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Abstract

Environmental DNA (eDNA) preserved in soil and sediments is a critical genetic archive for
paleoenvironmental reconstruction, biodiversity monitoring and plays a crucial role in
biogeochemical processes such as phosphorus cycling and horizontal gene transfer. While non-
bound extracellular DNA in solution degrades rapidly, primarily through microbial nuclease
activity, DNA can persist for up to 2 million years in sediments. This exceptional long-term
preservation is widely attributed to adsorption onto mineral surfaces, which reduces
susceptibility to enzymatic decay. However, mineral surfaces in natural environments are rarely
pristine and are typically coated with organic and inorganic molecules that may compete for
surface binding sites, thereby potentially altering DNA adsorption dynamics and long-term
preservation. Despite this complexity, most previous studies have relied on pristine mineral
surfaces and have largely overlooked the effects of competing species. Here, it was investigated
how model organic and inorganic competitors, bovine serum albumin (BSA) and phosphate,
affect the adsorption, desorption and protection from enzymatic hydrolysis of DNA fragments
of varying lengths, 99, 1000, and ~20,000 base pairs (bp), on a model Fe(lll)-oxyhydroxide,
goethite. Results show that both competitors significantly reduced DNA adsorption, with
phosphate exerting a stronger inhibitory effect than BSA. Desorption increased with decreasing
polymer length due to the ease of desorption of fewer surface attachment points. Sequential
versus simultaneous addition experiments show that the system did not reach equilibrium
within three weeks, indicating kinetically controlled adsorption—desorption processes.
Additionally, the comparatively slow desorption and a “non-desorbable” fraction of DNA
indicates kinetical trapping. Hydrolysis using a model endonuclease, DNase |, reveals an
enhanced enzymatic degradation in the presence of BSA or phosphate relative to pristine
goethite, although short fragments embedded within BSA multilayers exhibited partial physical
protection. Together, these findings demonstrate that competing species substantially reduce

DNA adsorption, promote desorption and increase susceptibility to enzymatic decay.



Kurzfassung

Umwelt-DNA (eDNA), die in Boden und Sedimenten konserviert ist, stellt ein wichtiges
genetisches Archiv fir die Rekonstruktion friiherer ~Umweltbedingungen und
Biodiversitatsmonitoring dar und spielt zudem eine zentrale Rolle in biogeochemischen
Prozessen wie dem Phosphorkreislauf und dem horizontalen Gentransfer. Wahrend nicht
gebundene extrazellulare DNA in Losung hauptsachlich durch mikrobielle Nukleaseaktivitat
rasch abgebaut wird, kann DNA in Sedimenten bis zu 2 Millionen Jahre liberdauern. Diese
auRergewohnlich lange Konservierung wird weithin der Adsorption an Mineraloberflachen
zugeschrieben, wodurch die Anfalligkeit fir enzymatischen Abbau verringert wird.
Mineraloberflichen in natlrlichen Umgebungen sind jedoch selten rein, sondern
typischerweise mit organischen und anorganischen Molekiilen bedeckt, die um Bindungsstellen
konkurrieren und dadurch die Adsorptionsdynamik von DNA sowie ihre langfristige Erhaltung
beeinflussen kdnnen. Trotz dieser Komplexitdt basieren die meisten bisherigen Studien auf
reinen Mineraloberflaichen und bericksichtigen konkurrierende Spezies nur unzureichend. In
dieser Arbeit wird untersucht, wie Modell-Konkurrenten organischer und anorganischer Natur,
Rinderserumalbumin (BSA) und Phosphat, die Adsorption, Desorption und den Schutz vor
enzymatischer Hydrolyse von DNA-Fragmenten unterschiedlicher Lange (99, 1000 und ~20.000
Basenpaare) an einem Modell-Fe(lll)-Oxyhydroxid, Goethit, beeinflussen. Die Ergebnisse zeigen,
dass beide Konkurrenten die DNA-Adsorption deutlich reduzieren, wobei Phosphat einen
starkeren hemmenden Effekt austbt als BSA. Die Desorption nimmt mit abnehmender
Polymerldnge zu, da kiirzere Molekile Giber weniger Oberflaichenkontaktpunkte verfiigen und
daher leichter gelost werden. Experimente mit sequenzieller versus simultaner Zugabe zeigen,
dass das System innerhalb von drei Wochen kein Gleichgewicht erreicht, was auf kinetisch
kontrollierte Adsorptions-Desorptionsprozesse hinweist. Zusatzlich deuten die vergleichsweise
langsame Desorption und ein ,nicht desorbierbarer” Anteil von DNA auf kinetische Trapping-
Effekte hin. Experimente zur Hydrolyse mittels der Modell-Endonuklease DNase | zeigen eine
verstarkte enzymatische Degradation in Anwesenheit von BSA oder Phosphat im Vergleich zu
reinem Goethit, wobei kurze Fragmente, die in BSA-Multischichten eingebettet sind, teilweise
physikalisch geschiitzt wurden. Insgesamt zeigen die Ergebnisse, dass konkurrierende Spezies
die DNA-Adsorption deutlich verringern, die Desorption férdern und die Anfalligkeit gegeniber

enzymatischem Abbau erhéhen.
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1. Introduction

Advances in the analysis of deoxyribonucleic acid (DNA) derived from environmental samples,
such as soil, sediments, water, ice, etc. commonly referred to as environmental DNA (eDNA),
have enabled a wide range of applications. These include the analysis of the genetic information
stored in eDNA for biodiversity monitoring (Thomsen and Willerslev 2015) and spatial species
distribution (Vasar et al. 2023; Borras Sayas et al. 2025). eDNA has also been used in
paleoenvironmental reconstruction of terrestrial and marine ecosystems ranging up to 2 million
years old (Kjeer et al. 2022). Beyond ecological relevance, eDNA is also used in forensic science
(Allwood et al. 2020) and human disease monitoring (Whitmore et al. 2023). A comprehensive
understanding of the fate of eDNA in environmental systems is critical not only for advancing
methodological developments in environmental sciences but also because eDNA plays a crucial
role in biogeochemical processes like nutrient cycling (Dell'’Anno und Corinaldesi 2004; Ye et al.
2022) and horizontal gene transfer (Sand und Jelavi¢ 2018). Moreover, the effectiveness of DNA-
based technologies and the ecological significance of eDNA in biogeochemical processes
depend strongly on its quality, stability and bioavailability. This underscores the importance of
elucidating the geochemical factors that govern the persistence and transformation of DNA in

environmental matrices.

1.1 DNA structure: A polyelectrolyte model

DNA is a biopolymer composed of two complementary nucleotide chains that form a double-
helical structure. Each nucleotide is composed of one of the four nucleobases (adenine (A),
thymine (T), cytosine (C), guanine (G)), a deoxyribose sugar and a phosphate group (Fig. 1). In
each nucleotide, the nucleobase is attached to the deoxyribose sugar at the C1’ position, while
the phosphate group links the sugars at the C3’ and C5’ positions to form the sugar—phosphate
backbone (Fig. 1) (Frank-Kamenetskii 1997; Pray 2008).

The two complementary, antiparallel strands of DNA polymers are held together by hydrogen
bonds (or H-bonds), where A binds with T with a double H-bond and G binds with C via a triple
H-bond. With increasing temperature, the H-bonds holding the complementary DNA strands
together start getting disrupted, resulting in single stranded DNA and the process is called DNA
melting. The temperature at which half of the overall DNA molecules convert into single
stranded DNA is termed melting temperature. The double stranded DNA exists in three primary
conformations, right-handed helices, like A- and B-DNA or left-handed as in Z-DNA. (Frank-
Kamenetskii 1997)
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Figure 1: Structure of double stranded DNA

Under physiological conditions (neutral pH, room temperature, up to ~200mM NaCl) DNA
adopts B-DNA conformation in aqueous media (Frank-Kamenetskii 1997). The phosphate groups
in the DNA backbone (pKa~2) deprotonates in most environmentally relevant solutions (ranging
between pH 4-9) and physiological conditions, resulting in a negatively charged backbone
(Frank-Kamenetskii et al. 1987, Omoike et al. 2004). The charged DNA polymers (or
polyelectrolyte) often exhibit unique molecular properties (Dobrynin und Rubinstein 2005). For
instance, due to the repulsion between the negatively charged phosphate groups, DNA behaves
like a stiff rod below a certain length known as persistence length (Lu et al. 2001; Singh et al.
2025). With increasing polymer length above the persistence length, DNA polymers increasingly
bend and coil. The persistence length of DNA is ~150 bp or 50 nm under physiological conditions
(Lu et al. 2001).

The solution chemistry controls the polyelectrolytic properties of DNA polymers. For instance,
with increasing ionic strength the negative backbone charge is neutralized resulting in lower
persistence length and a higher melting temperature (Messina et al. 2004; Sodnikar et al. 2021).
Presence of divalent cations may also promote coiled conformations of DNA by bridging
negatively charged backbones (Sodnikar et al. 2021). In living organisms, length of DNA
polymers varies over several orders of magnitude. Length of DNA varies from 2 kbp (1kb = 1000
bp) to over 1000 kbp (Mbp) in virus and bacteriophages to 500kbp to 12Mbp in prokaryotes

including bacteria to 6 billion bp in humans (Gniazdowska et al. 2013; Sessions 2013).



1.2 Fate of DNA in the environment

Environmental or ancient DNA (aDNA) originates from remnants of living organisms like skin
cells, faeces, urine or microfossils (Orlando et al. 2021) and leaves (Poté et al. 2009) root cap
cells or pollen (Levy-Booth et al. 2007; Parducci et al. 2013). As cells enter the environment,
they may undergo immediate lysis, resulting in the release of their DNA into the surrounding
milieu (Nielsen et al. 2007). DNA is a chemically fragile molecule which undergoes constant
physical and chemical damages. Inside the living cells, various cellular repair mechanisms
continuously operate to repair these damages for proper functioning of biochemical processes
(Lindahl 1993). However, once cells die, the cellular repair mechanisms cease to operate,
resulting in accumulation of damage in DNA and the loss of genetic information. In the
extracellular environment, DNA can follow three primary fates, as described by Pedersen et al.
2015.:

First, it may be degraded through a variety of biotic and abiotic mechanisms.

Second, it can adsorb to environmental surfaces, particularly mineral surfaces, which can
promote its long-term persistence (Crecchio und Stotzky 1998; Cai et al. 2006b; Hettiarachchi
und Grassian 2024).

Third, incorporation of DNA by microbes where most of the DNA is metabolised as a nutrient
source where a small fraction integrates into the host genome resulting in natural
transformation or horizontal gene transfer (Lorenz und Wackernagel 1994; Thomas und Nielsen
2005; Pedersen et al. 2015).

