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SUMMARY

Protecting water resource quality is a global concern, as both solute and colloidal con-
taminants from various sources can infiltrate into soil and eventually pollute groundwa-
ter. Understanding the fate and transport of colloidal contaminants- such as engineered
nano- and micro-particles, as well as biological entities like bacteria and viruses- is cru-
cial for mitigating their associated risks. The transport and deposition of the colloidal
contaminants are complex and multiscale processes in porous media.

This dissertation explored the application of DNA-based particles as potential tracer
agents. Advances in nanotechnology and molecular biology have enabled the devel-
opment of synthetic DNA-based particles that synthetic DNA act as “barcodes”. These
particles are highly detectable and quantifiable at low concentrations using qPCR tech-
niques, making them ideal for mapping contamination pathways, determining aquifer
hydraulic connectivity, tracking multiple sources simultaneously, and serving as surro-
gates for tracking the transport and pathways of colloidal contaminants.

DNA-based particles have recently been used as tracers in hydrological studies. The
focus of the dissertation is on DNA-based particles with a core-shell structure made of
silica encapsulating double-stranded DNA (referred to as DNAcol). Since DNA-based
particles can be classified as colloidal particles, this research aims to better understand
the mechanisms governing their transport and fate under varying physicochemical con-
ditions. By examining its responses to different tested conditions, the study seeks to
identify the environmental conditions in which this tracer can be most effectively ap-
plied.

Chapter 2 of this dissertation investigated the transport and deposition kinetics of
DNAcol using saturated sand column experiments under various conditions, including
different porewater chemistries, flow rates, and sand grain size distributions, to identify
optimal environmental conditions for DNAcol use. The results indicated that DNAcol
transport is well-described by first-order kinetics for both attachment and detachment
processes. Calculated sticking efficiencies showed that a significant fraction of DNA-
col that collided with sand grain surfaces attached to them at high ionic strength, while
transient porewater chemistry conditions caused substantial re-entrainment. The re-
sults highlighted DNAcol’s sensitivity to physical and chemical factors, limiting its ef-
fectiveness as a hydrological tracer for studying subsurface flow paths, particularly in
fine-grained sands or at low-flow velocities. DNAcol is most suitable for investigating
flow paths and travel times in coarse-grained aquifers with relatively high flow rates over
short distances (i.e., meter scale).

Chapter 3 examined the transport and release of DNAcol in porous media under vary-
ing porewater chemistry conditions, focusing on the effects of natural organic matter
(NOM) concentrations and ionic strength (CaCl2). The study aimed to identify the main
factors influencing DNAcol deposition and release during steady and transient porewa-
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ter chemistry conditions. Under steady porewater chemistry conditions, DNAcol depo-
sition rates significantly increased at 1 and 10 mM ionic strength (CaCl2), resulting in
approximately 98-99% removal with the sand columns. In contrast, deposition rates de-
creased as NOM concentrations increased. The calculated sticking efficiency for DNAcol
under 1 and 10 mM CaCl2 in the absence of NOM indicated favorable attachment condi-
tions but decreased to 0.03-0.49 in the presence of 5 and 20 mg-C L−1 NOM. During tran-
sient porewater chemistry conditions, breakthrough curves showed clear evidence of
colloid remobilization, with higher remobilization rates observed when the initial ionic
strength was 10 mM compared to 1 mM. These findings highlighted the complex inter-
actions between water quality parameters and the behavior of colloidal matter in porous
media, emphasizing the impact of environmental changes on colloidal deposition and
release.

Chapter 4 explored the potential application of DNAcol in agricultural fields using
organic-rich natural groundwater. Building on the findings from Chapter 3, controlled
column experiments were conducted to examine DNAcol transport and retention dy-
namics. Breakthrough curves from sand columns using two types of groundwater showed
moderate DNAcol removal. While, experiments with synthetic groundwater lacking or-
ganic matter showed increased DNAcol removal. Additionally, DNAcol’s hydrodynamic
size changed over a period of two hours, indicating homo-aggregation. In sand columns
using synthetic groundwater, DNAcol exhibited 2-3 log removal. DNAcol concentra-
tions in the effluent of undisturbed soil columns were very low. Consistent with findings
in Chapter 3, a reduction in porewater ionic strength resulted in DNAcol mobilization,
highlighting the influence of transient water quality on its transport behavior.

Chapter 5 described an event-based multi-tracer experiment using DNAcol at the plot
scale on a hillslope to assess the contributions of different parts of the hillslope to sub-
surface runoff and the impact of preferential flow paths. The results indicated that the
experiment did not achieve its intended goals. To address these challenges and enhance
the effectiveness of future experiments, this chapter proposed several improvements for
future experiments: optimizing tracer concentration and sampling duration, developing
and validating methods to increase DNA concentration in collected samples, investigat-
ing the presence of inhibitory compounds in environmental water samples, and defining
strategies to mitigation these issues.

Chapter 6 concluded the dissertation, discussed its limitations, and suggested some
potential avenues for future research on DNA-tagged particles.

This dissertation systematically investigated several factors influencing DNAcol trans-
port and removal mechanisms. The findings highlighted variations in DNAcol behavior,
particularly under varying natural organic matter concentrations and ionic strengths.
The results also underscored the importance of accounting for the remobilization of en-
gineered microparticles and biological contaminants in response to changes in porewa-
ter chemistry.

By conducting systematic studies, we can deepen our understanding of colloidal trans-
port dynamics, improving our ability to predict their behavior in subsurface environ-
ments. This knowledge is crucial for developing effective risk management strategies to
protect groundwater and provides practical insights for mitigating colloidal contamina-
tion risks.



SAMENVATTING

Bescherming van de waterkwaliteit is een wereldwijde zorg, aangezien zowel opgeloste
als colloïdale verontreinigingen uit verschillende bronnen in de bodem kunnen komen
en uiteindelijk het grondwater vervuilen. Het begrijpen van het transport van colloïdale
verontreinigingen, zoals gesynthetiseerde nano- en microdeeltjes, evenals biologische
verontreinigingen zoals bacteriën en virussen, is cruciaal om de bijbehorende risico’s
te verminderen. Het transport en de verwijdering van colloïdale verontreinigingen in
poreuze media zijn zeer complexe processen.

Dit proefschrift onderzoekt de toepassing van DNA-gebaseerde deeltjes als potentiële
tracer. Recente vooruitgang in nanotechnologie en moleculaire biologie heeft de on-
twikkeling mogelijk gemaakt van synthetisch DNA-gebaseerde deeltjes waarbij het syn-
thetisch DNA fungeert als een “streepjescode”. Deze deeltjes zijn zeer goed te meten met
behulp van qPCR-technieken, ook in hele lage concentraties. Hierdoor zijn ze ideaal
voor het in kaart brengen van transport van verontreiniging, het bepalen van hydraulis-
che eigenschappen van aquifers, het gelijktijdig traceren van meerdere bronnen en kun-
nen ze dienen als surrogaat voor het volgen van colloïdale verontreinigingen.

Een aantal verschillende op DNA-gebaseerde deeltjes zijn recentelijk gebruikt als trac-
ers in hydrologische studies. De focus van dit proefschrift ligt op DNA-gebaseerde deelt-
jes (DNAcol genaamd in dit proefschrift) met een silica kern, dan het DNA en dan weer
een beschermende schil van silica. Dit onderzoek streeft ernaar de mechanismen te be-
grijpen die het transport en gedrag bepalen van de colloïdale DNAcol deeltjes onder ver-
schillende fysisch-chemische omstandigheden. Deze studie heeft tot doel de natuurlijke
omstandigheden te identificeren waarin deze tracer effectief kan worden toegepast.

Hoofdstuk 2 van dit proefschrift onderzocht het transport en depositie van DNAcol
door middel van experimenten in verzadigde zandkolommen onder verschillende om-
standigheden. Hierbij werd gekeken naar waterkwaliteit, stromingssnelheden en korrel-
groottes van het zand. De resultaten gaven aan dat het transport en gedrag van DNAcol
goed kan worden beschreven door een 1e orde evenwichtsvergelijking voor zowel bind-
ing als remobilisatie van DNAcol in het zand. De berekende ‘sticking’efficiënties toon-
den aan dat een aanzienlijk deel van de DNAcol dat in botsing kwam met de zandkor-
rels zich bij hoge ionsterkte hechtte, terwijl veranderende grondwaterkwaliteit aanzien-
lijke remobilistaie veroorzaakte. De resultaten benadrukten de gevoeligheid van DNAcol
voor fysische en chemische factoren, wat de effectiviteit als hydrologische tracer voor het
bestuderen van ondergrondse stroming enigszins beperkt, vooral in fijnkorrelige zan-
den of bij lage grondwaterstroomsnelheden. DNAcol is het geschiktst voor onderzoek
naar stroombanen en reistijden in grofkorrelige watervoerende lagen met relatief hoge
stroomsnelheden over kortere afstanden (d.w.z. meterschaal).

Hoofdstuk 3 onderzocht het transport van DNAcol in poreuze media met verschillende
grondwaterkwaliteit, en met een focus op de effecten van concentraties van natuurlijke
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organische stoffen (NOM) en ionsterkte (CaCl2). Het doel was het effect van NOM te
identificeren dat DNAcol binding en remobilisatie beïnvloedt tijdens constante en ve-
randerende grondwaterkwaliteit. Als de chemische samenstelling van het poriewater
niet veranderende tijdens een experiment, nam de depositie van het DNAcol aan het
zand aanzienlijk toe van 1 naar 10 mM ionsterkte (CaCl2), wat resulteerde in ongeveer
98-99% verwijdering in de zandkolommen. Daarentegen nam de depositie sterk af naar-
mate de NOM-concentraties toenam. Berekeningen van de ‘sticking’ efficiëntie voor
DNAcol bij 1 en 10 mM CaCl2 zonder NOM gaven aan dat de deeltjes zich erg goed
hechtte aan het zand, maar dat deze afnamen naar 0.03-0.49 in aanwezigheid van 5
en 20 mg-C L−1 NOM. Als de waterkwaliteit vervolgens veranderd werd, toonden door-
braakcurves duidelijk bewijs van remobilisatie van de DNAcol. Hogere remobilisaties-
nelheden werden waargenomen wanneer de initiële ionsterkte 10 mM was in vergelijk-
ing met 1 mM. Deze bevindingen benadrukten de complexe interacties tussen waterk-
waliteit en het gedrag van colloïdaal materiaal in poreuze media en de impact van ve-
randerende chemische samenstelling van het water bij binden en remobilisatie van col-
loïdale deeltjes.

Hoofdstuk 4 onderzocht de toepassing van DNAcol in landbouwgebieden met be-
hulp van organisch-rijk natuurlijk grondwater. Voortbouwend op de bevindingen van
Hoofdstuk 3 werden kolomexperimenten uitgevoerd om het transport en de retentie-
dynamiek van DNAcol te bestuderen. Doorbraakcurves van zandkolommen met twee
soorten grondwater toonden een matige verwijdering van DNAcol. Experimenten met
synthetisch grondwater zonder organisch materiaal lieten daarentegen een verhoogde
verwijdering van DNAcol zien. Bovendien veranderde de hydrodynamische grootte van
DNAcol binnen twee uur, wat duidde op homo-aggregatie. In zandkolommen met syn-
thetisch grondwater vertoonde DNAcol een 2-3 log verwijdering. De DNAcol-concentraties
in het uitstromende water van ongestoorde bodemkolommen waren zeer laag. In overeen-
stemming met de bevindingen in Hoofdstuk 3 leidde een verlaging van de ionsterkte van
het poriewater tot mobilisatie van DNAcol, wat de invloed benadrukte van veranderin-
gen in waterkwaliteit op het transportgedrag.

Hoofdstuk 5 beschrijft een plotschaal multi-tracer experiment op een helling met daar-
bij ook DNAcol als tracer. Het experiment was opgezet om de bijdragen van verschil-
lende locaties van de helling aan ondergrondse afstroming van water in kaart te brengen
en de impact van voorkeursstroombanen te bestuderen. De resultaten gaven aan dat het
experiment met DNAcol niet de beoogde doelen bereikte. Om deze uitdagingen aan te
pakken en de effectiviteit van toekomstige experimenten te verbeteren, stelt dit hoofd-
stuk verschillende verbeteringen voor: optimalisatie van tracerconcentratie en bemon-
steringsduur, ontwikkeling en validatie van methoden om de DNAcol concentratie in de
watermonsters te verhogen, en onderzoek naar de aanwezigheid van stoffen in de wa-
termonsters die DNA analyses hinderen.

Hoofdstuk 6 sluit het proefschrift af en bespreekt de beperkingen van het onderzoek
en geeft enkele suggesties voor toekomstig onderzoek naar DNA-gelabelde deeltjes. Dit
proefschrift deed systematisch onderzoek naar verschillende factoren die het transport
en de verwijderingsmechanismen van DNAcol beïnvloeden in de ondergrond. De bevin-
dingen benadrukten veranderingen in het gedrag van DNAcol, met name onder wisse-
lende concentraties van NOM en ionsterkte in het grondwater. De resultaten benadruk-
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ten ook het belang van het rekening houden met de remobilisatie van DNAcol en biolo-
gische verontreinigingen als reactie op veranderingen in de grondwaterkwaliteit.

Door systematische en gecontroleerde studies uit te voeren, kunnen we ons begrip van
het transport van colloïdale deeltjes vergroten en hun gedrag in ondergrondse omgevin-
gen beter voorspellen. Deze kennis is essentieel voor het ontwikkelen van effectieve
strategieën om grondwater te beschermen en biedt praktische inzichten voor het ver-
minderen van risico’s op colloïdale verontreiniging.
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1.1. INTRODUCTION
Water is vital for life, and access to safe, clean water is crucial for health and
well-being. Groundwater, a critical component of our water resources, supports
diverse ecosystems, serves as a source of drinking water, and is indispensable for
agriculture and industry in many regions. Ensuring the sustainable management and
monitoring of groundwater is vital to protect these invaluable resources for current
and future generations. Effective strategies help mitigate water scarcity, prevent
over-extraction, and shield against contamination from urban, agricultural, industrial,
and waste disposal activities. Tracking the sources and pathways of contamination-
such as emerging pollutants, inorganic compounds, chlorinated chemicals, pesticides,
nanoparticles, and biological agents like bacteria and viruses- is fundamental to
preventing water pollution. Addressing water pollution demands comprehensive
approaches due to the complexity and heterogeneity of hydrological systems [1]. To
address these challenges, in-situ observations, pumping tests, tracer studies [1–6],
and modeling techniques are often combined. These integrated approaches provide
deeper insights into the connectivity and behavior of groundwater systems, helping
to develop effective solutions to maintain clean and safe water supplies.

1.2. HYDROLOGICAL TRACER
Tracer tools play a vital role in hydrological studies, especially in soil and groundwater
systems where direct observations are limited [1]. The applications of tracer studies
date to the 1950s [6]. Tracers used in hydrological studies are generally categorized
into environmental tracers and artificial tracers. Environmental tracers are naturally
occurring substances in the environment. For instance, isotopes are commonly used
environmental tracers in hydrology, such as Deuterium (2H) and Oxygen-18 (18O)
[4]. The second category consists of artificial tracers, or human-applied tracers, such
as fluorescent dyes, and salts. Inorganic anions like Cl−, Br− also fall under this
category. Among artificial tracers, dye tracers have proven to be highly effective tools
[3], due to their direct observability or indirect detectability [4].

Bacteria, viruses, phages, DNA, and microparticles have been used as drifting
particle tracers to explore filtration capacity of aquifer and vadose zone, flow
pathways and patterns of groundwater biological and particle contaminants in
aquifer, sewage, and irrigation water [3, 7–10]. Microsphere tracers of varying sizes
and surface properties and bacteria have been predominantly used in karstic regions
[8, 11, 12].

Both categories of tracers have their advantages and disadvantages depending on
the specific applications [1]. In hydrological studies, an ideal tracer would possess
distinct detectability within the system, ensuring it can be easily identified and
measured through the experiment. Additionally, it should exhibit physicochemical
stability, remaining resistant to changes in solution chemistry, such as fluctuations
in pH, ionic strength, and alkalinity to ensure consistent performance over time.
Environmental friendliness is another key criterion [3], as the tracer should not pose
any risk to ecosystems or human health. Finally, economic viability, as the tracer
must be cost-effective to deploy on a large scale. However, in practice, non-ideal
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tracers can be particularly valuable when their specific properties align well with
the specific applications or requirements of a study [1], offering tailored solutions in
complex environments.

