 412.4 12.6 3.1
30.0 7.0 196.5 10.5 35.6 4124 0 5.3
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Table A4.4 Manually determined phase volumes in pl of the top phase (TP), bottom phase
(BP), and interphase (IP) of the investigated PEG/phosphate ATPS with a theoretical total
volume of 600 pL. The corresponding amounts of PEG and phosphate are specified in % (w/w).
“IP volume after redissolution with 100 pL water.

E 3

PEG  Phosphate TP BP P
ATPS % % nL nL nL
PEG 400/Phosphate 17.7 17.3 325 265 102
PEG 400/Phosphate/NaCl 17.7 17.3 340 255 100
PEG 1000/Phosphate 19.5 13.8 290 240 130
PEG 1000/Phosphate 19.0 12.5 315 230 125
PEG 1000/Phosphate 22.0 11.0 345 190 125
PEG 1000/Phosphate 25.0 9.5 395 145 130
PEG 1000/Phosphate 27.0 8.5 420 115 135
PEG 1000/Phosphate 30.0 7.0 445 80 140

PEG1000 PEG400

kDa | M | Plasma [ TP BP IP TP BP P

Figure A4.2 SDS-PAGE gel scan of PEG 1000 and PEG 400/phosphate/plasma ATPS top
phase (TP), bottom phase (BP), and interphase (IP) samples. Pooled plasma from Streck tubes
was included as control. Lane M is a molecular weight marker in kDa. Samples were diluted
tenfold in water.
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Figure A4.3 (a) Scaled-up ATPS with a plasma input volume of 4 mL; (b) 160 bp DNA and
plasma protein recoveries in the top phase (TP), bottom phase (BP), and interphase (IP) of a

scaled-up 19.5% (w/w) PEG 1000/13.8% (w/w) phosphate/66.7% (w/w) plasma ATPS made
with solid components.

Plasma TP BP P HSA

Figure A4.4 SDS-PAGE gel scan of PEG 1000/phosphate/plasma ATPS top phase (TP),
bottom phase (BP), and interphase (IP) samples before (1) and after (2) reverse elution. Pooled

plasma from Streck tubes was included as control. Lane M is a molecular weight marker in
kDa.
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Figure A5.1 Effect of system composition and purification protocol on DNA partitioning and
sample conductivity. (a) DNA concentration (left axis, bars) and recovery (right axis, dots)
in the top phase, bottom phase, and interphase for two ATPS compositions with different
PEG/salt ratios. Samples were purified using the standard reverse elution protocol (1000 x g for
conditioning and elution). Data represent mean + SD of technical triplicates. (b) Conductivity
of bottom-phase samples from the two ATPS compositions after purification with either the
standard or optimized reverse elution protocol (3000 x g conditioning, 750 X g elution).
Measurements were performed once per sample.

Table A5.1 ATPS compositions used for DNA capture in the bottom phase (BP). Tie-line
length (TLL), PEG 1000, salt, and plasma contents are given in % (w/w). For a plasma input
of 1000 pl, the corresponding masses of PEG and phosphate salts (mg) and the resulting bottom
phase volume are reported.

TLL PEG Salt Plasma PEG 1000 NaH>,PO, K;HPO4 Plasma BP volume
% (w/w) % (w/w) % (w/w) % (w/w) mg mg mg nl nl
41 27.9 13.8 66.7 292.5 46.9 159.3 1000 500
34 19.5 8.1 64.0 448.7 29.5 100.0 1000 250
31 30.0 7.0 63.0 490.5 26.1 88.4 1000 185
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Figure A5.2 Impact of pre- and post-ATPS capture lysis on ATPS formation, protein parti-
tioning, and sample conductivity. (a) ATPS formation after pre-capture lysis using enzymatic
(Q), buffer-based (B), or reducing (T) methods, compared with a non-lysed reference (No). (b)
SDS-PAGE analysis of protein present in the bottom phase after post-capture lysis. ATPS
composition was 19.5/13.8% (w/w) PEG/salt. Samples were purified using the optimized
reverse elution protocol. (¢) Conductivity of bottom-phase samples after post-capture lysis
under the four conditions indicated. Data is reported for a representative experiment.
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Figure A5.3 Effect of DNA fragment length on recovery and phase formation. (a) TapeStation
analysis of 160 bp DNA extracted from human plasma using the ATPS-based process (A) and
the manual silica-based QIAamp Circulating Nucleic Acid Kit (Q). Fragment-length analysis
was performed on a representative sample with a D1000 ScreenTape; lane L is the internal ladder.
For the ATPS workflow, DNA was recovered from the bottom phase. (b) Electropherogram
of 160 bp DNA extracted from human plasma using the ATPS-based process. Analysis was
performed on a representative sample with a cell-free DNA ScreenTape. (c¢) Phase formation of
a 27.9/8.1% (w/w) PEG/salt ATPS with and without spiked lambda-DNA. (d) Recovery of
lambda-DNA in the top phase, bottom phase, and interphase of the same ATPS. Data represent
mean + SD of technical triplicates.

Table A5.2 Quality metrics of NGS library preparation for ATPS-extracted cfDNA samples.
Samples include DNA-free plasma spiked at 5% variant allele frequency (VAF) (spiked) and
0% VAF controls (blank). Reported library quality attributes include the number of unique
fragments, the average number of unique start sites per GSP2, the on-target deduplication
ratio, the median DNA fragment length, and the mean and median bases and targets coverage
for extracts obtained using a single ATPS step (ATPS 1) or two consecutive ATPS steps (ATPS
2). Data is reported for a representative experiment.

Unique On-target Median Mean Median Mean Median

Sample Unique start dedupl. fragment base base target target
fragments . .
sites ratio length  coverage coverage coverage coverage
ATPS 1, spiked 2,783,484 261.81 3.05:1 103 bp 4414.78 3946.00 4027.88 3712.00
ATPS 1, blank 3,466,640 281.51 3.35:1 106 bp 5640.04 5076.00 5079.58 4687.00
ATPS 2, spiked 3,983,902 282.43 2.91:1 108 bp 6588.30 5895.00 5905.71 5524.33
ATPS 2, blank 3,057,152 265.57 2.91:1 104 bp 4945.40 4341.00 4464.17 4080.45
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Figure A5.4 Assessment of qPCR amplification performance and potential matrix inhibition.
(a) Amplification curves for 160 bp DNA spiked at 5 ng/mL into water and into a dilution
series of the ATPS bottom phase extracts (BP) to evaluate potential matrix inhibition of
PCR amplification. Fluorescence intensity is plotted against cycle number. Each sample was
measured in technical triplicate, and all amplification curves are shown. (b) Amplification
curves for 160 bp DNA spiked at different concentrations and extracted using the ATPS-based
workflow or the silica-based QIAGEN kit. Due to differences in recovery efficiency between
the extraction methods, DNA concentrations are not identical, and the plot is intended for
qualitative comparison of amplification performance rather than direct quantitative comparison.
Measurements were performed in technical triplicate, but only one representative curve per
sample is shown for clarity.

Figure A5.5 Effect of process parameters on ATPS formation. (a) Phase formation after
incubation at different temperatures (30, 35, and 40 °C), followed by centrifugation at 8000
x g for 5 min. (b) Phase formation after centrifugation at 8000 x g for 1 or 5 min, following
incubation at room temperature.
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Figure A5.6 Schematic comparison of (a) the ATPS-based extraction workflow and (b) the
QIAamp Circulating Nucleic Acid Kit protocol from plasma sample to purified, sequencing-ready

DNA.
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