Biotic degradation by bacterial DNases is considered as the primary degradation pathway for
eDNA (Blum et al. 1997). The enzymatic hydrolysis of the phosphodiester backbone of the DNA
leads to the cleavage of the DNA strand between the 3" hydroxyl group of one nucleotide’s sugar
and the 5’ phosphate group of the next nucleotide (Parsiegla et al. 2012). This cleavage of the
DNA backbone leads to the fragmentation of extracellular DNA polymers, resulting in DNA
fragments ranging from 40 to 500 bp in samples dated between 4 and 13,000 years old (Padbo
1989; Dabney et al. 2013). Another study shows that aDNA is typically shorter than 100 bp,
regardless of sample age (Sawyer et al. 2012). Therefore, with prolonged exposure to
degradation, highly fragmented DNA polymers predominate, preferentially at fragment lengths
shorter than 100 bp (Deagle et al. 2006; Pietramellara et al. 2009; Dabney et al. 2013; Singh et
al. 2025).

In addition to biotic decay, extracellular DNA can also be degraded by various abiotic pathways,
such as temperature, UV radiation, and pH (Strickler et al. 2015). While temperature higher than

50 °C may directly degrade DNA, moderate temperature changes also stimulate microbial
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metabolism and nuclease activity enhancing enzymatic hydrolysis, which would be an indirect
temperature effect (Hofreiter et al. 2001; Strickler et al. 2015). Exposure to ultraviolet-radiation
(UV), in particular UV-B light can directly lead to photochemical reactions that damage DNA
strands (Hader et al. 2003; Strickler et al. 2015). UV radiation also leads to the formation of
reactive oxidant species (ROS) which induce DNA damage (Valko et al. 2006; Sharma et al. 2012).
ROS-induced oxidative attack on DNA leads to the oxidation of deoxyribose, strand breakage,
removal of nucleotides, modifications of the organic bases of the nucleotides and DNA-protein
crosslinks (Sharma et al. 2012). UV radiation also inhibits growth of heterotrophic bacteria or
stimulates autotrophic bacteria, which leads to decreasing or increasing production of
exonucleases, which indirectly affects enzymatic degradation of eDNA (Sommaruga 2001; Hader
et al. 2003; Strickler et al. 2015).

pH is another key abiotic factor influencing DNA stability. Acidic conditions from pH<4 catalyse
hydrolytic processes like depurination and phosphodiester bond hydrolysis (Alaeddini et al.
2010; Strickler et al. 2015). In contrast, alkaline conditions may increase eDNA persistence
(Mauvisseau et al. 2022). It was also found, that alkaline conditions do not directly cause DNA
decay in strict chemical sense but lead to degradation by strand separation (Kasyanenko et al.
2025). Moreover, pH strongly affects exonuclease activity, with enzymes such as DNase |
exhibiting optimal activity near neutral pH (Haas et al. 2014), thereby indirectly modulating
enzymatic DNA degradation (Mauvisseau et al. 2022; Jo 2026).

Therefore, the fate of DNA in the environment mainly depends on exonuclease activity,

modulated by abiotic factors, and the availability of mineral surfaces to stabilize eDNA.

1.3 Environmental relevance of Fe(lll)-(oxyhydr)oxides

The adsorption of DNA to mineral surfaces, particularly Fe(lll)-(oxyhydr)oxides, has been
identified as the key process to stabilize DNA against various degradation pathways, including
enzymatic hydrolysis (Cai et al. 2006b; Barrén und Torrent 2013; Hettiarachchi und Grassian
2024). Fe(lll)-(oxyhydr)oxides, despite being a minor constituent (by weight) of most soils and
sediments, constitutes a major reactive fraction owing to their high specific surface area and
high surface reactivity (Liu et al. 2021; Scheinost und Singh 2023). Fe(lll)-(oxyhydr)oxides
represent a widespread group of nanoscale minerals, including goethite, ferrihydrite and
hematite (Barrén und Torrent 2013; Scheinost und Singh 2023). These minerals carry surface
hydroxyl groups that can protonate-deprotonate with varying solution pH resulting in variable
surface charge that primarily governs their reactivity (Liu et al. 2021). Among these, goethite (a-
FeOOH) is the most abundant pedogenic Fe(lll)-oxide in soils on a global scale, reflecting its

stability under a broad range of environmental conditions (Scheinost und Singh 2023).
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The formation of Fe(lll)-(oxyhydr)oxides starts with iron being released into the environment by
the weathering of Fe?* containing primary or secondary silicate minerals like biotite, pyroxene,
amphibole or olivine. Most of the released aqueous iron precipitates as Fe(lll)-oxides, after the
oxidation to Fe** and its hydrolysis. Goethite formation is favoured by slow hydrolysis of Fe3* at
lower temperatures under aerated, temperate and humic conditions. (Scheinost and Singh
2023). Another pathway of goethite formation is the transformation of the precursor iron
oxyhydroxide ferrihydrite by dissolution-reprecipitation or direct recrystallization processes
(Barron and Torrent 2013), driven by humid conditions, high pH and moderate temperatures
(Balsam et al. 1995; Schwertmann 2000; Jiang et al. 2016).

Goethite (a-FeOOH) is a Fe(lll)-oxide hydroxide and isostructural with diaspore (a-AlIOOH)
(Cornell und Schwertmann 2006). The crystal structure of goethite is composed of double chains
of edge-shared octahedra (FeOs(OH)s) that are joined to other double chains by sharing corners
and hydrogen bonds (Fig. 2A) (Scheinost and Singh 2023). The habit of goethite crystals, as
revealed by electron microscopy, can be described as needle-like shape (Fig. 2B) (Hiemstra und
van Riemsdijk 1996; Das und Hendry 2011). Numerous studies have used goethite as a model
mineral to study DNA-mineral interactions and to address the fate of extracellular DNA in the
environment, as goethite exhibits high reactivity for DNA (Omoike et al. 2004; Cai et al. 2007

Schmidt und Martinez 2017; Sodnikar et al. 2021; Feng et al. 2024; Chen et al. 2025).

t

Figure 2: A: Crystal Structure of Goethite; B: Needle-shaped habitus of goethite
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1.4 Mechanism of DNA-goethite interaction

Adsorption to soil components, mainly mineral surfaces is considered as a key mechanism that
allows the long-term persistence of DNA in the environment. Numerous studies worked on the
adsorption of DNA to soils (Cai et al. 2006b; Gardner und Gunsch 2017), clay minerals (Cai et al.
2007; Singh et al. 2025) and Fe(lll)-(oxyhydr)oxides (Cai et al. 2007; Schmidt and Martinez 2017,
Sodnikar et al. 2021). These studies describe adsorption driven by electrostatic interactions
between the sorbent and DNA. For variable-charged mineral surfaces like goethite, the
electrostatic interaction between negatively charged DNA and the mineral surface depends on
pH. At solution pH below the point of zero charge (PZC), the mineral surface carries a net positive
charge and electrostatically attracts negatively charged DNA molecules (Cai et al. 2006a; Saeki
et al. 2010). But as pH increases above PZC, surface hydroxyl groups deprotonate, making
mineral surface more negative and hence, resulting in lower adsorption of DNA (Sodnikar et al.
2021). Goethite also adsorb DNA via ligand exchange between the phosphate of the DNA
backbone and the OH-groups of the goethite surface forming inner-sphere complexes as
covalent Fe-O-P bonds (Stumm 1995; Omoike et al. 2004; Schmidt und Martinez 2017; Chen et
al. 2025). ATR-FTIR (attenuated total reflectance Fourier transform infrared) spectroscopy shows
that these covalent Fe-O-P bonds form preferentially as monodentate complexation, rather than
bidentate complexation (Omoike et al. 2004; Schmidt and Martinez 2017), as only one oxygen
atom of DNA phosphate group is available for bonding (Omoike et al. 2004). Inner-sphere
complex formation plays a major role at higher pH as electrostatic attraction is suppressed with
increasing pH (Sodnikar et al. 2021).

The bridging of divalent cations between the negatively charged DNA backbone and negatively
charged mineral surfaces is also considered as a relevant adsorption mechanism. On one hand,
divalent cations such as Mg?* or Ca?* can form bridges between phosphate groups within the
DNA backbone, reducing intramolecular repulsion between negative charges of the
polyelectrolyte. This favours electrostatic attraction to negatively charged surfaces and leads
additionally to a more compact conformation of the molecule, which reduces its footprint on
the mineral surface (see Chapter 1.1), leading to higher adsorption. In addition, divalent cations
may enhance DNA adsorption by forming bridges directly between the phosphate groups of the
DNA backbone and the negatively charged mineral surface. This adsorption mechanism
becomes more pronounced at higher pH values, as mineral surface charge becomes increasingly
negative with increasing pH. Even at neutral pH, goethite surfaces can display localized negative
charges despite having an overall positive net charge. (Lorenz und Wackernagel 1987; Poly et al.

2000; Franchi et al. 2003; Nguyen und Chen 2007; Saeki et al. 2010; Sodnikar et al. 2021)
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Various bonding types like electrostatic attraction and inner-sphere complex formation are

rarely exclusive and contribute both to DNA adsorption to goethite (Sodnikar et al. 2021).
1.4.1 DNA-goethite interaction in the presence of competing species

In nature, mineral surfaces are rarely pristine. They are associated with various ions and organic
matter (OM) which can change the properties of mineral surfaces and hence affect the
interactions of DNA and minerals.

Phosphate is one of the most common inorganic chemical species in natural environments,
usually forming insoluble precipitates at high concentrations or strongly adsorbs onto minerals
at lower concentrations (Liu et al. 2012; Yagi und Fukushi 2012; Liu et al. 2021). While phosphate
concentrations are very low in soil solutions (0.01 — 1 mM) (lbrahim et al. 2022; Chen et al.
2025), fertilizer leaching (Liu et al. 2012), guano deposits in cave sediments, which serves as a
potential source of human aDNA (Gelabert et al. 2025; de-Dios et al. 2025) and bone mineral
dissolution (Biswas et al. 2022) can result in elevated phosphate concentrations.

Phosphate is known to be a strong competitor for DNA adsorption onto mineral surfaces
especially goethite due to its similar binding mechanism as of DNA (Sodnikar et al. 2021; Chen
et al. 2025). Several studies have demonstrated a reduction in DNA adsorption in the presence
of phosphate on goethite (Cai et al. 2007; Sodnikar et al. 2021; Feng et al. 2024). Additionally,
desorption of previously adsorbed DNA was observed from goethite (Cai et al. 2007; Chen et al.
2025) in the presence of phosphate in solution. Competition between phosphate and DNA for
adsorption onto mineral surfaces can occur through two main mechanisms. First, at
circumneutral pH, phosphate readily forms inner-sphere complexes with surface hydroxyl
groups (Hiemstra und van Riemsdijk 1996; Kim et al. 2011; Chen et al. 2025), which not only
reverses the net surface charge of goethite from positive to negative but also reduces the
number of hydroxyl groups available to form inner-sphere complexes with DNA, reducing total
DNA adsorption (Sodnikar et al. 2021). Second, inorganic phosphate can electrostatically
interact with residual positively charged surface sites, and thereby directly compete with
phosphate of DNA for binding to surface adsorption sites, promoting desorption (Antelo et al.
2005; Sodnikar et al. 2021).