One of the most promising approaches in tracer applications for understanding the
spatial-temporal patterns of environmental systems is the injection of multiple tracers
through multi-time or multi-point experiments. This technique offers significant
potential for gathering extensive information while reducing the amount of fieldwork
required [2, 13]. However, it necessitates the use of multiple, distinguishable tracers
and often requires advanced analytical and laboratory techniques [14], which limits
its application.

To overcome the limitations of the multiple-tracer technique, synthetic DNA
tracers have been proposed for hydrological studies. These tracers offer the potential
to generate a vast number of easily distinguishable markers that exhibit identical
transport behavior, are cost-effective, environmentally safe [15, 16], and have no
environmental background, making them detectable even in diluted systems due to
a unique sequence of DNA. Theoretically, DNA can be detected at the level of a
single molecule [17], enhancing the precision of tracer studies.

Over the past two decades, both free DNA and encapsulated synthetic DNA
(DNA-based particle) have been applied in several studies, demonstrating their
efficiency and potential for improving hydrological research. Comprehensive reviews
by Foppen [18] and Zhang and Huang [19] further highlight the advancement and
applications of DNA tracers in hydrological studies.

1.3. FREE DNA TRACER

DNA, or deoxyribonucleic acid, consists of a linear sequence of nucleotides, as
described by Watson and Crick [20]. Each nucleotide in DNA consists of a
deoxyribose sugar, a phosphate group, and one of four nitrogenous bases: adenine
(A), thymine (T), cytosine (C), or guanine (G). Synthetic DNA strands used as tracers
are designed in either single-stranded (ssDNA) or double-stranded (dsDNA) forms,
with lengths ranging from 50 to 500 nucleotides [18]. To ensure their uniqueness
and verify that the designed synthetic DNA sequences do not match any existing
genetic material in the environment, BLAST software, a publicly available tool, can
be used [17, 21].

Synthetic DNA can be detected and quantified using quantitative polymerase chain
reaction (qPCR) [22]. qPCR is a technique used to amplify and quantify a targeted
DNA sequence in real-time. This process involves polymerase enzymes exponentially
replicating a specific DNA sequence through a series of thermal cycles: denaturation,
annealing, and extension. Fluorescent probes or dyes (e.g., SYBR Green) are added to
the reaction to monitor the accumulation of DNA during the extension phase. SYBR
Green binds to double-stranded DNA and emits fluorescence during extension. qPCR
monitors the fluorescence emitted at the end of each cycle. The cycle threshold (Ct)
or quantification cycle (Cq) is the point at which the fluorescence exceeds a defined
threshold. This value is inversely proportional to the amount of target DNA in the
sample; meaning lower Cq values indicate higher initial amounts of target DNA. To
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quantify DNA in each sample, a calibration curve is created using serial dilutions of
known DNA concentrations. The calibration curve plots the logarithmic values of
DNA concentration against the corresponding Cq values.

The first synthetic DNA molecule used as a novel tracing technique was developed
by Aleström [23]. Following this innovation, Mahler et al. [24] conducted laboratory
experiments to bind synthetic DNA strands to powdered silica and montmorillonite
clay particles, measuring DNA concentrations over three weeks [24]. Since then, free
synthetic DNA, in the form of either ssDNA or dsDNA, has been applied as a tracer
in both laboratory and field experiments.

These applications include groundwater studies in fractured rock aquifers [16, 25],
well-injected tracer tests [13] and research on karstic [26], fractured, fissured rock
groundwater in Italy [27, 28]. They have also been used to track domestic effluent
discharges in groundwater [29], and in laboratory-saturated column experiments
packed with aquifer media [13], and in sloped lysimeter packed with crushed rock
(late Pleistocene basaltic tephra) [30].

In surface water studies, synthetic DNA has also been used in surface water field
studies in the Netherlands [15], and stream water studies using multiple synthetic
DNA tracers in Luxembourg and the Netherlands [31]. Multi DNA-tracer experiment
was also conducted in a small glacier valley in northern Sweden [14].

Results from free DNA tracer tests conducted in various conditions, including
column and field experiments, frequently showed earlier arrivals of DNA compared
to other solute tracers [13, 29, 30, 32] likely due to size exclusion or anion exclusion
[30]. Additionally, some studies have indicated less dispersion [14, 29, 32, 33].
However, a few studies have reported similar peak arrivals compared to other solute
tracers [15, 26, 31]. Most studies showed low mass recovery of free DNA tracers
[14, 15, 29, 30, 32, 33], while in some cases, DNA tracers have better performance
in terms of mass recovery rates, with mass recovery of DNA tracer 87% compared
to 33.5% for salt tracers [26]. Pang et al. [29] highlighted the potential of DNA
tracers for tracking effluent discharge in groundwater studies by injecting just 36 µg
of dsDNA into groundwater. The tracer signal was detected over three orders of
magnitude above the detection limit at a distance of 37 meters down-gradient in
the alluvial gravel aquifer. This finding underscores the potential of DNA tracers in
monitoring and detecting effluent discharge in groundwater and soil. Although they
suggested further research is needed to fully understand the interaction between
DNA and discharges [29].

The primary reason for the high initial mass loss of free DNA tracers is unclear.
However, it is likely related to several factors, including water quality, the presence of
trivalent or multivalent positively charged ions, sorption or attachment to suspended
solids, microbial consumption [15, 29, 31], and degradation due to the presence
organic matter or chemicals in the effluent [29].

Another limitation of free DNA tracers is their stability under varying environmental
stresses. Factors such as low pH, reactive oxygen species, microbial activity [16],
and elevated temperatures can negatively affect the stability of DNA molecules [34].
These challenges highlight the importance of considering environmental settings
when using free DNA tracers to ensure reliable results.
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1.4. ENCAPSULATED DNA PARTICLES

The fabrication of synthetic DNA tracers has significantly advanced through the
incorporation of various coating substances designed to protect the DNA from
environmental stresses. According to Foppen [18], six types of DNA-based particles
have been fabricated and used in hydrological applications. One approach involves
using a self-assembling system where DNA is wrapped in a condensed form
by Poly-amidoamine (PAA), a cationic homopolymer, and a PEG-PAA-PEG like
(poly(ethylene glycol)) copolymer [35]. Another design incorporates iron oxide as
a core, encapsulating DNA within Polylactic Acid (PLA), as fabricated by Sharma,
Luo, and Walter [21]. A variation of this method, employed by Dahlke et al. [14],
using polyvinyl acetate (PVA) (based on Liu et al. [36]) and poly-lactic-co-glycolic
acid (PLGA) as the shell, as demonstrated in studies by McNew et al. [37] and
Georgakakos, Richards, and Walter [38]. Silica (SiO2) core-shell particles represent
another innovative approach, where DNA is encapsulated within silica core-shell
particles, as initially fabricated by Paunescu et al. [34] and later reproduced
with modifications by Mikutis et al. [39], Zhang [40] and Zhang et al. [41].
SiO2-encapsulated DNA particle has been extensively used by researchers [39, 42–50].
Another core-shell structure design features superparamagnetic iron cores with a
silica shell to protect the DNA as developed by Puddu et al. [51] and later optimized
by Sharma et al. [52]. This design has been used by Chakraborty et al. [53] and Tang
et al. [54]. Chitosan-alginate coatings involve binding DNA to chitosan and covering
it with alginate [33]. Lastly, another design includes superparamagnetic iron cores
encapsulating plasmid DNA (pDNA) within PLA [55].

Some notable features of these DNA-based particles include the inclusion of
paramagnetic iron oxide, which facilitates sampling in dilute water environments
[21, 51, 55]. Polylactic acid (PLA) serves as a biodegradable material that gradually
degrades over several weeks to months [21]. SiO2-encapsulated DNA remains stable
in terms of size and charge in deionized water at 105 ◦C for approximately two weeks
[39]; however, the recovery rate of SiO2-encapsulated DNA particles in environmental
water depends on the surrounding temperature [39].

The application of encapsulated DNA particles has been studied in various
laboratory and environmental systems. Research has explored their behavior and
utility in porous media columns [21, 33, 39, 40, 42, 56], sand tank [53], aquifers and
fractured rock [33, 39, 46, 48], lysimeter [33], tracing septic tank leakage [38], overland
flow [21], hillslope [37], laboratory open channels [50, 54, 55], surface flow [21],
glacial environment [14], and wastewater treatment plant to track submicron-sized
silica particles during the activated sludge process [43].

In surface water, Sharma, Luo, and Walter [21] reported that DNA-based particle
tracers exhibited behavior similar to dye tracers, with a slightly faster arrival at the
longest distance. Additionally, the mass recovery rate of DNA-based particle tracers
was nearly twice that of dye tracers, likely due to the adsorption of dye on the
streambed and vegetation [21]. Pang et al. [33] also reported detectable DNA-based
particles at least 1 km downstream, with peak concentration times comparable to
those of the salt tracer. The peak concentrations of DNA-based particles 1-3 logs
higher than free DNA, a difference attributed to the greater stability and more
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negative charge of DNA-based particles [33].

Under an overland flow condition, DNA particle tracers experienced approximately
85% mass loss [21].

In a laboratory soil column, Sharma, Luo, and Walter [21] demonstrated the
proof of concept for DNA-based particle tracers, showing they were detectable
and quantifiable in effluent samples, traveling at velocities comparable to water
[21]. In another study, Kong et al. [48] used silica-encapsulated DNA particles
with tomographic inversion to determine field-scale hydraulic conductivity, finding
lower dispersion, higher mass recovery, and shorter residence times compared
to dye tracers. Mikutis et al. [39] applied silica-encapsulated DNA particles to
determine hydraulic conductivity in an unconsolidated aquifer. They also conducted
laboratory column experiments to compare encapsulated DNA particles of various
sizes with solute tracers [39]. Their column experiment results showed that
silica-encapsulated DNA particles, with a size of 159 nm, traveled at higher velocities
and achieved greater mass recovery than dye tracers but noted recovery rate
decreases with increasing particle size [39]. In fractured crystalline rock, Kittilä
et al. [46] found higher average velocities but lower mass recovery and dispersion
for silica-encapsulated DNA particles compared to dye tracers. Pang et al. [33]
investigated the behavior of both free and encapsulated DNA tracers across diverse
environments, including a stream, an alluvial gravel aquifer, a fine coastal aquifer,
and a lysimeter with undisturbed silt loamy sand. Encapsulated DNA tracers in
an alluvial gravel aquifer exhibited two orders of magnitude lower recovery than
free DNA tracers potentially due to higher filtration rates and lower injection
concentrations of encapsulated DNA tracers compared to free DNA tracers [33].
The encapsulated DNA tracer performance was poor in a coastal sand aquifer with
slow groundwater flow (19 cm day−1) [33]. In the lysimeter experiments, DNA
tracers were detectable but showed lower mass recovery and dispersion compared
to salt tracers [33]. Georgakakos, Richards, and Walter [38] used encapsulated DNA
tracers to track septic tank pollution, confirming their detectability at both local and
watershed scales and highlighting evidence of potential preferential flow paths at
local scale [38]. Interestingly, Chakraborty, Foppen, and Schijven [42] reported that
the attachment rate coefficient of DNA-based particles decreased with increasing
concentrations of injected particles. Additionally, a recent study by Chakraborty et al.
[53] examined the effect of ionic strength on estimated hydraulic parameters using
silica-encapsulated magnetic DNA particles in a sand tank. Their findings suggest
that these particles are promising tracers for determining hydraulic parameters such
as hydraulic conductivity, effective porosity, and longitudinal dispersivity over short
distances [53].

Encapsulated DNA particles have demonstrated sharper and slightly earlier
breakthrough curves compared to solute tracers in several studies involving columns,
fractured rock, aquifers, and a lysimeter attributed to size exclusion, preferential flow
paths, and reduced dispersion [33, 39, 46, 48, 57]. In contrast, Chakraborty et al. [53]
reported that size exclusion and earlier breakthrough of silica-encapsulated magnetic
DNA particles were not observed in the sand tank experiment. Mass recovery rates
for encapsulated DNA particles varied significantly across experimental and field
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conditions. For instance, Mikutis et al. [39] reported an 85.9% recovery rate for
159 nm silica-encapsulated DNA particles in the sand column, outperforming dye
tracers, but also reported a decline in recovery with increasing particle size. Pang
et al. [33], also reported lower recovery rates in field studies, primarily due to
particle filtration. Reduced performance in fine sands with low-velocity groundwater
was also reported Pang et al. [33]. Other factors affecting encapsulated DNA particle
recovery included size-dependent behavior, with larger particles exhibiting reduced
recovery [39], density effects [46], and microbial activity [39], and biofilm formation,
especially in samples stored at higher temperatures [39]. Additionally, scattered
breakthrough curves for encapsulated DNA particles have been observed in some
studies [21], which may result from particles attaching and detaching from sand
grains, as suggested by Smith et al. [58], incomplete dispersion during the injection
pulse by the pump Sharma, Luo, and Walter [21], or variability in qPCR sample
analysis Kittilä et al. [46].

These studies highlighted the complexity and variability associated with using
DNA-based particles in environmental systems. A deeper understanding of the
effects of environmental factors is crucial for the effective application of DNA-based
particles as colloidal tracers in subsurface environments.

1.5. RESEARCH OBJECTIVES
DNA-based particles are increasingly used in environmental applications as
hydrological tracers, but it is essential to recognize them as colloidal particulates,
ranging from 1 nm to 1 µm. As previously discussed, one of the main
challenges is the variation in mass recovery of DNA-based particles. The transport
behavior of colloidal particles can be influenced by mechanisms such as attachment,
detachment, interception, and sedimentation within porous media. Additionally, the
stability of colloidal particles can be affected by homo- and/or hetero-aggregation
under certain conditions.

Given the observed mass loss of DNA-based particles under environmental
conditions, this research aims to systematically explore the effects of several
environmental factors on the transport, attachment, and release mechanisms of
silica-encapsulated DNA colloid (DNAcol). This includes examining its stability in
terms of charge and size. The study aims to understand the potential mechanisms
controlling DNAcol tracer behavior from a colloidal science perspective, particularly
in response to changes in physicochemical conditions. From the standpoint of tracer
science, the research seeks to identify the environmental conditions in which these
tracers can be most effectively applied.

This research addresses several key objectives:

• Investigating the transport and deposition kinetics of DNAcol under various
physicochemical conditions.

• Enhancing our understanding of the effects of natural organic matter and ionic
strength on the transport, retention and/or attachment, and release of DNAcol
under both steady and transient porewater chemistry conditions.
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• Broadening our understanding of how organic-rich natural groundwater and
undisturbed sand affect the transport of DNAcol.

• Assessing the impact of changes in ionic strength on the remobilization
of attached and/or retained DNAcol under transient porewater chemistry
conditions.

• Evaluating and validating the application of DNAcol as a multi-tracer in
plot-scale studies on a hillslope.

1.6. RESEARCH OUTLINE
The dissertation begins with an introduction to tracer hydrology and the use of free
DNA and DNA-based particles in hydrological studies in Chapter 1.

Chapter 2 presents a series of laboratory tests designed to evaluate the transport
of DNAcol under varying porewater chemistries (demineralized water, NaCl, CaCl2),
flow rates, and sand grain size distributions. Saturated sand column experiments
were conducted to identify optimal environmental conditions for DNAcol usage.
Transport parameters of DNAcol were determined using the HYDRUS-1D model,
followed by an analysis of colloid-grain surface interactions.

Chapter 3 systematically explores the effects of natural organic matter and ionic
strength (CaCl2) on the transport, retention and/or attachment, and release of
DNAcol in saturated sand columns. The transport and release of DNAcol were
examined under steady and transient porewater chemistry conditions.

Chapter 4 extends the investigation from Chapter 3 by further exploring the role
of natural organic matter, comparing DNAcol transport and mass recoveries in
sand columns using organic-rich natural groundwater versus synthetic groundwater
without organic content. The study also examines how undisturbed soil affects
DNAcol transport and release under both steady and transient conditions.

Chapter 5 explores the application of DNAcol as a multi-tracer in an event-based
experiment conducted at a plot-scale hillslope in Germany, alongside a deuterium
tracer experiment designed by Rinderer et al. [59]. This research aims to validate
the tractability of DNAcol in the vadose zone and identify specific hillslope areas
contributing to subsurface runoff.

Chapter 6 concludes the dissertation, discusses the challenges and limitations
encountered in the research, and suggests potential insights for future studies on
the application of DNAcol as a surrogate for colloidal contaminants in subsurface
environments.
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This chapter is based on:
Kianfar, B., Tian, J., Rozemeijer, J., van der Zaan, B., Bogaard, T. A., Foppen, J. W. (2022). Transport
characteristics of DNA-tagged silica colloids as a colloidal tracer in saturated sand columns; role
of solution chemistry, flow velocity, and sand grain size. Journal of Contaminant Hydrology, 246,
103954. [44]
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2. TRANSPORT CHARACTERISTICS OF DNA-TAGGED SILICA COLLOIDS AS A COLLOIDAL

TRACER IN SATURATED SAND COLUMNS; ROLE OF SOLUTION CHEMISTRY, FLOW

VELOCITY, AND SAND GRAIN SIZE

In recent years, DNA-tagged silica colloids have been used as an environmental
tracer. A major advantage of this technique is that the DNA-coding provides an
unlimited number of unique tracers without a background concentration. However,
little is known about the effects of physicochemical subsurface properties on the
transport behaviour of DNA-tagged silica tracers. We are the first to explore the
deposition kinetics of this new DNA-tagged silica tracer for different pore water
chemistries, flow rates, and sand grain size distributions in a series of saturated
sand column experiments in order to predict environmental conditions for which
the DNA-tagged silica tracer can best be employed. Our results indicated that the
transport of DNA-tagged silica tracer can be well described by first order kinetic
attachment and detachment. Because of massive re-entrainment under transient
chemistry conditions, we inferred that attachment was primarily in the secondary
energy minimum. Based on calculated sticking efficiencies of the DNA-tagged silica
tracer to the sand grains, we concluded that a large fraction of the DNA-tagged
silica tracer colliding with the sand grain surface did also stick to that surface, when
the ionic strength of the system was higher. The experimental results revealed the
sensitivity of DNA-tagged silica tracer to both physical and chemical factors. This
reduces its applicability as a conservative hydrological tracer for studying subsurface
flow paths. Based on our experiments, the DNA-tagged silica tracer is best applicable
for studying flow routes and travel times in coarse grained aquifers, with a relatively
high flow rate. DNA-tagged silica tracers may also be applied for simulating the
transport of engineered or biological colloidal pollution, such as microplastics and
pathogens.

2.1. INTRODUCTION

Tracers are widely used in hydrological studies, such as tracking contamination
in the subsurface. In recent years, DNA-tagged silica colloids (abbreviated to
DNAcol) have been used as an environmental tracer in various applications, e.g., in
fractured reservoir characterization [40], in a coarse-grained aquifer [39], in fractured
crystalline rock [46], and at smaller scale for tomographic reservoir imaging [48]. The
use of silica colloids tagged with DNA is not limited to water and oil applications:
examples include pesticide spraying [49], and waste water sludge [43]. More recently,
DNAcol were also used as a surrogate model to study the microbial transmission in
healthcare [60], and in the setting up of a “DNA-of-things” as the storage material
[61]. The main advantages of tagging silica colloids with DNA are that it gives
the colloids a unique DNA sequence and enables analysis at low concentrations
using standard microbial techniques (e.g. quantitative polymerase chain reaction
(qPCR)). These properties provide us with a virtually unlimited amount of unique
tracer particles which make DNAcol a promising tool for hydrological and colloidal
contaminant transport research.

Transport of colloids through saturated porous media is often described at the
continuum scale (i.e., macroscopic scale) with the classic advection–dispersion partial
differential equation (e.g. [62–65]), using a first-order kinetic retention parameter.
This parameter can be correlated to colloid filtration theory using a mechanistical
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model, including the use of a correlation equation (e.g. [66–71]), to estimate the
trajectory of a colloid near a collector. More recently, the importance of colloid size
dependent dispersion [72], gravity effects of colloids [73], mechanical equilibrium
and maximum retention function [74, 75], fraction of the collector surface area
(S f ) contributing to colloid attachment, and importance of applied hydrodynamic
and adhesive torques [76, 77], concentration dependent colloid transport [76], and
nanoscale heterogeneity [77–79] were explored and highlighted.

When silica colloids travel in columns of saturated quartz sand, their transport can
be characterized by first order kinetic attachment to the sand [80–87], which is more
or less depending on ionic strength [81, 83, 88], pH [88], pore water flow velocity
([81] their exp. 5 and 9), composition of the collector surface [80, 85, 89–91] or
presence of humics [92, 93]. Furthermore, size exclusion effects might play a role
(e.g. Fig. 10a of [94], [39]). Finally, silica colloids can enhance contaminant transport
[95–98]. In the subsurface, therefore, all of the aforementioned physicochemical
factors can influence aggregation, deposition, and remobilization of colloidal matter.
To better predict the behavior of DNAcol as a tracer or surrogate we conducted a
series of saturated sand column experiments.

The objective of this study was two-fold. First, to systematically explore the
use of DNAcol in columns of quartz sand in order to compare deposition kinetics
with existing literature. Second, we wanted to identify removal of DNAcol under
various saturated porous media conditions in order to start predicting their value
in environmental applications. Thereto, we carried out column experiments with
DNAcol in which we varied solution chemistry, flow rate and grain size. In addition,
we used HYDRUS-1D to quantify transport parameters and assist in analyzing
colloid-grain surface interaction processes.

2.2. MATERIALS AND METHODS

2.2.1. THE DNA-TAGGED SILICA PARTICLE

The DNAcol was composed of a silica outer shell (SiO2), a layer of DNA molecules,
and a silica core [34]. A 1 ml 10 mg ml−1 DNAcol suspension, equal to ∼4×1011

particles ml−1 [34], was kindly fabricated and provided by the Functional Materials
Laboratory Group at ETH Zurich. Average diameter of DNA-tagged silica particles
was ∼270 nm, and density of 2.2 g cm−1 [49]. The double-stranded DNA sequence,
which was sandwiched between silica core and protective cover layer, was 80
nucleotides long (details in the Appendix A.1). Prior to use, DNAcol was washed in a
diluted commercial bleach solution (10 µl bleach to 10 ml water) to ensure no free
DNA in suspension. Then, 10000× diluted DNAcol batches (5 µl to 50 ml; DNAcol
concentration = 0.001 mg ml−1 or ∼ 4×107 particles ml−1) were prepared in Milli-Q
water, NaCl (33 mM, pH=5.5), and CaCl2 (41 mM, pH=5.8). The effect of solution
chemistries on the stability of DNAcol was measured via the zeta potential (ζ) using
a NanoSizer (Nano Series, Malvern Instrument Ltd., UK). The ζ was determined
from electrophoretic mobility using Smoluchowski’s formula (at 25 ◦C temperature,
and the dielectric constant of water medium 78.54). Thereto, three DNAcol batches
were prepared in Milli-Q water (resistivity 18 MΩ cm), NaCl (IS=33 mM, pH=5.5),
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and CaCl2 (IS=41 mM, pH=5.8) in a 10 ppm concentration (0.01 mg ml−1). After
vortexing, ζ was -42.5±5.3 mV in Milli-Q water, -33.9±6.1 mV in NaCl, and -20.7±3.3
mV in CaCl2 solution, respectively. We used these values for DLVO calculations (see
Appendix A.4, Fig A.4-A.5).

2.2.2. POROUS MEDIUM

We used two different sand types. One was quartz sand (J.T. Baker, Inc., Phillipsburg,
New Jersey) sieved to a fraction of 1000-1400 µm grain size range (coarse sand),
and the other was so-called silver sand (M31, Sibelco, Belgium) sieved to a fraction
of 500-630 µm grain size range (fine sand). To remove impurities, the sands were
soaked in 65% concentrated 4N HNO3 solution for 2 h at 100 ◦C. After cooling,
the acid was decanted and the sand was rinsed repeatedly with deionized water
until the pH stabilized around 7 and the electrical conductivity of the rinse water
became less than 1-2 µS cm−1. Then the acid-washed sand was oven dried for 24
h at 105 ◦C. The clean and dry sand was stored in a capped container for further
use. The zeta potential of both fine and coarse sand was determined with a crushed
fraction. Thereto, both fine and coarse sand were ground manually using a mortar
and pestle. Then, ∼0.5 g of crushed sand was added to 10 ml of each Milli-Q water,
NaCl, and CaCl2 solution. Each suspension was vortexed three times and allowed
to settle for 2 min. The supernatant was used for measuring the zeta potential.
The ζ-potential for fine sand was -34.4±5.4 mV (in Milli-Q water), -39.4±5.4 mV (in
NaCl), and -15.3±4.3 mV (in CaCl2) while for coarse sand it was -33.1±4.7 mV (in
Milli-Q water), -41.2±7.1 mV (in NaCl), and -11.3±4.5 mV (in CaCl2). The mean
and standard deviation values are calculated from the average of mean and standard
deviation of triplicate measurements.

2.2.3. COLUMN EXPERIMENTS

Soil column experiments were conducted with adjustable-height chromatography
columns, made of borosilicate glass (Omnifit, Cambridge, UK). The column, with an
inner diameter of 2.5 cm, was wet-packed with one of the two sands to a height
of 6.5 cm. Before packing the column, CO2 gas was flushed into the dry sand to
increase wettability of the sand upon wet-packing. During wet-packing, the column
was vibrated with a plastic bar to facilitate uniform packing. After connecting the
pump, demineralized water was injected in an upward direction at a constant flow
rate. Typically, two columns were prepared; one with fine sand, and one with coarse
sand. These columns were run in parallel at similar pump speed (see Table 2.1 for
an overview). First, 2-2.5 pore volumes of NaCl solution was injected in order to
determine dispersivity and porosity of the sand. Thereto, at specific time intervals, as
a proxy for NaCl-concentration, the Electrical Conductivity (EC) of the effluent was
measured. Then, the influent solution was switched back to Demineralized water
(DM water) to flush out remaining NaCl solution. Next, a 2-2.5 Pore Volumes (PV)
of a 10−3 mg ml−1 (∼ 4×107 particles ml−1) DNAcol suspension in DM water under
continuous mixing was injected in the column, followed by at least 3 PV flushing
with DNAcol-free solution. The column was flushed overnight with NaCl, and then
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a 2-2.5 PV of a 10−3 mg ml−1 (∼ 4×107 particles ml−1) DNAcol suspension in NaCl
under continuous mixing was injected in the column, followed by at least 3 PV
flushing with DNAcol-free solution. The column was flushed overnight with CaCl2,
and then a 2-2.5 PV of a 10−3 mg ml−1 (∼ 4×107 particles ml−1) DNAcol suspension
in CaCl2 under continuous mixing was injected in the column, followed by at least
3 PV flushing with DNAcol-free solution. So, per column, a total of 4 experiments
were carried out. The tubing pore volume was negligible.

Table 2.1.: Overview of experimental conditions for column experiments with
DNAcol.

Solution Sand2 Flow3 Data shown Remarks
chemistry1 in Fig 2.1

DM water Coarse High 1E
Fine High 1F
Coarse Low 1G
Fine Low 1H

NaCl Coarse High 1I
Fine High 1J
Coarse Low 1K Extra Milli-Q water flush
Fine Low 1L Extra Milli-Q water flush

CaCl2 Coarse High 1M
Fine High 1N
Coarse Low 1O Extra Milli-Q water flush
Fine Low 1P Extra Milli-Q water flush

1 DM: demineralised water; [NaCl]= 33 mM (pH=5.5); [CaCl2]= 41 mM (pH=5.8).
2 Coarse sand: 1000-1400 µm; fine sand: 500-630 µm.

3 High flow: pump rate 0.8±0.02 ml min−1; low flow: pump rate 0.16±0.01 ml min−1.

For a number of experiments (‘Extra Milli-Q water flush’ in see Table 2.1) at the
end of the experiment we applied a 3 PV flush of demineralized water in order to
mimic transient chemistry conditions and to possibly re-entrain previously attached
DNAcol. Most experiments were carried out in duplicate. For each experiment
∼0.8 ml column effluent was collected in a 20-ml centrifuge tube using a fraction
collector (OMNICOLL, LAMBDA Laboratory Systems, Switzerland). Of this, 100 µl
was pipetted into a 1.5 ml Eppendorf vial and stored at 4 ◦C in the fridge for DNA
release and qPCR analysis later.

2.2.4. DNA RELEASE AND QPCR ANALYSIS

The concentration of DNA in a sample was determined using the qPCR technique.
In order to dissolve the silica shell and release the encapsulated DNA, 20 µl of
collected sample was mixed with 1 µl of buffer oxide etch (BOE; a mixture of
NH4FHF (Merck, Germany) and NH4F (Sigma-Aldrich), diluted 10 times in Milli-Q
water; see for details Paunescu et al. [34]). After this, 100 µl Tris-HCl buffer at pH
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8.3 was added to adjust pH to near-neutral value, and of this 5 µl was added to
each qPCR tube (8-tube strip) (BIOplastics, the Netherlands), together with 1 µl of
each forward and reverse primer (DNA oligomers (Biolegio, Nijmegen, Netherlands)):
5
′
-GAT TAGCTT GAC CCG CTC TG-3

′
and 5

′
-AGT TGG GGT TTG CAG TTG TC-3

′
),

10 µl Kapa SYBR Green Fast qPCR Mastermix (Kapa biosystems, Sigma-Aldrich), and
3 µl DEPC treated water (Sigma-Aldrich). The pre-qPCR samples tubes were closed
with optical 8-cap strip (BIOplastics, the Netherlands). Sample preparation of first set
of experiments was done by manual pipetting; later, qPCR sample preparation was
carried out using a pipetting robot (QIAgility instrument; Qiagen, Hilden, Germany).
DNA concentrations were determined using a Mini-Opticon (Bio-Rad, Hercules, CA,
USA) programmed to run 400 sec at 95 ◦C and then 42 cycles of [14 sec at 95 ◦C, 27
sec at 58 ◦C, 25 sec at 72 ◦C]. Results in terms of threshold cycles (Ct) were analyzed
using the Bio-Rad CFX Manager 3.1 software and applying the regression function
in the Cq determination mode (as opposed to the manually adjustable baseline
subtraction). DNAcol concentrations were then read from a calibration curve from
duplicated samples, which was prepared for each solution chemistry (Appendix A.2;
Fig. A.1-A.3.

2.2.5. MODELING TRANSPORT OF DNACOL

Transport of silica colloids in saturated porous media can be described by the
advection-dispersion equation with first order attachment and detachment (e.g. [81,
83, 84, 92]):

ÇC

Çt
+ ρb

θ

ÇS

Çt
=λLν

Ç2C

Çx2 −νÇC

Çx
(2.1)

ρb
ÇS

Çt
= kat tθC −kdetρbS (2.2)

where C is the concentration of silica colloid in the aqueous phase [ML−3], S is
the concentration of silica colloid in the solid phase [MM−1], ρb is the dry bulk
density [ML−3], θ is volumetric water content [M3M−3], t is time [T], λL is the
dispersivity [L], ν is the pore water velocity [MT−1], x is the traveled distance [L], and
kat t and kdet are attachment and detachment rate coefficients [T−1], respectively.
A large number of advection-dispersion models have been developed to describe
solute and colloid transport in porous media analytically and/or numerically, either
with one- or two-site kinetic attachment or adsorption [99–104]. In this work, we
used HYDRUS-1D [105] to determine values of dispersivity, porosity, and attachment
and detachment rate coefficients. The first two parameters (i.e., dispersivity (λL),
porosity (ϵ)) were determined by fitting the NaCl tracer data, while for the latter two
parameters (first-order attachment (kat t ), and detachment rate coefficients (kdet ))
the DNAcol breakthrough data were used by invoking porosity and dispersivity
values obtained from the NaCl tracer experiment, whereby the code was set to
log-resident concentrations. In doing so, we excluded colloid size dependent
dispersivity and mechanical equilibrium (see Introduction section). The former
assumption underestimated colloid dispersivity. Also, gravity effects were excluded,
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since the DNAcol was small resulting in negligible restricted settling velocity as
a function of column orientation and flow direction [73]. The model presented
here (Eqs. 2.1 and 2.2) is implemented in the HYDRUS-1D software package
[106]. Briefly, a Galerkin-type linear finite element method was used for spatial
discretization, while finite difference methods were used to approximate temporal
derivatives, and a Crank–Nicholson finite difference scheme was used for solution
of the advection–dispersion equation. Parameter optimization was carried out
by first defining an objective function [107], which was then minimized using
the Levenberg-Marquardt non-linear minimization method, which is a weighted
least-squares approach based on Marquardt’s maximum neighborhood method [108].
We used HYDRUS-1D because it is open source, widely-used and well documented,
and it includes various colloid transport models, including the one we used.