In addition to inorganic ions, soils and sediments contain substantial amounts of OM, derived
from the decomposition of plant and animal residues as well as microbial biomass (Dai et al.
2022). Dissolved organic matter (DOM), an umbrella term for a variety of organic molecules,
may form organo-mineral complexes, by adsorbing to the mineral surface, which is consiered as
a first step to long-term OM stabilization (Mikutta et al. 2007; Schmidt und Martinez 2018).

Kleber et al. 2007 hypothesized a zonal model of organo-mineral interactions, where initial
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adsorption of OM-molecules to mineral surface may serve as a base for other biomolecules to
subsequent adsorption. While Sodnikar et al. 2021 expect OM to compete with nucleic acids at
positively charged surfaces, Schmidt and Martinez 2018 highlight biomolecule-biomolecule
interactions in solution as a stabilizing mechanism of OM in soils.

Bovine serum albumin (BSA) is a protein that is widely used as a model for soil OM (Schulze
2005; Benndorf et al. 2007; Schmidt und Martinez 2018). Although BSA is not itself a soil protein
and does not represent biochemical diversity of soil and sediment proteins, it shares a similar
globular structure and molecular mass (~66kDA) with proteins extracted from soils (Schulze
2005; Chourey et al. 2010; Schmidt und Martinez 2018). Furthermore, the isoelectric point of
BSA at ~4.7 lies within the range previously reported for proteins extracted from groundwater
originating from the effluent of a field reactor (Benndorf et al. 2007; Schmidt and Martinez
2018).

Previous studies have shown that at pH 5 BSA binding to DNA can partially screen intramolecular
repulsion between DNA, thereby promoting increased DNA adsorption onto goethite up to a
certain BSA concentration. However, beyond this threshold, increasing BSA concentration in
solution leads to blocking of binding sites and therefore to competition, which reduces DNA
adsorption. In addition, experiments involving the adsorption of DNA-BSA complexes onto
goethite suggest that BSA can facilitate adsorption through a bridging mechanism or
supramolecular associations, while simultaneously hindering the formation of inner-sphere
complexes between DNA and the goethite surface. (Schmidt and Martinez 2018)

Despite this reduced adsorption, or the presence of more weakly bound DNA, OM has been
reported to enhance protection against enzymatic hydrolysis compared with inorganic clays (Cai
et al. 2006b). This effect is attributed to the incorporation of DNA molecules into three-
dimensional macropore structures of organic coated minerals, where DNA becomes less
accessible to nucleases (Cai et al. 2006b).

While the interaction of DNA with pristine goethite is widely studied, the interaction of DNA
with goethite in the presence of various organic and inorganic species that compete with DNA

for surface adsorption sites and its impact on DNA degradation is poorly understood.
1.4.2 Theory of Trains and Loops as a property of DNA surface adsorption

Unlike the point charges such as phosphate and small biomolecules like BSA, the polyelectrolyte
properties of DNA govern its adsorption characteristics. Particularly, stiff DNA polymers below
their persistence length, tend to adsorb in a flat conformation, while long and flexible DNA

molecules, typically make loop-train-tail architecture, where trains refer to the section of DNA
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lying flat on the surface while loops and tails hang away from the surface from respective
attachment points (Fig. 3). (Jenckel und Rumbach 1951; Hesselink 1977; Sodnikar et al. 2021)
According to these findings, it is assumed that longer DNA polymers exhibit a greater proportion
of structural elements such as loops and tails that are not directly attached to the mineral
surface, whereas shorter DNA polymers predominantly adsorb in the form of trains, with most
of their segments in direct contact with the mineral surface. Consequently, substantial parts of
long DNA polymers are hanging away from minerals and are therefore assumed to behave
similarly to DNA in solution. This distinction has environmental implications in the context of
DNA degradation, as DNA segments not bound to the mineral surface are unlikely to be
protected from degradation processes through mineral adsorption. This concept is shown in
Figure 3, with the model DNA bound to goethite surface via trains forming loops and tails which
are more likely to enzymatic degradation, damage by UV radiation or reactive oxidant species
(ROS). Phosphate and BSA in the solution may change the behaviour of the solvent-exposed
parts of DNA.

goethite

Figure 3: Concept of DNA as a polyelectrolyte with trains, loops and tails; parts of the DNA polymer are not attached
to the mineral surface (goethite) and therefore unlikely to be protected from degradation processes (enzyme, UV-

radiation or ROS (reactive oxidant species))
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2 Research objectives

Adsorption onto mineral surfaces is considered as key mechanism contributing to the long-term
persistence of DNA in environmental systems. Over the past decades, numerous studies have
investigated the influence of solution chemistry (pH, ionic strength, ion type) (Lorenz and
Wackernagel 1987; Nguyen and Chen 2007; Sodnikar et al. 2021; Feng et al. 2024; Chen et al.
2025), mineralogy (Verma et al. 2024; Singh et al. 2025) and molecular properties of DNA
including polymer length (Singh et al. 2025) on DNA adsorption. These studies have shown that
mineral type, solution chemistry and polymer length of DNA play crucial roles in governing DNA—
mineral interactions.

Despite these advances, most of the existing research has focused on DNA adsorption on
pristine mineral surfaces under simplified conditions. Natural environments, however, are
complex, and mineral surfaces are rarely free of competing inorganic and organic species. While
few studies have addressed this complexity by examining DNA adsorption in the presence of
competing ions (Sodnikar et al. 2021; Feng et al. 2024; Chen et al. 2025) or OM (Cai et al. 20063;
Cai et al. 2006b; Cai et al. 2007; Schmidt und Martinez 2018) important gaps remain. In
particular, the kinetic and thermodynamic aspects of DNA-mineral interactions under
competitive conditions and the role of DNA polymer length in this process are still poorly
constrained. Additionally, all these works investigated DNA adsorption and concluded that
adsorption was crucial for long-term DNA protection but only little studies worked on
degradation itself (Demaneche et al. 2001; Dell'Anno und Corinaldesi 2004; Cai et al. 2006b).
Previous studies have investigated the influence of OM and organic rich soils on the adsorption
of DNA to mineral surfaces and found that organic rich soils reduce DNA adsorption relative to
pristine mineral phases (Cai et al. 2006a; Cai et al. 2006b), primarily due to increased
electrostatic repulsion between negatively charged DNA molecules and organic coated clay
surfaces (Cai et al. 2006a). Additionally, the formation of supramolecular complexes between
DNA and bovine serum albumin (BSA) can inhibit the coordination of DNA phosphodiester
groups with goethite surfaces, resulting in decreased DNA adsorption at elevated BSA
concentration (Schmidt und Martinez 2018). While some studies on clay suggest that OM may
enhance protection of DNA against enzymatic degradation (Cai et al. 2006b), the effect of OM
on DNA degradation on goethite is not well studied. Also, consideration of DNA fragment length
is necessary at this stage to better understand the extent to which OM-induced stabilization
influences DNA persistence on goethite surfaces.

To address these research gaps, DNA fragments of three different lengths were selected.

Goethite was used as a model mineral, while phosphate and bovine serum albumin (BSA) were
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chosen as model competing species. By combining adsorption experiments conducted in the
presence of competing species with complementary degradation studies, this thesis aims to
bridge existing knowledge gaps and provide deeper insight into the mechanisms governing

DNA-mineral interactions and long-term DNA preservation by addressing following questions:

l. How does DNA polymer length controls adsorption and desorption behaviour on
goethite?

1. How does phosphate and BSA impact DNA adsorption kinetics and equilibrium on
goethite?

[l. How do DNA polymer length and competition jointly shape the susceptibility of

goethite-bound DNA to enzymatic degradation?
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3 Materials and Methods

3.1 Goethite
Goethite previously synthesized using the chemical precipitation method of Schwertmann and
Cornell as described in (Singh et al. 2025) was used for the present study. The specific surface

area (SSA) is 37.02 m?/g.

3.2 DNA

For the present study DNA polymers of three different lengths were used: 99 base pairs (bp),
1000 bp and genomic DNA gDNA (median length approx. 19,000 bp). 99 bp and 1000 bp DNA
fragments were synthesised by polymerase chain reaction (PCR), while the sodium salt of gDNA
derived from salmon sperm was obtained commercially from Sigma-Aldrich (USA). To prepare
gDNA stock solution, gDNA sodium salt was mixed in buffer solution and put in a rotational
spinner (30 rpm) for minimum 3 hours to ensure complete dissolution.

To synthesise 99 bp DNA and 1000 bp DNA, pBR322 (Thermo Fisher Scientific, USA) was used as
template. All required reagents and their respective volumes for the preparation of the PCR
master mix are listed in Table 1. The reaction mixture was prepared by mixing the reagents in a
specified order. Ultrapure water (resistivity > 18.2 MQ.cm) was added first and the DNA
polymerase was added last to prevent enzymatic activity prior to thermocycling.

Following this, 50 L of the PCR master mix was transferred to PCR tube and then loaded in the
thermocycler. The PCR was performed according to specific temperature-time profiles, which
regulate the denaturation, annealing and extension steps of the reaction. The exact cycling
conditions used for synthesising of the 99 bp and 1000 bp fragments are summarized in Table
2. Subsequently, the PCR products were purified using silica spin columns (MinElute PCR
Purification Kit (Qiagen, USA) to remove salts, unreacted nucleic acids and polymerase. PCR
products were mixed with binding buffer (BB) (57% 5 M guanidine hydrochloride, 40%
isopropanol, 3% 3 M Sodium Acetate, pH 5.2) at a ratio of 5:1 (binding buffer to PCR product
volume). Aliquots of 750 pL of the PCR-BB solution were transferred into the spin columns and
centrifuged for 30 seconds, enabling the DNA to adsorb onto the silica membrane. The spin
columns were then washed by centrifugation for 30 seconds with wash buffer (80% ethanol,
20% 10mM Tris-hydrochloride, pH 7.5), effectively removing residual salts from the binding
buffer, as well as unincorporated dNTPs, excess primers and enzymes. After washing, only DNA
of the desired polymer length remained bound to the silica membrane. Elution was performed
by adding HEPES buffer to the columns, incubating for 1 minute and centrifuging for 1 minute

into 1.5ml protein Lobind tubes. The elution step was repeated using the eluate to maximize
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yield. The resulting DNA solutions were pooled in 2ml protein Lobind tubes and stored at -80°C.
All centrifugation steps were carried out at 19,000 rcf. The purified PCR product was analysed

for its length, salt contamination and absorbance ratio to ensure the quality.

Table 1: reagents and respective volumes for a full batch (96 wells) of DNA synthesis with pBR322

template

Components Volume (ul)
10x DreamTaq Buffer 480
dNTP Mix, 10 mM each 96
Forward primer, 100 uM 48
Reverse primer, 100 uM 48
Template DNA 2 ng/ulL 48
DreamTaq DNA Polymerase 24
Water 4056
Total Volume 4800

Table 2: thermocycler settings for 99 bp and 1000 bp PCR synthesis

Step No. of cycles °C/min
Initial denaturation 1 95/1.5
Denaturation 95/0.5
Primer annealing 30 58.5/0.5
Extension 72/1
Final extension 1 72/10
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3.3 Analysis
3.3.1 DNA quantification and DNA length

The concentration of DNA was determined by measuring UV absorbance at 260 nm on a Tecan
Infinite Pro 200 spectrophotometer (Tecan) with NanoQuant plate using an extinction
coefficient of 0.020 (ng/pL)*cm™. Due to higher sensitivity, fluorometric assays (Qubit 1X
dsDNA HS, Thermo Fisher) were used to quantify DNA in experimental supernatants of the order
of addition experiments and degradation experiments using a polymer-specific calibration curve
prepared by serial dilution of stock DNA (120 ng/uL). The assays were performed by mixing 3 pL
of sample with 47 pL of 1X dsDNA HS buffer in fluorescent plate and analysed by measuring
fluorescence (excitation 480nm, emission 520nm) on a Tecan Infinite Pro 200
spectrophotometer (Tecan). Samples were diluted in ultrapure water as needed to ensure they
fell within the linear range of the fluorometric assay and to reduce any potential background
interference.

To verify DNA purity following PCR clean-up, absorbance ratios were measured at 260 nm
relative to 280 nm and 230 nm. The A260/A280 absorbance ratio ranged between 1.8 and 2.0,
indicating no protein contamination, while the A260/A230 ratio between 2.0 and 2.2 confirmed
no salt contamination from the binding buffer after PCR clean-up

Length of DNA after PCR synthesis and after enzymatic hydrolysis was determined using
automated gel electrophoresis on an Agilent TapeStation 4150 instrument. ScreenTapes were
chosen according to the expected range of DNA polymer lengths. To verify the length of
synthesised 99 bp and 1000 bp DNA D1000 ScreenTape was used. For analysing degradation
products, HSD1000 ScreenTape was used for 99 bp degradation products and HSD5000 and
gDNA ScreenTapes were used for 1000 bp and gDNA degradation products.

3.3.2 Phosphate quantification

The stock concentrations of phosphate solution and samples of the phosphate adsorption
isotherm were analysed, using the method developed by Murphy und Riley 1962. This single
solution method relies on the reaction of inorganic phosphate with an acidic molybdate solution
(acidified with ascorbic acid) and the following formation and reduction of phosphomolybdic
acid (Murphy and Riley 1962), which can be measure using UV-spectrophotometer. The method
was modified for the analysis in Microplate, 96 well, PS, F-Bottom, clear (Greiner), which allows
the measurement of multiple samples with a small reaction volume (200 pL). The samples were

measured using Tecan Infinite Pro 200 spectrophotometer (Tecan).
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3.3.3 BSA quantification

The BSA stock solution was filtered using 0.2 um sterile filters (Merck Millipore Ltd.). The
concentrations of BSA stock solution, BSA adsorption isotherm samples and BSA kinetics
samples were measured using Micro BCA™ Protein Assay Kit (thermos scientific) and Tecan
Infinite Pro 200 spectrophotometer (Tecan). 150ul of each sample was added to the wells in a
96 well plate. Then, 150ul of the BCA working reagent was added to the wells and mixed with
the pipette. Plates were incubated for 2 hours at 37°C and cooled to room temperature

subsequently. Absorbance was measured at 562nm.
3.3.4 DNase | quantification

DNase | was analysed using Tecan Infinite Pro 200 spectrophotometer (Tecan) at 260 nm

wavelength with NanoQuant plate (Tecan).

3.4 Solution preparation
3.4.1 Buffer solution

All experiments were performed in a background solution with a pH of 7, which was buffered
using 3 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and 30 mM NaCl. After
dissolving the HEPES and NaCl, the pH was adjusted to 7 using HCI and NaOH. Following pH
adjustment, the buffer solution was filtered using 0.2 um sterile filters (Merck Millipore Ltd.)
and autoclaved for 40 minutes at 121 °C. The buffer solution was stored in the freezer for future

use. The buffer solution was then opened only in the sterile bench.
3.4.2 Phosphate solution

The phosphate stock solution was prepared by dissolving sodium dihydrogen phosphate 1-
hydrate (NaH,PO4) (VWR) in the background of 3mM HEPES and 30mM NaCl. The phosphate
stock solution was prepared in 3x at a concentration of 300 mM. After dissolving NaH,PO4 in the
buffer solution, the pH was adjusted to 7 again using HClI and NaOH. The phosphate stock
solution was filtered using 0.2 um sterile filters (Merck Millipore Ltd.) and stored in the freezer

until use.
3.4.3 BSA solution

Stock solution of BSA was prepared by dissolving Bovine Albium (Fr V, pH 5.2 (Millipore) in the
background of 3mM HEPES and 30mM NacCl. After mixing BSA with the buffer solution ina 5 ml
protein Lobind vial it was dissolved completely at 60 rpm for 30 minutes on a rotational spinner.

Solution was later filtered using 0.2um protein Lobind filter, wrapped in aluminium foil and
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stored at 4°C until use. Subsequently the BSA solution was diluted to desired concentrations and
measured again. For short storage or during shaking, the vials were wrapped with aluminium

foil and kept in the fridge. BSA-solution was prepared fresh for every experiment.
3.4.4 DNase | solution

To prepare enzyme solution for degradation experiments, DNase | (deoxyribonuclease | from
bovine Pancreas, Sigma-Aldrich) was weighed in a 2 ml protein Lobind tube and dissolved in the
background of 0.5 mM CaCl, and 2.5 mM MgCl, and 3 mM HEPES using a rotational spinner at
30 rpm for 30 min. The vial was covered with aluminium foil and kept on ice after dissolving, to

avoid enzymatic activity. The DNase | solution was diluted to 500 ng/ul (10x concentration).
3.4.5 Desorption buffer for degradation experiments

Two different desorption buffers at pH 10 were used to desorb DNA following degradation
experiments. For 99 bp DNA desorption buffer containing 3 mM tetraborate, 3.3 mM EDTA and
1 mM PO, was used, while for 1000 bp and gDNA desorption buffer containing 3 mM
tetraborate, 3.3 mM EDTA, and 20 mM PO, was used.

3.4.6 Goethite suspension

The goethite suspension was prepared by hydrating the mineral in buffer solution within a glass
vial overnight. During mineral-surface hydration, the suspension was gently stirred using a
magnetic stirrer at 200 rpm. The suspension was prepared to achieve a final mineral
concentration of 2 mg/mL for every experiment. The goethite suspension was ultrasonicated
for 3 minutes for a better particle dispersion at 35 kHz (Bandelin Sonorex RK 100, Bandelin
electronics, Germany) before use. To maintain homogeneity during pipetting, the glass vial was
placed on a magnetic stirrer operating at 900 rpm. To prevent contamination, the addition of
mineral to the glass vial and its mixing with the buffer solution were performed under a sterile
bench. All glassware/magnets used for preparing solutions or mineral suspensions were acid-

washed and autoclaved. Mineral stock solution was freshly prepared for each experiment.
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4 Experimental setup

All batch experiments were conducted in duplicates and run parallelly on a horizontal shaker at
21 °C and 150 rpm. All batch experiments were set-up inside a laminar flow hood to ensure
sterile conditions, particularly given the long experimental durations and repeated sampling
required for the order of addition experiments. Experiments were performed in 2 mL protein
Lobind tubes, which were placed in racks and wrapped with aluminium foil to prevent exposure
to light causing potential photochemical reactions. For each experiment no-mineral controls
were included to ensure DNA stability over experimental timeframe. All experiments were
conducted with the buffer solution and the mineral suspension described above. At the end of
the experiments, all mineral-DNA/BSA/phosphate samples were centrifuged at 20,000 rcf for 20
minutes. The supernatants were collected and either immediately analysed or stored at -80 °C.
DNA samples stored at —-80 °C and not immediately analysed were defrosted for at least 1 hour
to equilibrate with room temperature, then centrifuged for 1 minute at 20,000 rcf and gently

vortexed prior to DNA analysis.

4.1 Adsorption of DNA, phosphate and BSA on goethite
4.1.1 DNA adsorption isotherm

To study the effect of varying DNA polymer lengths on adsorption to goethite, DNA adsorption
isotherms were performed with 99 bp DNA, 1000 bp DNA and gDNA. Goethite suspension and
DNA solution were mixed in equal volumes to a final batch volume of 100 uL, for 18h. Initial
DNA concentrations ranged from 10 to 150 ng/ul. The adsorbed DNA on goethite was calculated
as the difference between the initial DNA concentration and the DNA concentration remaining

in the supernatant.
4.1.2 Phosphate adsorption isotherm

The phosphate adsorption isotherm was conducted to determine the affinity of phosphate for
goethite under the given experimental conditions and to choose relevant phosphate
concentrations for further experiments. Goethite suspension and phosphate solution were
mixed in equal volumes to a final batch volume of 400 ul, for 18h. The initial phosphate
concentrations in the batch reactors ranged between 0.04 — 5mM at pH 7. The samples were
analysed and stored at -80 °C. The adsorbed phosphate on goethite was calculated as the
difference between the initial phosphate concentration and the phosphate concentration

remaining in the supernatant.
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4.1.3 BSA adsorption isotherm and kinetics.

For BSA, adsorption isotherm and adsorption kinetics were conducted. For the adsorption
isotherm, goethite suspension and BSA solution were mixed at equal volumes to achieve a final
batch volume of 200 pL, for 18h. The initial BSA concentrations in the batch reactors ranged
between 25 — 350 ng/ul at pH 7. The adsorbed BSA on goethite was calculated as the difference
between the initial BSA concentration and the BSA concentration remaining in the supernatant.
For the adsorption kinetics, goethite suspension and BSA solution were mixed at equal volumes
to a total batch volume of 3000 pL with a final BSA concentration of 300 ng/uL in 5 mL protein
Lobind tubes. The goethite-BSA suspension was thoroughly mixed. Samples were collected at 1,
10, 30, and 60 minutes, and at 2, 6, 24, and 48 hours. At each time point, the suspension was

gently inverted and mixed before sampling.

4.2 Order of Addition Experiments

Order of addition experiments (hereafter referred to as DNA first and DNA second experiment)
were performed to investigate the influence of sequence of addition of DNA and phosphate on
adsorption of DNA on goethite. The influence of competing species on DNA adsorption to
goethite can be investigated by conducting equilibrium adsorption studies in the three-
component system, comprised of DNA, the competing species and goethite. To determine the
equilibrium state of DNA adsorption in the presence of competing species, both adsorption
(DNA second) and desorption kinetics (DNA first) were conducted in parallel. By changing the
order of addition, it is possible to approach equilibrium from both directions and investigate the
influence of sequence of addition. This approach helps to confine the actual equilibrium state
even when true equilibrium cannot be reached or cannot be attained within a practical
timeframe.