The dimensionless sticking efficiency, α, was then determined from (e.g. [70, 82,
109–111]):

α= kat t−HU DRU S
2dg

3(1−ϵ)νη0
(2.3)

where kat t−HY DRU S is the attachment rate coefficient obtained from HYDRUS
modeling, η0 is the single collector efficiency [-], ϵ is porosity of sand column [-], and
dg the collector or sand grain diameter [L]. The sticking efficiency is defined as the
fraction of DNAcol sticking to the sand grain surface over the total DNAcol colliding
with the sand grain surface. When α=0, then no DNAcol would stick to the surface
and when α=1 then all DNAcol colliding would also stick. The collision efficiency
was determined using the Tufenkji and Elimelech (TE) correlation equation [70].
Thereto, 2.2 g cm−3 was assumed for the DNAcol [49], while the Hamaker constant
was assumed to be 0.7×10−20 J for the combination of silica-water-silica [112].

2.2.6. EVALUATING HYPOTHETICAL DNACOL REMOVAL UPON

TRAVELED DISTANCE

When the flow field is in steady state, and when transport of DNAcol is considered to
be one-dimensional and in steady state without detachment, then the mass balance
for DNAcol in the fluid phase reduces to:

With boundary conditions

λLν
Ç2C

Çx2 −νÇC

Çx
−kat t C = 0 (2.4)

C (0) =C0and
ÇC

Çx
(∞) = 0 (2.5)

equation 2.4 can be solved analytically [113]:

C =C0 exp

{(
ν−ν

(
4kat tλLν

ν2

) 1
2
)

x

2λLν

}
(2.6)
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whereby

kat t = 3(1−ϵ)

2dg
νη0α (2.7)

For sticking efficiency values obtained from our experiments, a series of
hypothetical collector grain sizes, and a representative Darcy groundwater flow
velocity, we used Eqs. 2.6 and 2.7 to predict DNAcol removal as a function of
transport distance and to evaluate the usefulness of DNAcol in aquifer experiments
at three different distances.

2.3. RESULTS

2.3.1. COLUMN BREAKTHROUGH CURVES (BTCS)
In case of NaCl, from 0-0.5 PV, the relative concentration (C /C0)N aC l , whereby C is
the effluent EC-value as a proxy for NaCl concentration and C0 the influent EC-value,
was around 1×10−3 (see Fig. 2.1A-D). The values were not lower, since the EC of the
sand column effluent prior to NaCl injection was around 1-2 µS cm−1, and the EC of
the NaCl tracer injected through the column was around 4×103 µS cm−1. At PV=1,
(C /C0)N aC l in all cases reached 0.5 and then continued to rise to 1. At PV 2-2.5
when (C /C0)N aC l was ∼1, we stopped injection of NaCl tracer. We considered this
to be of sufficient contrast to determine dispersivity and porosity with HYDRUS-1D.
The shape of the NaCl tracer breakthrough curve also confirmed the setup of the
column in all cases was adequate, without leakage, and the front displacement
inside the column was perpendicular to flow. In our experimental conditions, since
Peclet numbers were high (>> 1; an indication of advection-dominant transport),
the dispersivity value of DNAcol was taken from the NaCl tracer experiments.

Upon injection of DNAcol in DM water, (C /C0)DN Acol started to rise slightly
difference than the initial rise of the NaCl tracer (Fig. 2.1E-H). At 1.5-2.0 PV
(C /C0)DN Acol reached ∼1 (Fig. 2.1E-H). During elution, (C /C0)DN Acol rapidly
decreased at PV 3-4, and at PV 4-6, the tail of the breakthrough curve in most cases
flattened (Fig. 2.1E-H).

In case of DNAcol in NaCl more specifically the coarse sand - high flow case
(Fig. 2.1I), the moment of rise, rising limb, plateau phase, and declining limb
of (C /C0)DN Acol were comparable to (C /C0)DN Acol in DM water. In other words,
attachment was negligible in this case. However, for the fine sand and/or low flow
rates conditions, maximum (C /C0)DN Acol during the plateau phase decreased from
∼0.06 in Fig. 2.1J to ∼0.02 in case of Fig. 2.1K and L. During elution (after PV
3.5), (C /C0)DN Acol in NaCl declined sharply, and, after PV 4, became constant at ∼
1×10−3 (Fig. 2.1K-L). In case of Figs. 2.1K and L, an extra Milli-Q water flush was
passed through the columns, giving rise to a peak (C /C0)DN Acol at ∼ PV 7 of ∼200
times the maximum (C /C0)DN Acol during the plateau phase in Fig. 2.1L.

In case of DNAcol in CaCl2 (Fig. 2.1M-P), maximum (C /C0)DN Acol during the
plateau phase was 0.5 (Fig. 2.1M), and this value decreased to 0.015 for Fig. 2.1N
and O, and to ∼0.004 for Fig. 2.1P, respectively. After ∼ PV 4, during elution,
(C /C0)DN Acol of Fig. 2.1M remained rather high at ∼ 1×10−3, while for the other
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BTCs (Fig. 2.1N-P), (C /C0)DN Acol during tailing was lower at ∼ 1×10−4 to 1×10−3.
Like in the NaCl case, an extra Milli-Q water flush, which was passed through the
columns (Figs. 2.1O and P), gave rise to a peak (C /C0)DN Acol at ∼ PV 7 of ∼200
times the maximum (C /C0)DN Acol during the plateau phase (Fig. 2.1P).

Finally, in some BTCs (e.g. Figs. 2.1I and J), from 0-0.5 PV the (C /C0)DN Acol varied
between 1×10−4 and 1×10−3. This was because we used SYBR Green to detect DNA.
SYBR-Green is a non-specific dye, which also shows amplification of non-target DNA.
In fact, when (C /C0)DN Acol was ∼ 1×10−4 the detection limit of the qPCR analysis
was reached. See Appendix A.2 for details regarding the standard curves, negative
control, or no-template control (NTC), the lowest limit of detection level. The cutoff
value was assigned to Ct=30.

2.3.2. MODELLING WITH HYDRUS AND DETERMINING STICKING

EFFICIENCIES

All DNAcol BTCs could be well fitted with an attachment rate (kat t ) and a
detachment rate coefficient (kdet ): except for the experiment in CaCl2 fine sand-low
flow yielding very low breakthrough, the R2 values of the models ranged between 25
and 92% (Table 2.2). Fitted curves overestimated (C /C0)DN Acol between PV 2 and 3,
which gave rise to somewhat lowered R2-values. Attachment of DNAcol in DM water
was lowest with kat t ranging from 2.68×10−4 to 9.37×10−3, while in CaCl2 kat t of
DNAcol was highest and ranged from 5.78×10−3 to 1.97×10−1. For detachment, we
observed the opposite: in DM water, kdet ranged from 2.32×10−3 to 1.07×10−1 and
was relatively high, while in CaCl2 kdet ranged from 8.56×10−6 to 5.25×10−2, which
was, relatively speaking, the lowest set of detachment rate coefficients. We identified
three reasons for the 25-92% efficiency variations. Firstly, the high sensitivity of
the qPCR technique, which is essentially an enzyme-based technique to determine
concentrations, we used in detecting target DNA in each sample. A variation/error of
Cq values was inevitable, because errors may propagate from pipetting or intrinsic
variances of enzymatic efficiency due to minor temperature differences in the qPCR
apparatus [31]. Secondly, the use of the one-site kinetic model (Eqs 2.1 and 2.2) may
have oversimplified the true DNAcol transport processes in the columns. Thirdly, we
observed that the model could not capture the earlier breakthrough curve of DNAcol
data in several cases. This limitation was associated with assigning the dispersivity
value of NaCl tracer to the DNAcol. As mentioned in the Methods Section, such
assumption can lead to underestimation of the colloid dispersivity.

From kat t values determined with HYDRUS, we calculated the sticking efficiency
values of the DNAcol per experiment by making use of Eq. 2.3 (Table 2.2). In
DM water, sticking efficiencies ranged from 0.008-0.27 and in both NaCl and CaCl2,
sticking efficiencies ranged from ∼0.02 to 1.56. Based on these values we concluded
that sticking efficiencies in DM water were relatively lowest, while in NaCl and CaCl2

they were highest. Also, there was no significant difference between the use of either
NaCl or CaCl2 solution chemistry when applying DNAcol. Sticking efficiencies higher
than 1 are physically impossible, since the fraction sticking to the sand grain surface
cannot exceed the total fraction DNAcol colliding with the sand grain surface. We
attributed this to the irregular shapes of the collector silica grains; the correlation
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Figure 2.1.: Experimental data of NaCl tracer, DNAcol (symbols) and fitted
breakthrough curves with HYDRUS (lines). Different panels illustrate
relative concentrations as a function of pore volume within the sand
columns at two different pump rates (0.8 ml min−1 and 0.16 ml min−1),
two types of sand (dg =1000-1400 µm (coarse sand) and 500-630 µm (fine
sand)), and three solution chemistries (DM water, NaCl, CaCl2). First
row: NaCl tracer; second row: DNAcol breakthrough curves in DM water;
third row: DNAcol breakthrough curves in NaCl; final row: DNAcol
breakthrough curves in CaCl2; first column: coarse sand-fast flow, second
column: fine sand-fast flow, third column: coarse sand-low flow, final
column: fine sand-low flow. Note, panel (D) is in a linear scale.
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equation we used in order to determine single collector efficiency was essentially
developed for spherical collectors and not irregularly shaped collector grains, which
likely gave rise to inaccuracies in determining sticking efficiencies. The calculated
sticking efficiencies demonstrated that, in our experiments, a large fraction and in
some experiments all DNAcol, colliding with the sand grain surface did also stick to
the surface.

Table 2.2.: HYDRUS model parameters, statistics determined from curve fitting, and
calculated sticking efficiencies.

Solution Q [ml min−1] 0.8 0.8 0.16 0.16

dg µm 1000-1400 500-630 1000-1400 500-630

NaCl λL [cm] 2.8×10−2 2.2×10−2 1.6×10−2 1.2×10−2

ϵ [-] 0.45 0.43 0.4 0.44
DNA-DM kat t [min−1] 9.37×10−03 3.14×10−03 2.68×10−04 7.49×10−04

kdet [min−1] 1.07×10−01 6.60×10−02 2.32×10−03 1.78×10−02

R2 [%] 92 44 60 66
α [-] 2.72×10−01 2.49×10−02 8.45×10−03 9.51×10−03

DNA-NaCl kat t [min−1] 5.88×10−04 1.43×10−01 4.91×10−02 3.84×10−02

kdet [min−1] 6.89×10−02 5.54×10−05 3.08×10−05 3.83×10−05

R2 [%] 51 56 53 40
α [-] 1.71×10−02 1.13×10+00 1.55×10+00 4.87×10−01

DNA-CaCl2 kat t [min−1] 5.78×10−03 1.97×10−01 3.55×10−02 5.89×10−02

kdet [min−1] 5.25×10−02 1.05×10−04 8.56×10−06 1.65×10−05

R2 [%] 47 40 41 25
α [-] 1.68×10−01 1.56×10+00 1.12×10+00 7.48×10−01

2.4. DISCUSSION
In this work, we aimed at investigating the sensitivity of DNA-tagged silica particles
to solution chemistry, and studied mechanisms controlling transport and retention.
Based on the HYDRUS-1D modeling of the observed breakthrough curves we
concluded, that the transport of DNAcol in columns of saturated quartz sand could
be well described by a first order kinetic attachment and detachment rate coefficient.
However, for several cases, we observed discrepancies between experimental data
and the fitted model. Likely, more elaborate models including two kinetic sites,
gravity effects, colloid-size dependent dispersivity, and/or nanoscale heterogeneity
need to be invoked in order to further reduce these discrepancies, which we,
however, considered to be outside the scope of this work.

In their 14.5 cm sand columns, Saiers, Hornberger, and Harvey [84] arrived at
a similar description of the silica colloid removal process, although their silica
concentrations were much higher, the silica particles smaller (91 nm), and the zeta
potential more negative (-65 mV). Furthermore, the ionic strength of the solutions
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they used was much lower (10−3 M NaCl and pH 8.5), while Darcian velocities (∼5.7
cm hr−1) were comparable to ours (2 and 10 cm hr−1). The removal of silica in their
case, however, was less than 10% (Fig. 1: [84]), while in our case removal could be
as high as 2-2.5 log-units or more than 90%. Johnson, Sun, and Elimelech [85]; their
Fig. 2 used 10 cm columns of quartz sand (prolate spheroidal shaped, 0.32 nominal
grain diameter), 300 nm silica colloids in dilute (10−3 M) KCl and, at comparable
Darcian velocity or approach velocity as ours, arrived at similar first order kinetic
removal of silica colloids, whereby their silica colloid removal rates (less than 5%)
were in the same range as Saiers, Hornberger, and Harvey [84]. We think this
difference is due to a combination of higher ionic strength used (3.3×10−2 M NaCl
and 4.1×10−2 M CaCl2) in our work, larger DNAcol diameter, and a less negative
zeta-potential of the DNAcol. Ionic strength matters, as is clear from the work of
Zeng, Shadman, and Sierra-Alvarez [83], Liu et al. [80], and Wang et al. [82]. These
authors used a first order kinetic removal mechanism, and observed a decrease in
maximum relative concentration as a function of ionic strength of the solution. On
the other hand, under high salinity conditions (8-10% w/v NaCl + CaCl2 brines)
Kim et al. [81] observed aggregation of silica colloids, which could be transported
through a 30 cm column of 0.35 mm Ottawa sand. The high Darcian flow (71 m
day−1) Kim et al. [81] used, could well have contributed to the lack of first order
kinetic attachment.

In addition to first order kinetic attachment, we used a first order kinetic rate
constant to describe detachment of previously attached particles, while maintaining
identical ionic strength conditions. In all cases, detachment during the tail of the
breakthrough curve (from PV 4-6) did not lead to high (C /C0)DN Acol values, and
was a few orders of magnitude lower than maximum (C /C0)DN Acol from PV 2-3.
Detachment rate constants were generally higher for the DM water cases plus the
fast flow-coarse sand experiments, while in most experiments using NaCl and CaCl2

solutions, detachment rate constants were low (in the order of 10−4-10−5). Despite
the use of a first order kinetic detachment rate constant, in literature, without
exception, silica colloid breakthrough curves are shown using a linear vertical axis
[80–87], emphasizing the effect of flow velocity on the normalized peak value
concentration, and the type of plateau (e.g., steady-state, increasing or decreasing
over time) but which does not make clear how (un)important the detachment
process is.

For the low flow NaCl and CaCl2 cases (Figs. 2.1K, L, O, and P), at the end of
the experiment, when we applied a flush of Milli-Q water, we observed massive
reentrainment of previously attached particles. Zeng, Shadman, and Sierra-Alvarez
[83] also observed massive reentrainment of silica colloids due to DM water flushing
at the end of their experiments, which was up to 800 times maximum C /C0. They
attributed this to strong electrostatic repulsion between sand collector and silica
colloids as the surfaces of both materials possessed a high concentration of negative
charge under the experimental conditions used [83]. Also, Liu et al. [80], at the end of
the column experiment after a flush of demineralised water, observed reentrainment
of silica colloids up to 0.9 times maximum C /C0. Their two-site dynamic model
fitting results showed that reversible retention was related to first-order straining.
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Since the average diameter of the DNAcol in our case was 270 nm and the median
of the finest grain size we used was ∼565 µm, the ratio of the two was 4.8×10−4,
which was well below 0.003, defined by Bradford, Torkzaban, and Walker [114] to
be the lowest ratio for spherical grains at which straining would occur. In other
words, in our case, we think straining was relatively unimportant, and the observed
reentrainment was due to electrostatic interaction variations as a result of the
transient chemistry conditions we applied. In order to make our case, we calculated
the DLVO profiles and added them to the Appendix A.4. Since all zeta potential
values were more negative than -20 mV, we assumed aggregation did not take place
in our column experiments. From the DLVO profiles, a primary energy minimum
and secondary energy minimum appeared for both NaCl and CaCl2. However, in
case of NaCl the energy barrier was higher (∼600 kB T) than for CaCl2 (∼100 kB T),
possibly giving rise to more attachment in the primary energy minimum for the
latter case. Furthermore, the massive reentrainment of the attached DNAcol, when
we applied the flushing step of Milli-Q water to the soil columns after NaCl and
CaCl2 experiments, was well explained by the DLVO profile in Milli-Q water.