For the order of addition experiments equal volumes of DNA (final concentration 40 ng/ul),
phosphate (final concentration of 0.1 and 1 mM) or BSA (final concentration of 2 and 200 ng/ul)
and goethite (final concentration 2 mg/ml) were combined. For the DNA first experiment, DNA
was added to the goethite suspension and allowed to equilibrate for 18 hours before
phosphate/BSA was introduced. In contrast, for the DNA second experiment, phosphate/BSA
was added first and equilibrated similarly before the addition of DNA. Following the addition of
the second component in both cases, 20 uL aliquots were taken at regular intervals, from 1 hour

up to 3 weeks (504 hours), for analysis.
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4.3 DNA adsorption with respect to the concentration of competing species
4.3.1 DNA adsorption as a function of phosphate concentration

In addition to order of addition experiments, the effect of a broad range of phosphate
concentration on DNA adsorption on goethite was investigated.

Experiments were conducted with three DNA polymer lengths (99 bp, 1000 bp, gDNA) across a
range of phosphate concentrations, 0.01 to 100 mM. For this DNA was preadsorbed on goethite
for 18 hrs. Subsequently phosphate solution of the desired concentrations was added to reach
a total batch volume of 90 pl (40 ng/ul DNA, 2 mg/ml goethite). After adding phosphate
solution, the batches were incubated again on the horizontal shaker for 100h before sampling.
The phosphate concentrations and the incubation time of 100h were chosen based on the
results of the order of addition experiments which showed that for all DNA polymers the system

reached near-equilibrium conditions within this time frame.
4.3.2 DNA adsorption as a function of BSA concentration

To investigate the competition of DNA polymers and BSA for adsorption on goethite with respect
to the DNA polymer length, DNA adsorption as a function of BSA concentration experiments
were performed. Experiments were conducted with three DNA polymer lengths (99 bp, 1000
bp, gDNA) across a range of BSA concentrations ranging from 0 to 200 ng/pl. First equal volumes
of BSA solution of the desired concentration and mineral suspension were mixed and incubated
on the horizontal shaker for 18h. Subsequently DNA solution was added to reach a total batch
volume of 90 ul (40 ng/ul DNA, 2 mg/ml goethite). After adding DNA solution, the batches were
incubated again on the horizontal shaker for 100h before sampling. The BSA concentrations and
the second incubation time of 100h were chosen based on the results of the order of addition
experiments. The samples ware measured using Qubit 4 Fluorometer (Thermo Fisher) and

Broad Range buffer (Thermo Fisher), according to the protocol provided by the manufacturer.

4.4 Enzymatic degradation experiments

Enzymatic degradation experiments were performed to investigate the effect of BSA and
phosphate on degradation of DNA on goethite. Experiments were conducted with three DNA
polymer lengths (99 bp, 1000 bp, gDNA) and across a range of phosphate (0, 0.01, 0.1 and 1
mM) and BSA concentrations (0, 20, 50, 100 and 200 ng/ul). For degradation studies, equal
volumes of phosphate or BSA solution were mixed with goethite and equilibrated for 18h. After
the phosphate/BSA equilibration step, DNA solution was added to the vial, to reach a total batch
volume of 90 pl (40 ng/ul DNA, 2 mg/ml goethite).

26



After 100h, DNase | solution was added to DNA-phosphate/BSA-goethite suspension to reach
final DNase | concentration of 50 ng/ul and a total batch volume of 100 pl .The suspension was
mixed using a pipette and incubated on the horizontal shaker at 37 °C for 1 hour to ensure
optimal enzyme activity. Subsequently, a desorption buffer was added, and the suspension was
heated to 75 °C for 10 minutes to deactivate the enzyme due to the combined effects of EDTA
and elevated temperature. Finally, the system was incubated at 50 °C for 1 hour to promote DNA

desorption.

5 Results

5.1 Adsorption isotherms
5.1.1DNA

Adsorption isotherms of DNA on goethite (Fig. 4A) were performed to investigate the binding
affinity and capacity of DNA to goethite and the effect of polymer length on DNA adsorption. It
was observed that DNA adsorption on goethite is polymer length dependent, similar to what
was observed in previous studies (Singh et al. 2025). 99 bp DNA adsorbed the least with
adsorption maximum at 81.82 + 0.41 ng/cm? while longer DNA polymers adsorbed significantly
more at an adsorption maximum of 105.09 + 0.06 ng/ cm? for 1000 bp DNA and 115.42 + 2.28
ng/ cm? for gDNA. Based on the adsorption isotherm, the DNA concentration of 40 ng/ul was
chosen for further experiments. At this concentration, surface coverage is close to saturation for

99 bp DNA and ensures complete adsorption for longer DNA polymers.
5.1.2 Phosphate

The adsorption isotherm of phosphate was performed to determine the affinity and capacity of
phosphate to goethite in our experimental system. The initial concentrations for the phosphate
adsorption isotherm (Fig. 4C) ranged between 0.04-5 mM phosphate. There was complete
adsorption below 0.16 mM phosphate. Based on the isotherm data, initial phosphate
concentrations of 0.1 mM and 1 mM were selected for further experiments. They represent low

and medium surface coverage of phosphate on goethite.
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5.1.3BSA

To determine the affinity and capacity of BSA on goethite, both adsorption isotherm (Fig. 4B)
and adsorption kinetics (Fig. 10, SI) of BSA on goethite were performed. The initial
concentrations for the BSA adsorption isotherm ranged between 25 and 350 ng/ul and showed
maximum adsorption of 214.58 * 5.83 ng/cm?. There was complete adsorption until 150 ng/ul
BSA. The adsorption kinetics data show that BSA adsorption onto goethite happens very rapidly,
reaching the plateau within one minute. Based on isotherm BSA concentrations of 2 and 200

ng/ul were chosen, corresponding to low and complete surface saturation on goethite.
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Figure 4: A. Adsorption isotherm of 99 bp DNA, 1000 bp DNA and gDNA on goethite with initial DNA concentrations
ranging between 10 and 150 ng/ul at pH 7 for 18h incubation. B: Adsorption isotherm of BSA on goethite with initial
BSA concentrations ranging from 25 to 350 ng/ul at pH 7. C: Adsorption isotherm of phosphate on goethite with initial
phosphate concentrations ranging from 0.04 to 5 mM at pH 7 for 18h incubation. All experiments were conducted in a

background solution containing 30 mM NaCl and 3 mM HEPES
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5.2 Order of Addition Experiments

Order of addition experiments were performed to investigate the influence of sequence of
addition of DNA and phosphate (0.1 and 1 mM) or BSA (2 and 200 ng/ul) on adsorption of DNA
on goethite and to define the equilibrium conditions of the system. Three DNA polymer lengths
(99 bp, 1000 bp, gDNA) were selected to investigate its effect on DNA adsorption to goethite.
Changing the sequence of addition was intended to define the limits of equilibrium, between
adsorption and desorption kinetics if both trajectories do not converge within the given

timeframe.
5.2.1 In the presence of phosphate

Figure 5 summarises the influence of phosphate on DNA adsorption kinetics on goethite. From
the DNA adsorption isotherm, it was observed that on bare goethite, irrespective of length,
there was 100% adsorption at the selected DNA concentration (40 ng/uL). In contrast, the
presence of phosphate, irrespective of the order of addition, reduced the extent of DNA
adsorption on goethite for all DNA polymers.

At low phosphate concentration (0.1 mM), when phosphate was added prior to 99 bp DNA, only
~20% of added DNA adsorbed. In contrast, when phosphate was added after the adsorption of
99 bp DNA, the extent of adsorption decreased from 100% in the absence of phosphate to ~30%.
Additionally, adsorption trend plateaued rapidly when DNA was added after phosphate, within
1 hour, compared to when DNA was added first, which took ~168 hours. Figure 5B shows a
similar pattern for adsorption for 1000 bp DNA, when DNA was added second following the
preadsorption of 0.1 mM phosphate, where ~20% of DNA was adsorbed during the
experimental time frame. However, desorption (1000 bp DNA first) was much less pronounced
with ~60% remaining adsorbed after 504h. Contrary to 99 bp DNA and 1000 bp DNA, gDNA in
Figure 5C showed no measurable desorption at low phosphate concentration when gDNA was
adsorbed first and adsorption extent, when gDNA was added second, was substantially more
compared to shorter DNA polymers, with approximately 80% gDNA remaining adsorbed.
Figure 5D-F show the effect of higher phosphate concentration (1 mM) on adsorption of DNA to
goethite. In Figure 5D (99 bp DNA) the points are converging at 0% DNA adsorption due to high
phosphate concentration and complete desorption (DNA first). In the same way as in Figure 5A
with 0.1 mM phosphate, desorption proceeds slower than adsorption, with both processes
converging after 100h. Adsorption of 1000 bp DNA on goethite following preadsorption of 1 mM
phosphate (DNA second) in Figure 5E shows a similar pattern compared to 99 bp again, showing

no adsorption during the experimental timeframe. Adding 1000 bp DNA first, followed by 1 mM
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phosphate shows higher desorption (DNA first) of 1000 bp DNA compared to Figure 5B, with
~9.0% DNA remaining bound to the goethite surface. In Figure 5E with 1 mM phosphate 1000
bp DNA desorption (DNA first) reaches the plateau after 100h, showing a faster and more
extensive desorption process with higher phosphate concentration. Following the trend with 1
mM phosphate, gDNA shows less adsorption to goethite with preadsorbed phosphate (DNA
second) in Figure 5F with ~20% DNA being adsorbed compared to the experiment with 0.1 mM
phosphate as described in Figure 5C. Again, desorption (DNA first) proceeds slower than
adsorption for gDNA, reaching the plateau after 168h with ~¥35% remaining adsorbed.

As shown in Figure 5A-F converging curves could be observed only at 1 mM phosphate and with
99 bp and 1000 bp DNA. For 0.1 mM phosphate the possible equilibrium can be constrained
within 30.28 £ 2.06% - 19.03 £ 4.38%, 62.46 + 5.06% - 19.72 + 5.76% and 99.30 £ 0.1% - 79.47
4.17% DNA adsorption for 99 bp, 1000 bp and gDNA, respectively. For 1 mM phosphate and
gDNA the limits are at 35.44 + 2.28% and 16.23 + 3.19% DNA adsorption.

Based on the order of addition experiments with phosphate, an equilibration time of 100h was
selected for future experiments, acknowledging that in most cases the system remains
kinetically controlled. It was accepted that subsequent experiments would therefore not

necessarily begin under equilibrium conditions.
5.2.2 In the presence of BSA

Figure 6 summarizes the influence of 2 and 200 ng/ul BSA on DNA adsorption kinetics on
goethite. It was observed that irrespective of its concentration, BSA could not displace
preadsorbed DNA from goethite, within the experimental time frame. When DNA is added first,
followed by BSA, DNA remains bound to the goethite surface. When DNA is added second,
following preadsorption of 2 ng/ul BSA, Figure 6A-C show 100% DNA adsorption for all three
DNA polymer lengths.