From calculating the sticking efficiencies, we concluded that a large fraction, if not
all, DNAcol colliding with the sand grain surface did also stick to that sand grain
surface. From the reentrainment of DNAcol under transient chemistry conditions,
we also conclude that in terms of DLVO theory, a large fraction of retained DNAcol
resided in the secondary energy minimum. Hereby we assumed a negative charge
for both silica sand and DNAcol, giving rise to a primary energy minimum due to
attractive Van der Waals forces at close distance of the sand grain (nm range), an
energy barrier further away, followed by a secondary energy minimum as a result of
the net electrostatic forces between DNAcol and sand grain. In literature, we have
not come across sticking efficiency values for silica colloid – silica collector grains
under conditions of similarly charged surfaces. From transport of bacteria and
viruses in aquifers, we know that sticking efficiencies must be in the order of 10−4

for viruses and 10−3 for bacteria in order to be able to travel through an aquifer (e.g.
[115]), as sticking efficiencies in the order of 0.1-1 lead to the immediate removal of
the biocolloid at short distance from where it enters the aquifer. Assuming a sticking
efficiency of 0.59, which is the average of all our experiments, and a Darcy flow
velocity of 300 m y−1, and a porosity of 0.35, we determined the relative DNAcol
concentration as a function of transport distance (Fig. 2.2) upon traveling through
aquifers composed of 1-5 mm size silica grains. If the vial of 1 ml 10 mg ml−1

DNAcol suspension we used in this study, equal to ∼4×1011 particles ml−1, would
have been completely diluted in 1 l aquifer water, which would have been injected
into the aquifer without further dilution, and if we assume a lowest limit of detection
of 5 individual DNAcol in a 4 µl sample in a qPCR well (or 1.25×105 DNAcol per
l), then a removal of 4×1011/1.25×105 = 3.2×106 can be allowed for detection. This
assumes no further dilution will take place due to diverging or converging flow
lines in the aquifer (e.g. due to injection or abstraction). Also, this assumes the
aquifer is fully composed of negative surface charge, which is, due to the presence
of minerals like calcite or iron (III) oxyhydroxide coatings around aquifer grains, not
very realistic. In such cases, removal of DNAcol will likely be higher [85, 89, 91].
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Finally, this assumes no detachment is taking place, which is not true: in reality
detachment takes place, but with such slow detachment rate that it has negligible
effect.
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Figure 2.2.: Hypothetical case of DNAcol for various collector grain sizes (Darcy
velocity = 300 m y−1; sticking efficiency = 0.59; other parameter values:
see a print-out of the calculation in the Appendix A.3.

For an aquifer composed of 1 mm silica grains, the maximum traveled distance
would be ∼5 m and for a 5 mm silica grain aquifer, maximum travel distance
would be ∼20 m. Larger transport distances are of course possible by increasing
DNAcol injection mass or by up-concentrating sample volumes. This example
serves to illustrate the potential of DNAcol: for fine grained aquifers (e.g. silts,
clays, or mixtures) DNAcol will have limited applicability under natural groundwater
chemistry, since the particle will not travel very far. Straining of DNAcol in such
conditions will of course further limit DNAcol transport. Also, due to this DNAcol
mass loss (attachment, straining, etc.), it will be impossible to determine the entire
DNAcol mass and to prepare a mass balance. Also, since chemical conditions in
the aquifer will be transient in nature by default, previously attached DNAcol can
likely be reentrained. For aquifers predominantly composed of silica, DNAcol can be
used in high concentrations in case of short distance, high flow, coarse aquifer grain
conditions to map contaminant sources, understand flowpaths and determine travel
times. There is a fair chance the aquifer grains will be covered by a layer of humic
substances and/or a biofilm. In those cases, reaching the secondary minimum might
be sterically hindered, which reduces DNAcol attachment and increases transport
distance. On the other hand, Zhang et al. [93] observed clustering of Si nanoparticles
and humic acid due to calcium bridging, which increased retention, due to the
presence of Ca2+, so those same humic substances can also increase attachment
and reduce transport distance. Finally, the DNAcol can be pre-conditioned, whereby
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the formation of an eco-corona at the outer surface of each individual DNA silica
colloid is allowed to take place (e.g. [116–118]), in order to reduce removal and to
enhance DNAcol transport. For those conditions, the fate of each unique DNAcol
should be studied, and more research work is required.

2.5. CONCLUSIONS
We are the first to explore the deposition kinetics of this new DNA-tagged silica tracer
for different pore water chemistries, flow rates, and sand grain size distributions in
a series of saturated sand column experiments in order to predict environmental
conditions for which the DNA-tagged silica tracer can best be employed.

Based on the HYDRUS modeling of the observed breakthrough curves, we
concluded that the transport of the DNAcol in columns of saturated quartz sand
could be well described by a first order kinetic attachment and detachment rate
coefficient. Attachment was primarily in the secondary energy minimum, so the
DNAcol could be reentrained under transient flow conditions. Based on calculated
average sticking efficiencies, we concluded that a large fraction, if not all, the
DNAcol colliding with the sand grain surface did also stick to that sand grain surface.
Therefore, the potential of current DNAcol as a tracer for fine grained aquifers
(e.g. fine sand, silts and natural groundwater) will be limited, since the particle
will not travel very far. For such cases, DNAcol with different physico-chemical
characteristics need to be developed. For sandy aquifers, the DNAcol can be used
potentially in high concentrations in case of short distance (i.e. meter scale), high
flow velocities, coarse aquifer grain conditions and distinct preferential flow paths
to map contaminant sources, understand flowpaths and determine travel times.
Overall, the DNAcol exhibited some limitations for the application as a generic
hydrological tracer in subsurface flow, especially in the presence of fine grains or
low flow velocity. Despite such limitations, DNAcol showed potential to be used
as colloidal tracer to study fate and transport of biological and engineered colloidal
particles (like pathogens or microplastics).
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In the terrestrial environment, interactions between natural organic matter (NOM)
and colloids can lead to the formation of an environmental corona around colloids,
influencing their transport behaviour and, ultimately, their ecotoxicity. We used
a synthetically designed colloid tagged with DNA (DNAcol) as a surrogate for
natural colloids and investigated its transport in saturated sand columns. We varied
the concentrations of NOM and ionic strength (CaCl2), to better understand the
transport and release of DNAcol in porous media under both steady and transient
porewater chemistry conditions. In addition, we aimed to understand the main
factors that control deposition and release of DNAcol under tested conditions. To
induce transient chemistry, we replaced the injection solution containing NOM
and/or CaCl2 with Milli-Q water. The results showed that the deposition rate of
DNAcol was inversely proportional to the concentration of NOM. The deposition
rate increased significantly even under low ionic strength (CaCl2) conditions of
tested conditions. Notably, the influence of NOM on the transport of DNAcol was
most pronounced at the lowest range of [Ca2+]/DOC ratios, and the attachment
of DNAcol to the sand grains was negligible. Moreover, the results showed while
the DLVO theory captured the general trend of experimental results, it significantly
underestimated the deposition of DNAcol in the presence of CaCl2. Under transient
porewater chemistry conditions, colloid remobilization was observed upon flushing
the column with Milli-Q water, leading to a secondary peak in the breakthrough
curves. We observed that under transient porewater chemistry conditions, when
the ionic strength of the solution was 10 mM, the magnitude of the remobilization
peak was more significant compared to conditions with 1mM ionic strength. Our
work emphasized the complex interplay between water quality on the one hand and
deposition and release of colloidal matter in saturated porous media on the other
hand.
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3.1. INTRODUCTION

Predicting the fate and transport of engineered and biological colloidal matter in the
environment has been proven to be essential in a variety of applications, including
human health, and ecological risk management [119–121]. However, predicting the
fate and transport of nanoparticles remains challenging, in particular in the natural
environment [122].

The understanding of the transport and fate of colloidal matter in heterogeneous
subsurface environments faces a primary challenge because the transport of colloidal
matter is highly sensitive to chemical conditions of the subsurface environment.
These conditions encompass factors such as pH [123], ionic strength [124–127],
ion composition [128–130], and the presence of natural organic matter (NOM; e.g.,
[131–134]). Such chemical factors can impact deposition, as well as hetero- and
homo-aggregation of colloidal matter, which is potentially leading to uncertainties in
risk management.

NOM such as humic and fulvic substance, proteins, and extracellular polymeric
substances can adsorb onto the surface of colloids, acting as surfactant- or
polymer-coating material, and forming a soft-corona or environmental corona [116,
133, 135–137]. Adsorption of those macromolecules onto the surface of colloids
can impact their stability [134, 138–140], transport [93, 124, 131, 133, 134, 138,
139, 141–148], and, ultimately, their eco-toxicity [148, 149]. Several studies have
mentioned that the effect of NOM on the transport of the colloids is sensitive to
various environmental factors, such as pH [131, 133, 144, 150, 151], ionic strength
[131, 152], and ion composition [144]. Furthermore, atomic force microscopy showed
that the thickness and mass of the adsorbed layer on the surface of particle (silver)
and collector (mica) was dependent on ionic strength (as presence of Ca2+) of the
system, and the effects were different for particle and collector [137].

Another critical environmental implication of colloidal matter is related to its
remobilization as a consequence of alterations in porewater chemistry or subsurface
flow conditions. Previous research in this field has indicated that colloid release
can occur due to variations in ionic strength and flow conditions [44, 77, 127, 131,
153–162]. In addition, the primary mechanisms and factors governing the deposition
and transport of colloidal matter under steady and transient conditions may differ
[77].

Specifically, changes in the ionic strength of porewater can impact the surface
charge of both colloids and collectors, subsequently affecting the magnitude of the
electrical double-layer energy and, consequently, the adhesive force. Furthermore,
changes in ionic strength can influence the “zone of colloid-collector interaction”,
a fraction of surface area where repulsive forces can be reduced or eliminated
[163–165]. This suggests that under unfavourable conditions in the presence of a
strong repulsive energy barrier, predicted by mean-field DLVO theory, the interaction
can become locally favourable, depending on the extent of the heterodomain
area occupying the zone of colloid-collector interaction [79, 165]. While a
significant number of studies have focused on understanding the specific effects
of physico-chemical environmental factors on the transport behaviour of colloidal
matter under steady conditions, there has been less emphasis on systematically
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examining the mechanisms responsible for the release of colloidal particles under
transient porewater chemistry conditions. In this study, we used DNAcol, which
consisted of silica-encapsulated-DNA particles [34], as a surrogate for colloidal
particles. The primary advantage of DNAcol lies in its ability to extend the lower
detection limit to the ppb level, due to the embedded DNA molecules on it [43].
Consequently, it might allow us to use it as a substitute for colloidal particles,
addressing the challenge associated with colloidal detecting limits. Recently, more
research focused on the applications of silica encapsulated-DNA in the subsurface
[39–41, 46, 48]. In this study, we used DNAcol with the primary objective of
enhancing our understanding of the individual and combined impacts of NOM and
ionic strength (CaCl2) on the transport, retention/attachment, and release of DNAcol
under both steady and transient porewater chemistry conditions. This involved
determining the attachment rate of DNAcol and evaluating its sticking efficiency.
Additionally, our goal was to gain deeper insights into the impact of two tested
factors, NOM and ionic strength (CaCl2), on attachment/retention and release of
DNAcol for steady and transient porewater chemistry conditions.

3.2. MATERIALS AND METHODS

3.2.1. DNACOL

DNAcol was composed of a silica core, a layer of double-stranded DNA molecules,
and a silica shell that protected DNA. DNAcol was fabricated and provided by
the Functional Materials Laboratory at ETH Zurich. Details of DNAcol fabrication
and quantification were described in Paunescu et al. [34]. In brief, DNAcol
had a SiO2 core and SiO2 shell. The silica core was dispersed in isopropanol
N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (TMAPS) to alter its
surface charge to a positive state [34]. Subsequently, a negatively charged
double-stranded DNA (dsDNA) was added to adsorb DNA onto the functionalized
silica surface [34]. Then, TMAPS was applied, and, to complete the process, a silica
layer was added onto the dsDNAs-silica particle using tetraethoxysilane (TEOS) [34].
After the fabrication process, using ball milling, the agglomerated particles were
broken down into individual particles. The mass density and refractive index of
DNAcol were assigned to be 2.2 g cm−3 and 1.458, respectively [49]. Prior to using
DNAcol, in order to ensure that there was no free DNA, the suspension was washed
by adding 0.1 µL bleach to 1 mL of stock particle suspension. Then, the suspension
was centrifuged at 60000 g for 6 min, the supernatant was removed, and the particle
pellet was washed and re-suspended in Milli-Q water three times.

3.2.2. STOCK SOLUTION AND ORGANIC MATTER CHARACTERIZATION

NOM used in this study was provided by Vitens, a Dutch drinking water company,
and was extracted from groundwater [166]. The NOM molecular weight distribution
(Mw ) of the stock was similar to Caltran et al. [166]. The NOM concentration of the
prepared stock solution was determined using the combusting technique with a Total
Organic Carbon Analyzer (TOC, VCPN, Shimadzu, Japan), and the concentration of
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organic matter we finally reported as dissolved non-purgeable organic carbon in
mg DOC L−1 (mg-C L−1). DNAcol was suspended in nine different solutions. The
electrolyte stock solutions were prepared from Milli-Q water (resistivity 18 MΩ.cm,
TOC < 3 ppb, Millipore, Switzerland), CaCl2.2H2O was added to reach average ionic
strengths (I) of 0 (no addition), 1 mM and 10 mM. The concentration of NOM was
adjusted to achieve a DOC concentration of 0 (no addition), 5 and 20 mg-C L−1

(Table 3.1). All solutions were stored at 4 ◦C.
About 30 min before each column experiment DNAcol suspensions were prepared

by spiking DNAcol into a 70 mL aliquot of stock solution, and then vortexed (3 × 10
s). Final concentration was ∼1 mg L−1.

3.2.3. CHARACTERIZATION OF DNACOL

The effect of solution chemistry on the stability of DNAcol was assessed with zeta
potential (ζ-potential) and hydrodynamic diameter (dh), using a ZetaSizer nano
(Nano Series, Malvern Instrument Ltd., Worcestershire, UK) for freshly prepared
DNAcol concentrations of 10 mg L−1.

HYDRODYNAMIC DIAMETER (dh )

Hydrodynamic diameter of DNAcol was measured using a Zetasizer (Zetasizer Nano
S, Malvern Instr., UK) by dynamic light scattering at a backscatter light angle of 173◦,
a laser beam with wavelength of 633 nm, and temperature of 25 ◦C, using a square
polystyrene cuvette (DTS0012). The dh of DNAcol in every suspension was measured
periodically 5 times over a 120 min approximate time frame. All measurements
were carried out in a triplicate sequential auto-run for a duration of 60 s. The dh

was reported as a Z-average (Z-Ave) diameter with a corresponding polydispersity
index (PDI), determined from the intensity autocorrelation function available in the
Zetasizer software.

ZETA-POTENTIAL (ζ-POTENTIAL)

The zeta potential (ζ-potential) of DNAcol was determined with the same Zetasizer
indirectly from electrophoretic mobility measurements at 25 ◦C, which were
converted to zeta potential using the Smoluchowski equation. The dielectric constant
of water medium is 78.54. The ζ-potential was measured using a U-shaped capillary
cell that had gold electrodes (DTS1660). Prior to conducting the measurement, each
U-shaped capillary cell was washed with ethanol, then rinsed with Milli-Q water
several times, and next washed with the desired solution [167]. The ζ-potential of
each DNAcol sample was measured in triplicate sequential auto-runs.