At a high BSA concentration (200 ng/ul), the adsorption of 1000 bp DNA and gDNA is not
affected by preadsorbed BSA. In contrary, 99 bp DNA adsorption is reduced to 66.28 + 1.35%.
At 2 ng/ul BSA concentration, irrespective of DNA polymer length, the system reached
equilibrium at 100% DNA adsorbed on goethite with preadsorbed BSA (DNA second). While
equilibrium was reached rapidly for 99 bp and 1000 bp DNA, gDNA reached equilibrium
conditions after 24h. At 200 ng/ul BSA, 1000 bp DNA and gDNA reached equilibrium with 100%
DNA adsorbed onto goethite, after 48h. While 99 bp DNA was far from equilibrium conditions
within the experimental time frame, equilibrium can be constrained between 100 + 0.02% and

66.28 + 1.35%.
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Figure 5: Kinetics of DNA adsorption on goethite as affected by the order of addition of DNA and phosphate. (A-C) 99 bp
DNA, 1000 bp DNA and gDNA asorption on goethite in the presence of 0.1 mM phosphate. (D-E) 99 bp DNA, 1000 bp
DNA and gDNA adsorption on goethite in the presence of 1 mM phosphate. All experiments were conducted in a
background solution containing 30 mM NaCl and 3 mM HEPES. Data points and error bars represent mean and range

of duplicates run in parallel

31



A: 2 ng/pl BSA; 99bp DNA D: 200 ng/ul BSA; 99bp DNA

100000900 ¢ © Q Q 100<I)OOOO o o o O
9 S
S 80 = 807
] el 400 ® g ¢
sg 60 § ”f
kel © 404
& 20 20+
) 09 T T T T T
0 ! T T T T T 013 100 200 300 400 500
013 100 200 300 400 500 Time [h]
Time [h]
B: 2 ng/pl BSA; 1000bp DNA E: 200 ng/ul BSA; 1000bp DNA
1°0J)QQQQ o 0 o Q 100508@@ o 9 Q Q

= S 04
= 80 S g0+
o pel
S 60 S 60
? @
B 40 ® 40
< <
z Z
o 20 a 204

004 T T T T T 0 t T T T T T

013 100 200 300 400 500 013 100 200 300 400 500
Time [h) Time [h]

C: 2 ng/ul BSA; gDNA F: 200 ng/ul BSA; gDNA
'_‘100J)0900 o 0 ® o ﬁ1°°$ogoo o 9 o °
= S
= 804 ¢ = 80
5 e
2 604 2 60
? 3
B 40 B 404
< <
Zz pa
o 20 0 20

0 ! T T \ T T 0+ T T T T T
013 100 200 300 400 500 013 100 200 300 400 500
Time [h] Time [h]
DNA second O DNA first

Figure 6: Kinetics of DNA adsorption on goethite as affected by the order of addition of DNA and phosphate. (A-C)
99 bp DNA, 1000 bp DNA and gDNA sorption on goethite in the presence of 2ng/ul BSA (D-E) 99 bp DNA, 1000 bp
DNA and gDNA adsorption on goethite in the presence of 200 ng/ul BSA. All experiments were conducted in a
background solution containing 30 mM NaCl and 3 mM HEPES. Data points and error bars represent mean and

range of duplicates run in parallel
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5.3 DNA adsorption as a function of phosphate concentration (DNA first)
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Figure 7: Adsorption of 40 ng/ul of 99 bp DNA, 1000 bp DNA and gDNA on goethite at
phosphate concentrations ranging from 0-100 mM; DNA was preadsorbed for 18h followed
by the adsorption of phosphate for 100 h.

Since previous experiments showed that phosphate strongly competes with DNA, the current
experiment aimed to investigate the competition of phosphate with DNA, by extending the
concentration range from 0.01 to 100 mM phosphate. It isimportant to note that the desorption
experiment was performed for 100h, within which the equilibrium may not be attained (Fig. 5).
The data of the DNA adsorption as a function of phosphate concentration experiment are
therefore used to compare phosphate-induced desorption of different polymer lengths at the
timepoint 100h. The experimental data of Figure 7 show a substantial reduction in extent of
DNA adsorption with increasing phosphate concentration for all DNA polymer lengths. Using
100 mM phosphate leads to a maximum DNA desorption of 100 *+ 3.03%, 93.24 + 3.83% and
58.66 + 1.85% for 99 bp, 1000 bp and gDNA respectively. Shorter DNA polymers are desorbed
better following the trend 99 bp>1000 bp>gDNA. The longer DNA polymers 1000 bp and gDNA
do not desorb completely at 100 mM phosphate at pH 7. They show a non-desorbable fraction

of DNA under experimental conditions, while 99 bp DNA desorbs completely.
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5.4 Enzymatic hydrolysis of DNA in the presence of competing species

Enzymatic hydrolysis experiments were performed to evaluate the effect of phosphate and BSA
on the degradation of DNA. For these experiments phosphate and BSA of different
concentrations were preadsorbed on goethite and later 40 ng/ul DNA (99 b0, 1000 bp, gDNA)
was adsorbed. To analyse DNA degradation, a fluorometric assay that quantifies total DNA
irrespective of fragment length and automated gel electrophoresis were used to determine the

fragment length distribution after degradation.
5.4.1 DNA degradation in the presence of phosphate

Figure 8 shows, % DNA adsorbed with respect to total DNA that was added initially and %
degraded DNA with respect to initially adsorbed DNA in the presence of phosphate. DNA
adsorption decreases with increasing phosphate, as already seen in the order of addition
experiments. There are two trends to observe. First, DNA degradation increases with increasing
phosphate concentration. At 0.1 mM and 1 mM phosphate there was 100% DNA degradation,
irrespective of the DNA length. Second, DNA degradation depends on polymer length. In the
absence of phosphate and at very low phosphate concentrations there is increasing DNA
degradation with increasing polymer length: 99 bp<1000 bp<gDNA

Electropherograms in Figure 8D-F show the size distribution of DNA after enzymatic hydrolysis.
In line with the quantitative fluorescence data, due to complete degradation, no DNA was
observed on electropherograms at 0.1 and 1 mM phosphate for all three DNA lengths. It can be
observed for 99 bp and 1000 bp DNA at 0 and 0.01 mM phosphate, that the intensity of the
peaks at its original size (bp) decrease after degradation. In addition to the decrease in the peak
intensity after degradation, electropherogram also shows the degradation products. Figure 8D
shows a broad size distribution of degradation products for 99 bp DNA with 0 and 0.01 mM
phosphate between 25 and 100 bp, while no peak can be observed in the presence of 0.1 and
1 mM phosphate. The degradation products of 1000 bp DNA and gDNA peak at ~100 bp. Both
peaks show a right skewed size distribution with pronounced tails towards larger DNA

fragments. This is more pronounced for the degradation products of gDNA.
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5.4.2 DNA degradation in the presence of BSA

Analogue to the degradation experiment with phosphate, DNA degradation experiments with
preadsorbed BSA were performed (Fig. 9). For gDNA and 1000 bp DNA it is observed that there
is almost 100% DNA adsorption up to BSA concentration of 100 ng/uL, but some DNA was left
unadsorbed at highest BSA concentration. Enzymatic hydrolysis increases with increasing BSA
concentration. For 1000 bp DNA degradation increases from ~60% in the absence of BSA to
~80% at highest BSA concentration. Degradation of gDNA increases from ~75% to 85%
respectively. The percentage of DNA degradation increases between 0 and 100 ng/ul BSA while
adsorption remains nearly constant at approximately 100%. For 99 bp DNA, DNA adsorption
decreased from 100% at 0 and 20 ng/ul BSA continuously to ~65% at 200 ng/ul BSA. However,
contrary to 1000 bp DNA and gDNA, the %DNA degraded remained similar irrespective of the
presence or absence of BSA.

The graphs in figure 9D-F illustrate the fragment size distribution obtained after enzymatic
hydrolysis in the presence of BSA. For the 99 bp DNA, degradation results in a pronounced
reduction in peak intensity relative to the control without DNase I. This peak decreases slightly
with increasing BSA concentration but remains largely stable between 20 and 200 ng/ul BSA.
Additionally, Figure 9D indicates that the resulting degradation products span a broad size range
from 25 to 100 bp.

For the 1000 bp DNA, a substantial reduction of the original 1000 bp peak is observed upon
enzyme addition compared with the control. In contrast to the 99 bp DNA, the peak
corresponding to the original fragment size disappears completely in the presence of BSA. The
degradation products are primarily centered around ~100 bp, with a noticeable peak shift
between the sample lacking BSA and those containing increasing BSA concentrations.
Specifically, the peak shifts towards shorter fragments from 0 to 20 and 50 ng/ul BSA, while
remaining relatively stable at 100 and 200 ng/pl.

A comparable trend is observed for gDNA. As shown in Figure 9F, gDNA degradation products
ranged in size 100bp to around 5000bp, with a peak around 100bp. Increasing BSA
concentration leads to a slight shift of the fragment distribution towards smaller polymer sizes.
The degradation products presented in Figures 9E and 9F display right-skewed size distributions,
characterized by tails extending towards longer fragments. With increasing BSA concentration,
however, the gDNA degradation pattern becomes more uniform, converging toward a

distribution with a dominant peak around 100 bp.
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6 Discussion

The aim of this thesis is to investigate how polymer length and competing species shape the
interactions between DNA and goethite and how both influence the enzymatic degradation of
DNA on goethite.

Adsorption to mineral surfaces has been identified as an important process protecting DNA
against degradation in the environment (Cai et al. 2006b; Cai et al. 2007; Hettiarachchi and
Grassian 2024). Fe(lll)-(oxyhydr)oxides, particularly goethite, considering its ubiquity in the
environment, reactive surface area and strong affinity for DNA play a critical role in determining
persistence of DNA in the environment. Therefore, investigating the dynamics of DNA
adsorption on goethite is essential to understand the fate of DNA in the environment. DNA is
expected to become increasingly fragmented with prolonged environmental exposure (Padbo
1989; Dabney et al. 2013; Deagle et al. 2006) and as DNA polymer length is known to strongly
affect adsorption to mineral surfaces (Singh et al. 2025), it is necessary to include the effect of
DNA polymer length. Furthermore, natural systems do not contain pristine goethite instead,
they include a variety of competing ions and OM, which can further modulate DNA and mineral
interaction, which indicates that the fate of DNA in the environment depends not only on
various degradation pathways and the crucial role of DNA-mineral associations, but also on the
dynamics of competing ions and OM.

Following this background, this thesis addresses three central aspects: (I) how DNA polymer
length controls adsorption and desorption behaviour of DNA on goethite, (II) how inorganic and
organic species, represented by phosphate and BSA, compete with DNA and shape adsorption
equilibria and (lll) how both aspects shape the susceptibility of goethite-bound DNA to
enzymatic degradation.