3.2.4. POROUS MEDIUM

We used quartz sand as the porous medium, sieved to a 630-800 µm size. The sand
was soaked in 10% (v:v) concentrated HNO3 for approximately 24 hours to remove
the impurities (metal oxides) of the sand surface (adapted from Tian et al. [168]).
Then, the sand was repeatedly washed with Milli-Q water until the pH stabilized
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around neutral, and the electrical conductivity of the rinse water became ∼2 µS
cm−1. Finally, the sand was oven dried at 105 ◦C for ∼24 h.

3.2.5. SAND COLUMN EXPERIMENTS

A cylindrical acrylic column with an inner diameter of 2.7 cm and a height of 8 cm
was filled with acid-washed sand. The columns were uniformly wet-packed using
Milli-Q water, and the sand was added incrementally, while tapping the column. Two
layers of mesh, one stainless-steel perforated layer and a small piece of nylon mesh,
were placed at both ends of each column to ensure flow and tracer were distributed
evenly throughout the column and to prevent clogging of tubing connected to the
pump. The porosity of each sand column was determined in two ways: based on
sand bulk density, assuming a sand grain density of 2.65 g cm−3, and from curve
fitting using HYDRUS-1D (see Section 3.2.9).

After packing the column, it was positioned vertically, and the inlet tubing of
the column was connected to the pump. The flow was established in an upward
direction. The column was flushed with Milli-Q water for more than 15 pore
volumes, prior to conducting a tracer test with NaCl. For this NaCl tracer experiment,
approximately 2.2 pore volumes (105 min) of NaCl was injected, followed by flushing
with Milli-Q water. Then, the column was flushed with the desired solution for
around 15 pore volumes to ensure the column was pre-equilibrated for the DNAcol
experiment. The DNAcol experiments consisted of three phases: i) DNAcol injection
phase (concentration of 1 mg L−1) for 105 min (∼2.2 pore volumes), ii) elution
phase by injection of background (particle-free) solution for 180 min (∼3.9 pore
volumes), iii) transient porewater chemistry phase, by flushing the column with
Milli-Q water for 180 min (∼3.9 pore volumes). During the first two stages, DNAcol
retention/attachment and detachment rate coefficients were determined. During the
third stage (flushing with Milli-Q water) focus was on release of attached DNAcol.
All column experiments were performed in duplicate, each time using cleaned
and acid-washed sand. During the injection phase, the suspension was stirred
continuously using a magnetic stirrer to ensure homogenous mixing. Over the time
frame of DNAcol injection, 5 to 6 samples from the influent suspension were taken
to determine DNA concentration and check stability of column influent (C0).

Measured flow rates were 0.40 mL min−1 (±0.02 ml min−1), corresponding to
a Darcy velocity of 0.07 cm min−1, and were determined before and after each
experiment by gravitationally measuring columns effluent. Column effluent was
collected continuously with a sampling period of 5 min using a fraction collector
(OMNICOLL, LAMBDA Laboratory Systems, Switzerland). For the NaCl tracer
experiment, the Electrical Conductivity (EC) of the column effluent was measured as
an indicator of salt concentration using a conductivity meter (GMH 3430 Greisinger,
Germany). For DNAcol, collected samples were stored at 4 ◦C, and every other
sample was analysed using quantitative polymerase chain reaction (qPCR).
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3.2.6. QPCR ANALYSIS

Of each column effluent sample, a 20 µL subsample was taken and used for qPCR.
The qPCR protocol was adapted from Paunescu et al. [34] and Mikutis et al. [39]; and
Kianfar et al. [44]. Details regarding qPCR protocol, master mix, and calibration curve
are presented in the Appendix (section B.1). In brief, the calibration curve was based
on the known concentration of DNA in dilution series. In this study, the calibration
curve was performed for each solution chemistry and primer batch specifically. Each
calibration curve consisted of an 8-fold serial dilution ranging from 100 mg L−1 (D2)
to 0.00001 mg L−1 (D9) (Appendix, Fig. B.1). In addition to column effluent samples,
to each qPCR run triplicate negative control samples (no template control (NTC))
containing ultra-pure water (DEPC-treated water), triplicate blank samples of column
influent and effluent, and triplicate positive control samples in Milli-Q water, and in
a desired background solution were added (Appendix, Fig. B.2). The two types of
positive controls contained a concentration of 10 mg L−1 (corresponding to D3 in
the calibration curve) of DNAcol in Milli-Q water as a reference positive control, and
the other one in the solution used. We did that to ensure there was no inhibition of
qPCR signal, to check reproducibility of qPCR signal, to investigate and to compare
the stability of DNAcol in various solution chemistries, and -in case of Milli-Q water
to check long-term interexperimental stability of DNAcol (Appendix, Fig. B.2).

3.2.7. RELATIVE MASS RECOVERY

The relative mass recovery (M) of DNAcol under steady and transient porewater
chemistry conditions was determined from:

M =
∑

q∆ti
(Ci+Ci+1)

2

qti n j C0
×100 (3.1)

Where q [cm3 min] is the flow rate, ∆t [min] is the time interval between analyzed
column effluent samples, Ci [g cm−3] is the measured sample concentration, ti n j

[min] is the duration of injection phase of DNAcol (105 min), C0 [g cm−3] is the
DNAcol injection concentration. For steady porewater chemistry conditions, the
time interval was from the beginning of the experiment till 285 min, and then for
transient porewater chemistry conditions it ended at 465 min.

The mass recovery of DNAcol remobilized during transient porewater chemistry
conditions was calculated relative to the mass of retained DNAcol at the end
of the steady porewater chemistry conditions. This we tentatively defined as
Mtr ansi ent /Mr et ai ned , whereby Mr et ai ned was calculated as:

Mr et ai ned = Mi n j ect i on −Mstead y −Mpor ew ater (3.2)

Mpor ew ater = (A.L.θ).Cpor ew ater (3.3)

Where Mpor ew ater was defined as the mass in fluid phase at the end of the
steady porewater chemistry conditions (i.e., end of flushing column with background
solution), A [cm2] is column surface, L [cm] is column length, θ [-] is porosity of
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the sand column, and (A.L.θ) is equal to the pore volume of each sand column,
Cpor ew ater represents the average DNAcol concentration in three column samples:
the last sample collected during steady porewater chemistry conditions, which was
taken at the end of the elution phase, along with the analysed samples preceding
and following it.

3.2.8. STICKING EFFICIENCY (α)
Based on colloid filtration theory [66], the deposition of colloidal particles in
saturated porous media is governed by collector contact efficiency (η) and sticking
efficiency (α). The single-collector contact efficiency (η0) is associated with the
frequency of colloids colliding with the grain surface and governed by diffusion,
interception, and gravitational sedimentation [66, 169]. The sticking efficiency (α) is
the probability that the particles colliding within saturated porous media will attach
to the grain surface (as a collector). Typically, sticking efficiency (α) was obtained
experimentally from breakthrough curve data (e.g. [70, 82, 110, 111, 169]):

α= kat t

η0

2dg

3(1−θ)νp
(3.4)

where kat t [cm−1] is attachment or deposition rate coefficient, dg [cm] is grain
diameter, vp [cm min−1] is average pore water velocity, η0 [-] is the single-collector
contact efficiency. For determining η0, we used the correlation equation proposed
by Tufenkji and Elimelech (TE) [70] (Appendix, section B.4).

3.2.9. MODELLING TRANSPORT OF DNACOL

We used the advection-dispersion-adsorption (see e.g. [170, 171]) to model the
macroscale transport of DNAcol:

ÇC

Çt
=λLνp

Ç2C

Çx2 −νp
ÇC

Çx
− ρb

θ

ÇS

Çt
(3.5)

ρb
ÇS

Çt
= kat tθC −kdetρbS (3.6)

Where S [g g−1] is the DNAcol on the solid phase, ρb [g cm−3] is the dry bulk
density, λL [cm] is the longitudinal dispersivity (λL= D/ν, D: Dispersion coefficient),
x [cm] is the travelled distance, and kat t and kdet [min−1] are attachment and
detachment rate coefficients, respectively.

The attachment rate coefficient (kat t ) can be determined via inverse optimization
of the advection-dispersion equation. In this study, we used HYDRUS-1D software
[106] to estimate transport parameters. In this approach, first, porosity (θ) and
dispersivity (λL) were determined from the normalized NaCl tracer experimental
data (C /C0) of each sand column. Then, with values of these two parameters fixed,
attachment and detachment rate coefficients (kat t and kdet ) were estimated. In
HYDRUS, we employed the linear mode to determine attachment and detachment
rate coefficients. We constrained the fitting during inverse modelling to a single
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set of parameters for attachment (kat t ) and detachment (kdet ). This approach
implied that the model treated the attachment and retention as a lump in kat t ,
and detachment and reentrainment as kdet . Attachment refers to immobilization of
colloids onto the surface of the collector through primary energy minimum, whereas
retention refers to the temporary retention of colloids [72].

As mentioned above, we assigned to DNAcol particles the same dispersivity value
as obtained for NaCl tracer in order to prevent over-parameterization of the HYDRUS
model during the inverse modelling of DNAcol transport results. However, this
approach could lead to the underestimation of particle dispersivity [72], since the
value also depends on particle size [72]. Additionally, prior research showed that
the rate of colloidal deposition can be greater when the flow direction is upward
compared to downward [73]. We did not consider the effect of particle settling due
to the upward flow direction, given the small size of DNAcol even though its specific
density of around 2.2 g cm−3. Therefore, we expected a negligible effect on settling
and deposition based on the flow direction.

3.2.10. DLVO INTERACTION ENERGY PROFILE

Derjaguin-Landau-Verwey-Overbeek (DLVO) was used to qualitatively explain the
column breakthrough results [172, 173]. Total interaction energy as a function of
separation distance was defined based on the sum of electrical double-layer (EDL)
and van der Waals (vdW) energies (details in Appendix, section B.5).

3.3. RESULTS

3.3.1. CHARACTERIZATION OF DNACOL

The ζ-potential of DNAcol were negative for all tested conditions (Table 3.1). Average
values varied from ∼–50 mV to –17 mV, in the presence of DOC 20 mg-C L−1 to ionic
strength of 10 mM. The measured ζ-potential of DNAcol in water was determined to
be –33 mV. However, in the presence of DOC at concentrations of 5 and 20 mg-C L−1,
the ζ-potential became more negative, with average values of approximately –42 mV
and –50 mV, respectively. Conversely, an opposing trend was observed when CaCl2

was added, and it became –18 to –19 mV. This trend suggested that the presence of
CaCl2, lead to a decrease in the absolute value of the ζ-potential. This could be
attributed to shielding of the surface charge of the DNAcol, and compression of the
double layer [123, 133].

Conversely, in the presence of DOC at concentrations of 5 and 20 mg-C L−1, the
ζ-potential became more negative. This shift was possibly due to the adsorption
of negatively charged organic matter onto the DNAcol surface. In order to assess
colloidal stability of the DNAcol suspension, the ζ-potential was measured after 120
min. Changes in ζ-potential values over time were negligible. Average hydrodynamic
diameter, dh , of DNAcol in Milli-Q water was 311 nm, with a polydispersity index
(PDI) of 0.24 (Table 3.1). The average dh diameter of DNAcol for the tested
conditions varied from 296 to 311 nm.



3

34
3. NATURAL ORGANIC MATTER AND IONIC STRENGTH (CACL2) AFFECT TRANSPORT,

RETENTION AND REMOBILIZATION OF SILICA ENCAPSULATED DNA COLLOIDS

(DNACOL) IN SATURATED SAND COLUMNS

Table 3.1.: The average ζ-potential, and dh with the corresponding polydispersity
index (PDI) of DNAcol in various background solutions.

(I) (DOC) Abbreviation ζ-Potential dh PDI

[mM] [mg-C L−1] [mV] [nm] [-]

Milli-Q water - Milli-Q water -33.6±6.1 311±8.5 0.24
Milli-Q water - Milli-Q water -34.4±5.3
1 - I1 -17.1±5.7 303±14 0.26
1 - I1 -20.9±6.0
10 - I10 -16.8±8.4 302±4 0.26
10 - I10 -19.7±7.6
Milli-Q water 5 DOC5 -47.0±11.1
Milli-Q water 5 DOC5 -40.5±7.6
1 5 DOC5-I1 -22.7±4.6
1 5 DOC5-I1 -23.3±5.2
10 5 DOC5-I10 -21.9±7.8
10 5 DOC5-I10 -20.1±8.6
Milli-Q water 20 DOC20 -49.7±13.4 302±9 0.24
Milli-Q water 20 DOC20 -50.8±7.4
1 20 DOC20-I1 -25.0±6.1 297±6 0.24
1 20 DOC20-I1 -26.2±6.3
10 20 DOC20-I10 -22.3±8.0 301±9 0.25
10 20 DOC20-I10 -21.3±8.4

3.3.2. COLUMN BREAKTHROUGH CURVES

STEADY POREWATER CHEMISTRY CONDITIONS

Breakthrough curves of NaCl reached Cmax /C0 values of 1 with a characteristic
S-shaped rising limb (Appendix, Fig. B.5) from which dispersivity and porosity of
the sand column could be determined. Also, the start of the NaCl rising limb and
DNAcol breakthrough curves coincided from which we concluded that pore size
exclusion effects in our columns did not play an important role (Appendix, Fig. B.5).

Under steady porewater chemistry conditions, the breakthrough of DNAcol in
Milli-Q water reached a plateau concentration (Cpl ateau/C0) of 0.78-0.85, where
Cpl ateau represented the average concentration between 65-105 min. The mass
recovery of DNAcol in this experiment was approximately 81% (Table 3.2). By adding
CaCl2 with ionic strength of 1 mM the plateau phase of the breakthrough curves
substantially decreased to 0.02 (Cpl ateau/C0), and only ∼2% of injected particles
mass was recovered from the sand column (Fig. 3.1B, Table 3.2). This outcome
pointed towards a high attachment or retention of DNAcol within the sand column.
The tailing of the breakthrough curves in this experiment, (Fig. 3.1B), exhibited a
sharp decline, indicative of negligible detachment and/or reentrainment. In the case
of 10 mM CaCl2 solution, a similar low plateau phase was observed, accompanied
by a rapid decrease in the declining limb. The relative mass recovery of DNAcol in
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this case was only about 1% (Fig. 3.1C; Table 3.2).
In the presence of 5 mg-C L−1 DOC, the plateau concentration (Cpl ateau/C0)

ranged approximately from 0.83 to 0.89, suggesting a low attachment rate of DNAcol.
In this case, the tailing of the breakthrough curve gradually decreased. The extended
declining limb of the breakthrough curve indicated significant re-entrainment. Under
this condition, the relative mass recovery of DNAcol was ∼85% (Fig. 3.1D; Table
3.2). Upon increasing of porewater’s ionic strength to 1 mM CaCl2, while the
concentration of organic matter was kept at 5 mg-C L−1 DOC, the plateau phase
decreased to 0.45-0.52. This reduction highlighted a higher attachment or retention
rate of DNAcol within the sand column. Similarly, to the previous case (Fig. 3.1D),
the declining limb exhibited a gradual decrease, indicating re-entrainment. However,
the mass recovery of DNAcol was only 49% (Fig. 3.1E; Table 3.2). Upon further
increasing the ionic strength to 10 mM CaCl2 while maintaining the concentration
of 5 mg-C L−1 DOC, the mass recovery of DNAcol decreased even further to ∼12%
(Fig. 3.1F; Table 3.2).

In two experiments conducted with 20 mg-C L−1 DOC, both in the absence and
presence of 1 mM CaCl2 ionic strength (Fig. 3.1G-H), the breakthrough curves
reached their highest plateau values, approximately 0.9. Similar to the previous
conditions with a lower DOC concentration, both cases exhibited breakthrough
curves with extended tails, followed by a gradual decline (Fig. 3.1G-H). The DNAcol
mass recovery exceeded 90% in these experiments (Table 3.2). However, when 20
mg-C L−1 DOC was present along with an elevated ionic strength of 10 mM CaCl2,
the plateau of the breakthrough curve significantly decreased to a range of 0.14-0.28
(Fig. 3.1I). This pattern demonstrated an increased attachment or retention rate due
to the higher ionic strength. Correspondingly, the mass recovery decreased to a
range of 14-25% (Table 3.2).