The discussion section proceeds in two parts. First, adsorption of DNA to goethite will be
discussed, examining the effect of DNA polymer length and competing species. In the second
section, enzymatic degradation of DNA on goethite will be evaluated, discussing again the
effects of polymer length as well as competing species. In contrast to similar studies, that
worked on DNA adsorption/desorption with or without phosphate (Schmidt and Martinez 2017;
Sodnikar et al. 2021) or BSA (Schmidt and Martinez 2018) this thesis expanded the timeframe

to 504 hours compared to minutes.
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6.1 Effect of polymer length and competing species on DNA adsorption on goethite

Overall, from the isotherms and order of addition experiments it is evident, that longer DNA
polymers adsorb more than shorter ones on pure goethite or in the presence of competing
species. This increased adsorption can be explained by the concepts of “chain stiffness” and the
theory of trains-loops-tails. The flexibility of the DNA molecule is quantified by the “persistence
length” and describes the length within the DNA molecule without conformational changes,
which is ~50 nm (150bp) (Lu et al. 2001). Below the “persistence length” a DNA molecule
behaves as a stiff rod, because of repulsion between the negatively charged phosphate groups
inthe DNA backbone (Lu et al. 2001; Singh et al. 2025). Stiffness of polyelectrolytes also depends
on ionic strength and valency of cations. In this thesis, no conformational changes due to varying
ionic strength are expected, as the salt concentration and cations are same over all experiments.
Transferring that to the results of this thesis, 99 bp DNA adsorbs flat on the surface of the
mineral, while 1000 bp DNA and gDNA adsorb just partly and build structures of flexible tails
and loops (chapter 1.4.2). Singh et al. 2025 hypothesizes that the adsorption of short DNA
fragments as stiff rods, leads to an increased surface footprint, as they are occupying more
surface area per molecule compared to longer, flexible DNA fragments. Furthermore, the
adsorption of DNA to the goethite surface leads to an increasingly negative bulk charge (charge
overcompensation) and thus to electrostatic repulsion between short DNA-mineral associations
and hence increasingly dispersed DNA-goethite conjugates (Skalny et al. 2024). Long DNA
fragments on the other hand extend between particles, leading to mineral particle bridging and
flocculation (Gregory und Barany 2011; Skalny et al. 2024; Singh et al. 2025). Both, higher
surface footprint in relation to polymer length of short DNA fragments and the inhibition of DNA
adsorption due to charge overcompensation leads to an overall lower DNA mass adsorption of
shorter DNA fragments compared to longer DNA fragments (Singh et al. 2025).

Longer DNA polymers adsorb more compared to shorter ones, as they counteract charge
overcompensation through mineral particle bridging and have a reduced surface footprint per

molecule due to their trains-loops-tails adsorption architecture.
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6.1.1 Effect of phosphate on DNA adsorption

The results of this study aligns with previous studies (Cai et al. 2007; Zhong et al. 2007; Sodnikar
et al. 2021; Feng et al. 2024) and demonstrate, that DNA adsorption may be hindered by
orthophosphate anions, as they compete for the same adsorption sites The data presented in
Figure 5 show reduced adsorption at 1 mM phosphate compared to 0.1 mM phosphate,
indicating strong competition of phosphate with DNA at higher concentrations. Phosphate does
not just compete with DNA for adsorption sites, to block DNA (Chen et al. 2025), but also lowers
the charge of the goethite surface (Szewczuk-Karpisz et al. 2023), which decreases DNA
adsorption due to electrostatic repulsion. This results align well with the findings of previous
studies (Cai et al. 2007; Feng et al. 2024).

The order of addition experiments with phosphate presented in Figure 5 show, that DNA
adsorption kinetics, converge at higher phosphate concentration, indicating that
thermodynamic equilibrium is reached at strongly competitive conditions. In contrast, at low
phosphate concentration, adsorption and desorption kinetics do not converge and remain
kinetically controlled. This indicates that the ability of the system to reach thermodynamic
equilibrium depends on phosphate concentration.

Additionally, phosphate-induced DNA desorption strongly depends on DNA polymer length
decreasing in the order 99 bp>1000 bp>gDNA. This trend remains consistent across all tested
phosphate concentrations (Fig. 5 and 7). These findings align with recent results from Chen et
al. 2025, who reported that the efficiency of phosphate-induced DNA desorption is inversely
proportional to the length of linear DNA fragments. This can be attributed to the length-
dependent number of Fe—O—P bonds between phosphate groups of the DNA backbone and
surface hydroxyl groups on goethite. Longer DNA polymers establish substantially more Fe—O—
P bonds per molecule, which increases the energetic barrier for desorption (Feng et al. 2024;
Chen et al. 2025). Consequently, the displacement of these bonds during phosphate-induced
DNA desorption is more efficient for shorter DNA molecules, resulting in higher desorption
rates, as the probability of simultaneous displacement of all bonds by phosphate increases
(Chen et al. 2025).

The results of the DNA adsorption experiment with subsequent addition of phosphate (Fig. 7)
show furthermore, that DNA desorption increases with increasing phosphate concentration.
Higher phosphate concentrations lead to more efficient competition between DNA and
orthophosphate (Chen et al. 2025). However, there is a residual fraction of DNA that does not
desorb at 100 mM phosphate even though goethite surface is overs-saturated already at 5mM

phosphate, as shown in the phosphate adsorption isotherm (Fig. 4C). It has been reported about
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residual, “irreversibly bound” DNA fractions on Fe(lll)-(oxyhydr)oxides recently (Hettiarachchi
and Grassian 2024; Chen et al. 2025). Note that Hettiarachchi and Grassian 2024 used pH 5,
which favours DNA adsorption to goethite. This residual fraction of adsorbed DNA is attributed
to the formation of covalent Fe-O-P bonds, that enhances DNA adsorption at high pH and may
lead to irreversibly adsorbed DNA (Mauvisseau et al. 2022). Feng et al. 2024 directly compared
the binding strength of nucleic acids and orthophosphate to goethite and showed that, as the
number of phosphate groups participating in Fe—O—P bonding per DNA molecule increases, the
likelihood of simultaneous desorption of all bonds decreases. This might explain the polymer-
length-dependent residual DNA fraction that remains irreversibly bound to goethite even at very
high phosphate concentrations. This residual DNA fraction may increase the plateau of the
desorption kinetics. The longer time required to reach the plateau during desorption, compared
to adsorption can be explained by multiple Fe-O-P bonds of DNA polymers, that requires
simultaneous breaking by phosphate anions, which is statistically less likely in shorter time and
therefore a slower process (Singh et al. 2025), whereas adsorption requires only few attachment
points to be formed. This may lead to a metastable non-equilibrium state (Sukhishvili und
Granick 1998), which is increasingly pronounced for longer DNA polymers and suggests kinetical
trapping.

Adsorption of DNA under the influence of inorganic phosphate is controlled by polymer length,
which results mainly from the ability of longer DNA polymers to form more Fe-O-P bonds per
molecule. Furthermore, adsorption and desorption kinetics strongly depend on phosphate
concentration, because of strong competition between phosphate-anions and DNA. The
“irreversibly bound” DNA fraction and the comparatively slower DNA desorption indicate that
phosphate induced desorption reaches a kinetically trapped state, rather than remaining

kinetically controlled. Kinetical trapping is more pronounced for longer DNA polymers.
6.1.2 Effect of BSA on DNA adsorption

The results of this thesis shown in Figures 6 and 11 demonstrate full adsorption of longer DNA
polymers on goethite with preadsorbed BSA, while the adsorption of shorter DNA polymers is
hindered by high BSA concentrations. This might be due to the adsorption behaviour of BSA on
goethite surface. OM does not distribute evenly across the mineral surface upon adsorption but
instead forms localized clusters and discrete patches (Kleber et al. 2007). Previous studies have
shown that BSA adsorbs to goethite with a heterogenous surface distribution (Kim und Grassian
2023), while others highlight the fact that proteins like BSA form aggregates in solution and
adsorb as aggregated supramolecular structures (Rabe et al. 2011; Schmidt und Martinez 2018).

The heterogenous surface of goethite with preadsorbed BSA may hinder the adsorption of stiff,
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rod-shaped short DNA, while long, flexible DNA polymers may be able to reach exposed surface
patches, forming Fe-O-P bonds. The work of Schmidt and Martinez 2018 on supramolecular
associations of DNA and BSA in solution indicates that DNA may be able to adsorb onto
preadsorbed BSA through a bridging mechanism in which BSA links DNA and goethite. However,
based on given experimental conditions one would expect BSA-DNA repulsion, as both possess
overall negative charge. It is suggested that local binding of positively charged side chain groups
of BSA (e.g. lysine, arginine) to DNA, was one of the primary nonspecific interactions between
proteins and nucleic acids (Hippel 2007; Schmidt und Martinez 2018) and may explain bridging
at neutral pH. It has been found that BSA itself exhibits a heterogeneous surface charge
distribution with localized positively charged patches, that enables interactions with
polyelectrolytes, despite net charges would predict repulsion (Mattison et al. 1998). The
heterogenous distribution of DNA-binding sites on preadsorbed BSA may again favour the
adsorption of longer DNA polymers, as they can simultaneously interact with multiple positively
charged side chains.

The BSA adsorption isotherm as well as BSA adsorption kinetics (Fig. 4 and 10) indicate strong
affinity of BSA to goethite, which correlates well with previous studies (Tian et al. 2020).
However, BSA cannot exchange preadsorbed DNA from goethite surface, as shown in Figure 6.
Preadsorbed BSA on goethite hinders the adsorption of short “stiff” DNA fragments due to the
patchy, heterogenous charge distribution on the goethite surface and BSA itself. In contrast,
longer “flexible” DNA polymers can bridge these patches and thus adsorb to both, the goethite

surface and surface-bound BSA, such that total DNA adsorption is not reduced.

6.2 Effect of polymer length and competing species on the enzymatic degradation of DNA on
goethite

Overall, the results suggest that enzymatic hydrolysis of DNA is strongly governed by the
presence of competing species and the DNA polymer length (Fig. 8 and 9). Degradation of
adsorbed DNA increases with polymer length in the order 99 bp<1000 bp<gDNA. Hesslink's
model of polyelectrolyte adsorption that describes how charged polymers adsorb as trains-
loops-tails serves, to explain the experimental results. While shorter DNA polymers adsorb as
stiff rod-shaped molecules flat on the goethite surface as so-called trains, longer DNA polymers
adsorb with interspersed surface-bound segments (trains), with substantial parts of their long
flexible strands forming loops and tails that extend freely into the solvent (Jenckel and Rumbach
1951; Hesselink 1977; Sodnikar et al. 2021). These solvent-exposed parts of long DNA polymers

are therefore not protected through adsorption and prone to enzymatic hydrolysis. Control
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batches of the degradation experiments without mineral show that DNA in solution is degraded
completely by enzymatic hydrolysis within experimental conditions. That is in line with the
findings of Brundin et al. 2013 who showed, that DNA in solution is completely degraded within
30 minutes. The electropherogram (Fig. 8D) of the 99 bp DNA degradation experiment shows
that a fraction of adsorbed 99 bp DNA retains its original polymer length after enzymatic
hydrolysis, indicating that parts of the DNA is not fragmented by DNase | and therefore
protected. At the same time, a substantial fraction of the 99 bp DNA is degraded into shorter
fragments. These <99 bp fragments are detectable only in samples without phosphate and at
low phosphate concentration. This <99 bp DNA fraction may arise from DNA that is degraded at
their solvent-exposed tails and loops, which is unlikely for 99 bp DNA as it is assumed that 99 bp
DNA adsorbs flat on the surface. Moreover, the <99 bp DNA fragments indicate, that DNase |
also attacks parts of DNA, which are adsorbed flat as trains. Based on the data for 1000 bp and
gDNA experiments it remains uncertain if the peak at 100 bp depicts degradation products or if
this is the fraction of adsorbed DNA considered as trains that never experienced direct
enzymatic attack. Since small DNA fragments preferentially adsorb in competition with longer
DNA polymers (Singh et al. 2025), degradation products likely explain the peak at ~100 bp,
rather than non-degraded trains.

The results of the degradation experiments offer further evidence that DNA exposed to
degradation leads to highly fragmented DNA polymers with preferential preservation of
fragments at 100 bp or smaller (Pddbo 1989; Deagle et al. 2006; Pietramellara et al. 2009;
Dabney et al. 2013). Furthermore, it was proved that mineral-associated DNA is partly protected

from enzymatic hydrolysis, while the protection effect depends on DNA polymer length.
6.2.1 Effect of phosphate on enzymatic degradation

The results of the degradation experiments under the influence of preadsorbed phosphate (Fig.
8A-C) show that the degradation of mineral-associated DNA increases with increasing
phosphate concentration. As discussed previously, preadsorbed phosphate decreases DNA
adsorption by blocking binding sites and lowering the surface charge of goethite. Therefore,
more DNA remains in solution, where it gets easily degraded by DNase |. At 0.1 mM phosphate
most of the gDNA is adsorbed, still there is no DNA surviving. This can be attributed to the fact
that long DNA polymers (e.g. gDNA), are more susceptible to degradation. However, a second
protection mechanism may play a role there. Previous works highlighted the fact, that DNA
protection against enzymatic degradation is not solely governed by DNA adsorption but also
through the physical separation of DNA from DNase |, as the nuclease adsorbs to mineral surface

too (Demaneéche et al. 2001; Cai et al. 2006b; Brundin et al. 2013). Increasing surface-bound

43



phosphate is expected to reduce DNase | adsorption and consequently, to decrease enzyme
inactivation by surface binding.

The experimental results suggest two effects of increasing phosphate concentrations on
enzymatic degradation of mineral-associated DNA: First, the competition of phosphate with
DNA reduces DNA adsorption and consequently makes it more available for degradation.
Second, increasing phosphate concentration decreases DNase | adsorption to the mineral
surface and thus increases the concentration of active enzyme in solution. While the first
argument was proved experimentally, the second argument about DNase | adsorption needs to

be addressed in further experiments.
6.2.2 Effect of BSA on enzymatic degradation

The degradation experiments with preadsorbed BSA show that the fraction of the initially
adsorbed DNA that degrades through enzymatic hydrolysis increases with increasing BSA
concentration for 1000 bp and gDNA (Fig. 9B, C). While the fraction of the 99 bp DNA
degradation products (Fig. 9A) remains stable. These results indicate that longer DNA polymers
adsorbed onto BSA-associated goethite are more susceptible to enzymatic degradation. In
addition to the loops and tails of longer DNA polymers, enzymatic activity may be increased by
decreasing enzyme adsorption due to competition with BSA. Previous studies have shown that
BSA blocks DNase | from adsorbing to illite, and therefore increases nuclease activity in solution
(Demaneéche et al. 2001), because BSA blocks binding sites for the DNase | enzyme. Therefore,
DNase | remains available to degrade DNA preferentially at the solvent-exposed loops and tails.
Furthermore, the peak shifts observed in Figure 9D and E indicate that increasingly smaller DNA
fragments survive with increasing BSA concentration. Additionally, the right-skewness of the
DNA size distribution after enzymatic hydrolysis decreases with increasing BSA concentration
(Fig. 9D, E). Both supports the argument of more effective enzymatic hydrolysis with increasing
BSA concentration.

However, the results of the degradation experiments with 99 bp shows an opposite trend, as
DNA degradation with respect to initially adsorbed DNA remains stable with increasing BSA
concentration. Additionally, the electropherogram (Fig. 9D) show that a fraction of the 99 bp
DNA consistently retains its original fragment length after adding DNase |, regardless of the BSA
concentration. Both indicates that DNA shorter than the “persistence length” adsorbs partly in
a geometry that makes the polymer inaccessible for enzymatic hydrolysis. Assuming a
heterogenous, patchy adsorption of BSA with clustering and the formation of multilayers (Kleber
et al. 2007; Rabe et al. 2011; Schmidt und Martinez 2018; Barreto et al. 2020; Kim und Grassian

2023), fractions of the short DNA polymers may adsorb flat within the open surface patches and
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the multilayer, where they would be physically protected, as BSA shields DNase | from the
surface (Cai et al. 2006b).

These findings show that preadsorbed BSA on goethite increases DNA degradation, as it hinders
DNA and DNase | adsorption. This is counteracted for 99 bp DNA polymers, probably because
short DNA fragments are physically protected by BSA clusters. This provides further evidence

for the predominance of highly fragmented eDNA.

7 Conclusion

This thesis investigates the impact of competing species (BSA and phosphate) and DNA polymer
length (99 bp DNA, 1000 bp DNA and gDNA) on adsorption and enzymatic hydrolysis of DNA on
goethite. The results show that irrespective of the presence, type and concentration of
competing species, DNA adsorption increases with polymer length due to the prevailing
adsorption as loops and tails for longer DNA molecule and therefore a reduced foodprint per
molecule. This suggests that longer DNA polymers show a higher adsorption capacity to
minerals in the environment. Desorption of DNA in the presence of inorganic phosphate also
depends on polymer length, as longer DNA molecules can form a larger number of Fe—O—-P
bonds per molecule, which requires simultaneous breaking of these bonds. As equilibrium
cannot be attained within 504 hours DNA adsorption-desorption processes under the influence
of phosphate are kinetically controlled. However, the persistence of an “irreversibly bound” DNA
fraction and the comparatively slow phosphate induced DNA desorption rate indicate that DNA-
phosphate competition leads to kinetically trapped, metastable states rather than purely
kinetically controlled processes. This kinetical trapping becomes increasingly pronounced with
increasing DNA polymer length, reflecting the larger number of phosphate groups involved in
surface bonding and the resulting higher degree of metastability. As shown by previous studies,
this thesis confirms that phosphate is a strong competitor of DNA due to similar adsorption
mechanism of DNA and phosphate on goethite. Phosphate reduces the adsorption of DNA onto
goethite by inhibiting adsorption as well as desorbing DNA. The extent of this competition is
influenced by both the concentration of phosphate and DNA polymer length. BSA on the other
hand couldn’t desorb preadsorbed DNA even at high concentrations. The presence of BSA on
goethite surface mainly affected the adsorption of shorter DNA polymers due to the patchy,
heterogenous charge distribution on the BSA-mineral surface, while longer “flexible” DNA
polymers may bridge these patches. It was experimentally confirmed that enzymatic hydrolysis
of DNA adsorbed to goethite leads to highly fragmented DNA with a preferential preservation

of 100 bp or smaller. DNA degradation increases with DNA polymer length, as longer DNA
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polymers exhibit large parts of solvent exposed tails and loops. The presence of BSA and
phosphate on the surface of goethite, resulted in more degradation compared to pristine
goethite, as they reduce DNA adsorption. Additionally, DNase | adsorption may be partly
blocked by competing species, making the enzyme more available and enhance DNA
degradation. Furthermore, the results of the 99 bp DNA degradation experiments with
preadsorbed BSA indicate, that trains of short DNA polymers may be incorporated within the
BSA multilayer on the goethite surface leading to physical protection against enzymatic
hydrolysis.

To assess the environmental implications of phosphate on DNA adsorption and degradation, it
is necessary, to constrain interpretations to environmentally relevant concentrations. In this
case phosphate ranges between 0.0001 — 0.26 mM, but usually below 0.01 mM (Mulqueen et
al. 2004; Ducousso-Détrez et al. 2022). Therefore, gDNA adsorption would not be substantially
affected by environmentally relevant phosphate concentrations, while short DNA fragments are
already prone to desorption. However, short DNA fragments at 0.01 mM phosphate are
protected better against enzymatic hydrolysis than longer DNA polymers. These results suggest,
that for choosing sampling sites for eDNA/aDNA e.g. cave sediments, potential phosphate
enrichment due to guano deposits (de-Dios et al. 2025; Gelabert et al. 2025) or bone dissolution
(Biswas et al. 2022) should be considered. Also, the strong competition between DNA and
phosphate indicates that elevated phosphate concentrations, for example in heavily fertilized
soils, must be considered when evaluating the environmental fate of double-stranded RNA
(dsRNA) from genetically modified RNA interference (RNAi) crops in agricultural systems
(Sodnikar et al. 2021).

This work demonstrates that long-term DNA preservation is promoted by adsorption onto
goethite surfaces at low phosphate concentrations, as well as by interactions with OM
associated with the mineral surface. DNA polymers smaller than 100 bp were particularly
protected against enzymatic hydrolysis, which may be supported by the incorporation into OM
structures on the mineral surface.

Future research should further investigate the structure of OM adsorbed onto mineral surfaces
and its potential to protect DNA from enzymatic degradation. In addition, future studies on
enzymatic hydrolysis of DNA polymers should consider the influence of competing ions and
organic matter on DNase | activity, particularly potential competitive effects during DNA
degradation. Moreover, the presence of divalent cations in the environment may also affect
DNA—goethite interactions, as well as competitive processes and degradation dynamics and

therefore requires further investigation.
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8 Supplement Information (SI)

8.1 BSA adsorption kinetics
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Figure 10: BSA adsorption kinetics; initial BSA concentration 300 ng/ul with sampling points ranging from 1-60

minutes up to 48 hours

8.2 DNA adsorption as a function of preadsorbed BSA
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Figure 11: Adsorption of 40 ng/ul of 99 bp DNA, 1000 bp DNA and gDNA on goethite at BSA concentrations ranging
from 0 and 200 ng/ul; DNA was preadsorbed for 18h followed by the adsorption of BSA for 100 h

In Figure 11 DNA adsorption as a function of preadsorbed BSA was investigated. The longer DNA
polymers (1000 bp and gDNA) are not affected of BSA being preadsorbed. Over the full BSA
concentration, there is no DNA detectable in solution, which means full adsorption for 1000 bp

and gDNA. In contrast, 99 bp DNA in solution rises with increasing BSA concentration up to 60%
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DNA in solution. Therefore, 99 bp DNA adsorption decreases from 100% at O ng/ul BSA

continuously to 40% adsorption with 200 ng/ul BSA
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Figure 12: no DNase | control gDNA; Electropherogram of gDNA without DNase |
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