In the experiment conducted at an ionic strength of 1 mM CaCl2 with 20 mg-C
L−1 DOC, we observed that the mass recovery of DNAcol exceeded 100%, which
was likely associated with sensitivity of qPCR in detection of DNA. To evaluate
variation between subsamples, for some of the experiments, each collected sample
was analysed twice, with two different qPCR runs. The variations between these
sub-samples was depicted as shaded areas in Appendix, Fig. B.6.

TRANSIENT POREWATER CHEMISTRY CONDITIONS

After the elution phase of DNAcol (i.e., injection of free-particles solution phase), the
columns were flushed with Milli-Q water to induce remobilization of colloids. This
we called transient porewater chemistry conditions. In all cases, (Figs. 3.1B-I; filled
symbols), we observed a second peak upon flushing the column with Milli-Q water.
It was evident from the breakthrough curves (Figs. 3.1B-I), the magnitude of the
peak differed for the experiments.

Initially, we noticed that Mtr ansi ent /Mi n j ect i on was always lower than 22% (Table
3.2). These results indicated that the fraction of remobilized DNAcol was relatively
small. Additionally, in experiments conducted with the ionic strength ≤1 mM CaCl2

the second peak (i.e., transient peak) was low. In contrast, for experiments with ionic
strength 10 mM CaCl2 the transient peak appeared rather sharp and more noticeable.
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Table 3.2.: Summary of relative mass recovery of DNAcol under steady porewater
chemistry conditions (Mstead y /Mi n j ect i on), transient porewater chemistry
conditions (Mtr ansi ent /Mi n j ect i on), and total mass recovery (Mtot al ).
Cmax /C0 is the maximum relative concentration.

Column Solution Cmax /C0 Mstead y /Mi n j ect i on Mtr ansi ent /Mi n j ect i on Mtot al

Experiment [-] [%] [%] [%]

A1 Milli-Q water 0.8 76.96 - 76.96
A2 Milli-Q water 0.9 85.20 - 85.20
B1 I1 0.02 1.62 0.29 1.91
B2 I1 0.05 2.07 0.24 2.30
C1 I10 0.02 1.59 11.31 12.90
C2 I10 0.04 1.28 7.54 8.82
D1 DOC 1.0 91.29 1.06 92.35
D2 DOC5 0.9 77.98 1.15 79.13
E1 DOC5-I1 0.6 46.85 0.81 47.67
E2 DOC5-I1 0.7 50.66 0.99 51.65
F1 DOC5-I10 0.2 13.31 17.21 30.52
F2 DOC5-I10 0.1 11.64 21.31 32.95
G1 DOC20 1.0 91.20 0.97 92.17
G2 DOC20 1.0 93.50 1.12 94.62
H1 DOC20-I1 1.0 88.66 0.88 89.55
H2 DOC20-I1 2.9 123.33 0.97 124.30
I1 DOC20-I10 0.3 24.63 10.18 34.82
I2 DOC20-I10 0.2 14.38 13.29 27.68

In detail, during transient porewater chemistry conditions, in the cases of ≤1 mM
CaCl2 the relative mass recovery (Mtr ansi ent /Mi n j ect i on) of DNAcol was around 1%,
and for the three cases with an ionic strength of 10 mM CaCl2 the relative mass
recovery (Mtr ansi ent /Mi n j ect i on) of DNAcol ranged between ∼7-21% (Table 3.2; Fig.
3.2A). When comparing the breakthrough curves DNAcol for ionic strength 1 and 10
mM CaCl2 conditions, under steady porewater chemistry conditions, the obtained
mass recovery was 1% and 2%, respectively. However, under transient porewater
chemistry conditions, the relative mass recovery averaged around 0.26% and 9% for
ionic strength 1 mM and 10 mM conditions, respectively (Table 3.2). The difference
in the magnitude of relative mass recovery indicated distinct attachment and release
patterns. Additionally, in the experiment with ionic strength of 10 mM CaCl2, the
relative mass recovery during transient porewater chemistry conditions was ∼7 times
higher than relative mass recovery during steady porewater chemistry conditions. In
the experiment of 10 mM CaCl2 with 5 mg-C L−1 DOC the relative mass recovery
(Mtr ansi ent /Mi n j ect i on) was ∼19%, which then reduced to ∼12% in presence of 20
mg-C L−1 DOC (Table 3.2).

Fig. 3.2B shows also the mass recovery of DNAcol remobilized during transient
porewater chemistry conditions relative to the mass of retained DNAcol at the end
of the steady porewater chemistry conditions. Fig. 3.2B shows Mtr ansi ent /Mr et ai ned

values were lowest for ionic strength of 1 mM CaCl2. However, care should be taken
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in interpreting the experiments in case of experiments 5, 20 mg-C L−1 DOC, and
20 mg-C L−1 DOC with ionic strength 1 mM as there was not much DNAcol mass
retained in the column before flushing the column with Milli-Q water (Table 3.2:
steady porewater chemistry conditions mass recovery ∼85-106%). Note that, in a
few cases of those experiments, the relative concentration of the samples was (C /C0

slightly above 1.
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Figure 3.2.: (A) Ratios determined from mass recoveries during transient porewater
chemistry conditions to mass injection as a function of DOC concentration
(Mtr ansi ent /Mi n j ect i on), and (B) Ratios determined from mass recoveries
during transient porewater chemistry conditions to mass retained in the
column (Mtr ansi ent /Mr et ai ned ).

HYDRUS-1D CURVE FITTING AND STICKING EFFICIENCIES

HYDRUS-1D was used to fit a model through the breakthrough data and determine
attachment and detachment rate coefficients (Fig. 3.1, dashed lines; Table3.3).
The overall values of the goodness of fits (R2) ranged from 0.77-0.99. In general,
attachment rate coefficients decreased as a function of DOC and increased as
a function of ionic strength (CaCl2) (Table 3.3). Furthermore, detachment rate
coefficients decreased upon increase of ionic strength (CaCl2), while an increase in
DOC in most cases led to a higher detachment rate coefficient (Table 3.3). The
calculated sticking efficiency (α) for Milli-Q water and porewater containing DOC
was ∼10−2 (Table 3.3). However, for porewater containing 1 or 10 mM of CaCl2, it
increased to 1, which indicated more favourable attachment conditions. In case both
CaCl2 and DOC were present, the order of magnitude of α was ∼10−1-10−2 (Table
3.3).

INTERACTION ENERGY PROFILES

Upon increase of ionic strength as function of CaCl2 concentration, the height of the
energy barrier decreased and the depth of the secondary minimum increased (see
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Table 3.3.: Estimated attachment-detachment rate coefficients from HYDRUS and
sticking efficiency values (α). For the single-collector contact efficiency
(η0) of the sand-column system, the value was 0.04. Sticking efficiencies
were calculated using dp = 280 [nm], dg = 0.715 [mm], Hamaker constant:
H= 0.7×10−20 [J], ρp =2200 [kg m−3].

Solution HYDRUS α

kat t [min−1] kdet [min−1] Eq 3.4

Milli-Q water 6.65×10−3 0.08×10−3 0.07
I1 100.39×10−3 0.002×10−3 1.07
I10 103.39×10−3 0.0002×10−3 1.05
DOC5 3.52×10−3 1.13×10−3 0.04
DOC5-I1 19.58×10−3 0.2×10−3 0.20
DOC5-I10 48.72×10−3 0.11×10−3 0.49
DOC20 2.59×10−3 0.76×10−3 0.03
DOC20-I1 3.32×10−3 0.35×10−3 0.03
DOC20-I10 36.42×10−3 0.003×10−3 0.37

Appendix, Fig. B.3, Fig. B.4). This explained the higher attachment/retention rates at
higher ionic strength. For example, for the case of DOC 5 mg-C L−1, the height of
the potential energy barrier was 465kB T, while for the case of DOC 5 mg-C L−1 with
ionic strength 10 mM, the height of the energy barrier decreased to 51kB T, due to
the diffuse double layer compressed. In addition, upon increase in ionic strength,
the depth of the secondary minimum became pronounced. For the experiment of
DOC 5 mg-C L−1 with ionic strength 10 mM, the depth of the secondary minimum
was –0.358kB T.

Upon increase in DOC concentration, DNAcol became more negative, leading to
higher electrostatic repulsion between DNAcol. However, the DLVO profile could not
capture the low attachment rate of DNAcol in the presence of DOC 20 mg-C L−1

with ionic strength 1 mM. In all cases, the deep primary energy well remained,
mainly because ζ-potentials of DNAcol varied only slightly, while the mass recovery
increased substantially. This observation highlighted the importance of steric
repulsion in reducing the deposition rate of the DNAcol. In our study, we did not
consider the effect of short-range repulsive forces and steric repulsion. The omission
of steric repulsion was due to our inability to accurately define the thickness of the
adsorbed NOM layer, the distance between the chains on the surface and adsorbed
mass, which is crucial in the context of steric repulsion.

3.4. DISCUSSION

We started by examining the experiment with DNAcol suspended in Milli-Q water,
without the adding of NOM and CaCl2. In this experiment, we observed that the
breakthrough curves reached the plateau phase with a (Cpl ateau/C0) value of ∼0.8,
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Fig. 3.1A. The relative mass recovery of less than 100% could be attributed to the
trapping of some of the particles in the dead-end pores [174], surface roughness, and
the presence of patchwise macroscale and nanoscale heterogeneity on the surface of
the grain, which could act as attachment sites [111].

In the experiments involving only Ca2+ at ionic strengths of 1 and 10 mM, Fig.
3.1B and C, the plateau phase of the breakthrough curves drastically decreased,
with a 2 log removal. The tails of both breakthrough curves also exhibited a sharp
decline, and negligible tailing. From the literature, we understood that the presence
of Ca2+ could lead to an increase in attachment. This increase could be attributed to
double layer compression, charge screening [133], or Ca-bridging between the silica
surface of the sand and DNAcol, or a combination of factors. The calcium bridging
between the silica surfaces and anionic surfactant is well known in the literature
(e.g. [175]). We initially anticipated a higher attachment rate for the experiment
with ionic strength of 10 mM in comparison to the 1 mM experiment. However,
the increase in attachment rate was minimal. The sticking efficiencies belonging to
these two experiments were approximately around 1, indicating favourable or nearly
favourable attachment conditions [64]. Based on these results, we expected that
the majority of DNAcol colliding with the sand grain surface could also attach to
it. However, despite this expectation, the DLVO profile indicated the presence of a
potential barrier. Recent studies have reported the limitation of the mean-field DLVO
theory in predicting attachment when potential energy barriers are present [78,
164, 165, 176–178]. For DLVO calculations, we assumed a smooth particle surface
with uniform size and charge. This approximation may lead to overestimating
unfavourable conditions. Additionally, we assumed the ζ-potential of the sand grains
were similar to DNAcol. Beyond these assumptions, a limitation of the DLVO likely
was related to the presence of heterogeneity, like charge and roughness on the
surfaces [64, 111, 179–182]. The presence of macro and nano scale heterogeneity
could play a role in mitigating the repulsive energy barrier. In this direction, recently,
mechanistic approaches were presented that aim to explain both attachment and
detachment from primary energy minima, even under unfavourable conditions [165,
179].

Upon examining the experiments involving only NOM (Exps. D and G), we
expected a higher level of electrostatic repulsion and the presence of steric
hindrance, leading to a lower rate of DNAcol attachment. Additionally, NOM was
anticipated to have a “masking-effect” [146], reducing surface heterogeneity and
enhancing transport of colloidal matter [146, 183, 184]. The adsorption of NOM
onto both sand grains and suspended colloidal particles (DNAcol) surfaces led to
an increase in electrostatic repulsion force due to the increase in the ζ-potential
values [137, 185, 186]. This increase in the negative charge was observed within
just 5 min upon adding DNAcol to the solutions. In these two experiments, based
on the breakthrough curves results, it became clear that the plateau values of the
breakthrough curves reached higher levels, indicating lower DNAcol attachment or
retention. The estimated kat t , and kdet values further confirmed this trend, with
kat t being lower and kdet being higher compared to the experiments of DNAcol in
Milli-Q water. The mass recovery of the experiments conducted with Milli-Q water
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was approximately 81% (Exp. A), and the mass recoveries increased to 85% and then
to around 92% for the experiments involving 5 and 20 mg-C L−1 DOC, respectively
(Exps. D and G). This indicated that steric hindrance played a role to a certain
extent, which was extensively described in the literature [131, 133, 137, 138, 144, 147,
187].

As mentioned earlier, ionic strength had a major effect on transport of DNAcol,
leading to a significant increase in the attachment rate. However, DOC had an
opposite effect on attachment rate. When both Ca2+ and DOC were present in
the solution (Exps. E, F, H, and I), then we think the [Ca2+]/DOC ratio started
playing a role. In these combined experiments, Ca2+ could not only bind to the
two silica surfaces present in the system but also to DOC (e.g. [188]). For the
lowest [Ca2+]/DOC ratio, where the ionic strength was 1 mM and DOC was 20
mg-C L−1 (Exp. H), we observed that the plateau (Cpl ateau/C0) of the breakthrough
curves approached values close 0.8-1. Remarkably, in this experiment, the mass
recovery increased massively compared to conditions with the same ionic strength
but without NOM (no DOC). The associated sticking efficiency for this experiment
was 0.03. These results showed that the presence of 20 mg-C L−1 of DOC effectively
outcompete DNAcol attachment, which was an interesting finding in the framework
of the DNAcol application for tracer transport studies or when considering the
ecotoxicity of colloids. For the second lowest [Ca2+]/DOC ratio (ionic strength of
1 mM with DOC of 5 mg-C L−1), the kat t value was one order of magnitude
larger than in the previous case, that contained a higher DOC concentration. In
this experiment, the plateau of the breakthrough curves reached approximately
0.48, indicating a higher rate of attachment within the sand column. Finally, for
the ionic strength of 10 mM experiments with DOC of 5 and 20 mg-C L−1, the
kat t values increased further when compared to the conditions with ionic strength
of 1 mM. In these two experiments, the mass recoveries increased from 1% (no
DOC; Exp. C) to approximately 12-20%, (Exps. F, and I), respectively. The most
plausible explanation for this observation could be attributed to inter-molecular
cation bridging or complexation facilitated by the presence of Ca2+ ion, between the
negatively charged surfaces of NOM and the sand grains [138]. Furthermore, as ionic
strength increases the zone of colloid-collector interaction shrinks [164], potentially
leading to a higher attachment rate [165]. We expected the thickness of the adsorbed
organic matter layer on DNAcol would be affected by increasing ionic strength. That
meant that repulsion between the nearest adsorbed macromolecules was reduced
to some extent due to a decrease in negative charge [152]. Consequently, this
could result in a denser and more compacted configuration of the adsorbed organic
layer [152, 189]. We initially attempted to indirectly determine the thickness of
the adsorbed NOM layer on DNAcol, by comparing the hydrodynamic diameters of
DNAcol in the absence and presence of organic matter. However, this approach was
impractical due to hydrodynamic diameter being a rather coarse measurement of
true particle diameter, coupled with the broad size distribution of the hydrodynamic
diameter of DNAcol exceeding the expected thickness of the adsorbed layer.

Under transient porewater chemistry conditions, we observed the release of
DNAcol upon flushing with Milli-Q water. Such remobilization phenomenon was
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reported by other researchers in relation to various types of colloidal matter (e.g.
[44, 127, 131, 144, 157, 159, 160, 190]). The remobilization can provide evidence
to enhance our understanding to what extent the colloidal matter was attached
reversibly or irreversibly within the sand column. Under transient porewater
chemistry conditions, comparing the two experiments with ionic strength of 1 mM
and 10 mM revealed distinct differences in the release of DNAcol upon flushing
the column with Milli-Q water. While the deposition rates of DNAcol in ionic
strength of 1 and 10 mM under steady porewater chemistry conditions were quite
similar, the remobilization rate of retained or attached particles significantly differed
under transient porewater chemistry conditions. Specifically, the release of DNAcol
deposited at an ionic strength of 10 mM was significantly higher compared to those
at 1 mM (see Fig. 3.1 and Fig. B.6 in Appendix).

As the study of Nocito-Gobel and Tobiason [191] indicated, the rate of particle
release resulting from reducing in ionic strength might be influenced by various
factors, such as the magnitude of the ionic strength change, the final ionic strength
value, as well as the type and the quantity of previously deposited particles. This
study also observed the highest rate of release for particles deposited in the 10 mM
experiment [191]. Obviously, for the two experiments with 1 mM and 10 mM ionic
strength, we could assume that the final value of the change in ionic strength was
similar, as the columns were flushed around 3 PVs with Milli-Q water. Furthermore,
the mass recovery values calculated under steady porewater chemistry conditions
were 2% and 1% for ionic strength of 1 mM and 10 mM, respectively. Therefore, we
could reasonably assume that the amount of the previously deposited particles in
both cases were rather similar. Here, the results highlighted the critical role of the
magnitude of change in ionic strength in release rate, during transient porewater
chemistry conditions. For example, Franchi and O’Melia [131] highlighted that
during transient conditions, when the column was rinsed with lower ionic strength,
a sharp peak appeared, and the peak magnitude increasing with the change in
ionic strength during injection phase. Other studies have indicated that significant
remobilization of colloidal particles can occur when the reduction in ionic strength
reaches a critical concentration [157, 192]. Our results also showed higher DNAcol
release rate upon flushing the column with Milli-Q water for experiments conducted
at higher ionic strength (Exps. C, F, and I) than experiments conducted at the lower
ionic strength.

Even though the experimental conditions were theoretically performed under
unfavourable conditions, it remained unclear what could be the main reason
behind the remobilization of DNAcol upon change in pore water chemistry. It
is important to emphasize that although the column experiment results improved
our understanding of DNAcol transport behaviour, and the rate of removal, more
work is necessary to accurately describe the underlying mechanisms involved in the
attachment, retention, and remobilization. The one explanation for the higher rate
of particles remobilization at 10 mM CaCl2 during the transient porewater chemistry
conditions according to DLVO could be linked to the depth and positioning of the
secondary minimum [124]. Commonly, the release of particles is associated with a
secondary energy minimum in DLVO theory [131, 193]. The DLVO profile indicated
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under 10 mM ionic strength conditions, the secondary minimum was deeper and
situated closer to the surface of the sand grains. However, upon a closer examination
of the DLVO profile, it became apparent that the secondary minimum was quite
shallow in cases of 10 mM ionic strength.

The other possible mechanism contributing to the release of DNAcol upon flushing
with Milli-Q water, could be detachment of particles from the primary energy. As
previously mentioned, the presence of nanoscale heterogeneity on the surface can
diminish or even eliminate the repulsive barrier, under unfavourable conditions,
thereby leading to attachment in the primary energy well [165]. This nanoscale
heterogeneity in surface charge could also account for particle detachment under
unfavourable conditions with respect to ionic strength reduction [179, 194]. Moreover,
the presence of nanoscale heterogeneity, such as surface physical asperities, might
have contributed to the retention of particles [195]. It is important to note that in
our experiments conducted with 1 mM and 10 mM ionic strength, only a small
fraction of the attached or retained DNAcol were released upon reducing the ionic
strength. This observation suggested that in these two cases, the majority of the
DNAcol (approximately 98-90%) was strongly bound to the sand grains and remained
unreleased. It could be tempting to conclude that Ca-bridging between the sand
and DNAcol yielded binding strengths, that could not be broken by the decrease in
solution ionic strength.

3.5. CONCLUSIONS
The experimental results indicated that ionic strength and organic matter had
opposite effects on the overall transport and attachment rate of DNAcol. As a
result, the transport behaviour of DNAcol exhibited substantial variability across the
range of tested conditions. Consequently, if we aim for the application of DNAcol
as a tracer for mass balance, its applicability may fail due to its high sensitivity to
environmental conditions.

So, in summary the results of this study demonstrated that:

• The concentration of DOC in the aqueous system can play a crucial role in the
transport and fate of DNAcol.

• The calculations of sticking efficiency indicated that in the presence of organic
matter the probability of DNAcol attachment decreased significantly.

• Attachment of DNAcol was regulated by the [Ca2+]/DOC ratio, whereby
attachment was low at low ratios and increased when [Ca2+]/DOC ratio
increased. There was a range of [Ca2+]/DOC ratios, whereby the attachment of
DNAcol to the sand grains was negligible.

• The remobilization of DNAcol was more significant under transient porewater
chemistry conditions with 10 mM ionic strength compared to 1 mM CaCl2.
These findings emphasize the importance of evaluating the impact of transient
porewater chemistry conditions on the potential risk of colloidal transport.
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4.1. INTRODUCTION

Agricultural land is exposed to a wide range of agrochemicals and colloidal particles
from diverse sources. For instance, agricultural soils have recently been recognized
as significant repositories for nano- and micro-plastics. Major sources of such
non-point source plastics include sewage sludge amendment [196, 197], residues
from plastic mulching [198, 199], “coated fertilizers” [200], agricultural litter, and
atmospheric deposition [201].

Non-point source pollution in agricultural land has the potential to spread
and contaminate the vadose zone and groundwater. Soil chemistry is highly
heterogeneous, with factors such as pH, ionic strength of the water, and surface
characteristics of the soil texture. These factors can greatly influence the
transport, sedimentation, attachment, and remobilization of colloidal particles [133].
Agricultural soil, in particular, is known to be rich in organic matter, which can
impact the stability [45, 124, 133, 138, 139], and transport of colloidal particles [45,
124, 138, 183].

Moreover, in lowland agricultural regions like the Netherlands, understanding the
dynamics of flow and contamination transport patterns is more challenging due
to the highly dynamic nature of lowland catchments, which involve interactions
between surface water and groundwater, along with a dense drainage network
that may facilitate rapid flow [202, 203]. Therefore, monitoring and modeling the
spatial-temporal variations of flow, nutrients, and contaminants is crucial for the
effective management of surface and subsurface water resources.

An effective method for studying the transport and fate of non-point source
contamination in the subsurface environments is the use of multi-point tracer
techniques. Encapsulated synthetic DNA particles show promise as potential
candidates for tracking non-point source colloidal contaminants. According to a
review by Foppen [18], six types of encapsulated DNA particles have been fabricated
to date [21, 33–35, 51, 52], and used as tracers in different environmental and
laboratory conditions [14, 21, 30, 33, 35, 37, 39, 41–46, 48–50]. These encapsulated
DNA particles offer advantages, including a low detection limit due to the presence
of DNA, and the ability to synthesize large numbers of distinguishable tracers
by tagging each with a unique DNA sequence. This versatility allows for the
simultaneous tracing of multiple pathways by tagging different DNA sequences onto
tracers that have similar transport properties [21].

However, the main drawback of encapsulated DNA particle is its variation in
mass recovery [14, 41, 44–46, 57], and its transport is governed by filtration, which
can significantly vary based on the physicochemical environmental conditions [18,
45]. This mass variability may pose limitations in its application as a conservative
tracer [45]. Nevertheless, its colloidal property provides the potential to serve as a
surrogate for tracing biological colloids (e.g., bacteria) and nano- and micro-particles
(e.g., nano-plastics). To fully exploit this potential, however, comprehensive research
is needed.

In Chapter 3, we systematically investigated the effect of organic matter and
CaCl2 on the transport of silica-encapsulated DNA (DNAcol). The organic matter
used as a proxy for natural organic matter was extracted from groundwater in the
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Netherlands and provided by Vitens, a drinking water company in the Netherlands.
Our research showed significant variation in the transport of DNAcol in the presence
of natural organic matter [45], and potential formation of an “eco-corona” or
“environmental-corona”. Building on these findings, this chapter focuses on the
application of DNAcol in agricultural fields and aims to further explore the effect of
organic-rich natural groundwater on the transport of DNAcol.

To achieve this, we conducted a series of controlled laboratory experiments.
We first examined the transport of DNAcol within sand columns using natural
groundwater as the background solution. Next, we prepared synthetic groundwater
to mimic the major ion compositions of natural groundwater while excluding natural
organic matter. This approach allowed us to specifically assess the transport of
colloidal particles in groundwater conditions in the absence of natural organic
matter. Furthermore, we investigated the transport of DNAcol within undisturbed
soil, using natural groundwater rich in organic matter as the porewater. Additionally,
we explored the effect of transient porewater chemistry conditions on the transport
of attached and/or retained DNAcol within the sand columns by flushing them with
Milli-Q water.

4.2. MATERIALS AND METHODS

4.2.1. GROUNDWATER CHARACTERIZATION

Two groundwater samples were extracted from agricultural fields: one from Huppel
52.00131 N, 6.76112 E, in the eastern part of the Netherlands, and the other one is
from Tulip field, Noordwijkerhout, 52.260324 N, 4.473579 E, located in the flower
farms region of the western part of the Netherlands. These samples were collected
in March 2021 and stored at 4 ◦C. Before using the extracted groundwater as
background solutions for the experiments, both groundwater samples underwent
two rounds of vacuum filtration with a pore size of 0.450 µm (cellulose membrane
filter, Whatman, Germany) to remove particulate matter.

The major ion composition of both groundwater sources was analyzed using
Ion Chromatography (Metrohm) (Table 4.1). In both groundwater, Ca2+ was the
dominant cation. The Huppel groundwater exhibited a higher concentration of NO−

3 ,
whereas the Tulip groundwater had elevated levels of SO2−

4 .

4.2.2. NATURAL ORGANIC MATTER CHARACTERIZATION

The concentration of dissolved organic matter in the groundwater was determined
using a Total Organic Carbon Analyzer (TOC, VCPN, Shimadzu, Japan) and reported
as non-purgeable organic carbon (NPOC) in mg L−1 (mg-C L−1). Prior to the
measurements, the groundwater samples were filtered twice through a 0.450 µm
pore size (cellulose membrane filter, Whatman, German).

The composition and origin of natural organic matter in the groundwater
were characterized using the Absorbance Excitation-Emission Matrix (FEEM) using
A-Team (Aqualog, Horiba Scientific) spectroscopy. All measurements were conducted
using a quartz cuvette with a 1 cm path length. Before conducting the sample
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Table 4.1.: The major cation and anion composition of natural groundwater (GW)
determined by ion chromatography.

Major Huppel GW Tulip GW Huppel GW Tulip GW

[mg L−1] [mg L−1] [µEq L−1] [µEq L−1]

Na+ 16.7 20.9 726.3 909.4
Ca2+ 117 117 5833.0 5822.7
Mg2+ 15.9 9.65 1311.2 794.2
K+ 15.1 38.4 387.1 983.1

Cl− 29.0 28.1 817.8 793.5
NO−

3 152 3.80 2457.3 61.3
SO2−

4 58.9 89.4 1226.0 1861.4
PO−

4 0.06 6.18 1.8 195.3

C Z+ 8257.5 8509.4
AZ− 4502.8 2911.5

measurements, the Raman fluorophore of water was examined, showing a peak at
348 nm to verify the instrument’s stability. Milli-Q water was used as the blank
sample to calibrate the measurement intensity. Fluorescence intensity measurement
was taken within an excitation wavelength (EX) spectrum ranging from 230-600 nm
(incremental interval=2 nm), and emission wavelength (EM) range between 250-800
nm (incremental interval=3 nm).

4.2.3. SYNTHETIC GROUNDWATER SOLUTION

Two synthetic hard water solutions were prepared based on the major ion
compositions of two natural groundwater sources. The salts chosen for creating these
solutions followed the hard water recipe protocol developed by Smith, Davison, and
Hamilton-Taylor [204], with certain adjustments made to accommodate the specific
conditions of our study. PHREEQC [205] was used to determine the masses of salts
required to dissolve (Table 4.2).

In accordance with Smith, Davison, and Hamilton-Taylor [204], and to overcome
incongruent solubility challenges and ensure the complete dissolution of salts, four
electrolyte stock solutions (H1-H4) were prepared in Milli-Q water (Table 4.2). Then,
the final synthetic groundwater for each type of groundwater was prepared by mixing
the appropriate ratio of H1-H4 stock solutions. The major cations and anions of
final synthetic groundwaters were then measured using ion chromatography and are
given in Appendix, Table C.1. A comparison between the measured compositions of
natural and synthetic groundwater showed some variations but was considered to be
within acceptable limits (Table C.1).
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Table 4.2.: Chemical composition of four stock solutions used to prepare Huppel and
Tulip synthetic groundwater (Syn.)

Stock H1 H2 H3 H4

Solution CaCl2.6H2O Ca(NO3)2.4H2O CaCO3 CO2 KHCO3 KH2PO4 NaHCO3 MgSO4.7H2O

Huppel Syn. 740 3070 160 800 410 1180 600
[mg L−1]

Tulip Syn. 880 - 300 800 410 840 600
[mg L−1]

4.2.4. DNACOL

The silica-encapsulated-DNA colloid (DNAcol) has a core-shell structure with silica
composing the shell and core, encapsulating double-stranded DNA molecules. The
synthesis took place at ETH Zurich, and the fabrication method was detailed by
Paunescu et al. [34] and Mikutis et al. [39]. The DNA quantification protocol
workflow was adapted from Paunescu et al. [34] and Mikutis et al. [39] and outlined
in Chapter 3. For the dispersion of DNAcol in various solutions, DNAcol was spiked
into specific background solutions, and three distinct DNAcol variants, labeled S1-S2
and S4 were used in different experiments. The batches of DNAcol suspension were
vortexed three times to achieve a homogeneous dispersion.

4.2.5. STABILITY OF DNACOL- HYDRODYNAMIC RADIUS (dh ), AND

ZETA-POTENTIAL (ζ-POTENTIAL)
The particle size distribution and electrophoretic mobility of S4 suspended in both
natural and synthetic groundwater were determined using a ZetaSizer Nano ZS
(Nano Series, Malvern Instrument Ltd., Worcestershire, UK), as described in Chapter
2.

Before the measurement, the DNAcol suspension was prepared at a concentration
of 10 mg L−1 and vortexed three times to ensure thorough homogenization. To
assess the stability of S4 both dh and ζ-potential were measured after preparation of
fresh suspension (within 5 min) and after 120 min using a U-shaped capillary cell
with gold electrodes (DTS1070).

4.2.6. SAND COLUMN EXPERIMENTS

The transport behavior of DNAcol was assessed under three different sand column
conditions. In the first two series of the experiment, acid-washed sand was used,
and in the last series, the column was filled with undisturbed soil. The columns had
a cylindrical acrylic structure with an inner diameter of 2.7 cm and a height of 10
cm.

For the acid-washed sand columns, filter sand with a grain size between 425 to
630 µm was used as the sand media. The sand, before use, was acid-washed
(protocol described in Chapter 3). The column was uniformly wet-packed, after
packing the columns, the inlet tubing was connected to the pump, and the flow was
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in an upward direction. Following the column packing, the sand column was initially
preconditioned by injecting Milli-Q water for more than 10 pore volumes (PV). The
tracer experiment procedure closely followed our earlier study in Chapter 3.

For the undisturbed soil columns, the procedure involved excavating a hole and
then vertically pushing a cylinder into the soil at a depth of 70 cm. The dimensions
of the columns that were used for undisturbed sand were similar to those used for
the acid-washed sand column. For this experiment, local groundwater was used as
the background solution. The undisturbed soil columns were then kept in a cold
room at a temperature of 4 ◦C until they were used.

SAND COLUMN EXPERIMENTS WITH NATURAL GROUNDWATER

The transport behavior of DNAcol(S4) was investigated within the sand column
using the two natural groundwaters: Tulip and Huppel. In this series of experiments,
three sequential tests were conducted per column: i) NaCl tracer as a solute tracer,
ii) DNAcol suspended in Milli-Q water (MQ), and iii) DNAcol suspended in natural
groundwater. The injection phase of DNAcol lasted for 150 minutes, followed by the
elution phase with a background solution for 210 minutes. These two phases are
referred to as steady porewater chemistry conditions. Then, after the elution phase,
the column was further flushed with Milli-Q water for 180 to 210 minutes to mimic
transient porewater chemistry conditions for the experiments. It is important to note
that prior to conducting the DNAcol suspended in natural groundwater, the column
was preconditioned with a background solution. The experimental procedure is
summarized in Table 4.3.

The DNAcol suspension was prepared by spiking DNAcol(S4) to achieve a 1 mg L−1

concentration in the background solution. During the injection phase of DNAcol, the
injection suspension was continuously stirred using a magnetic stirrer to maintain
the uniformity of the concentration. To determine the concentration of the column
influent (C0) for DNAcol experiments, 5-6 samples were collected over the injection
time-frame. The effluent of the column was continuously collected with a sampling
time frame of 5 minutes. The flow rates were measured before and after each tracer
experiment to ensure a constant flow rate through the tests. The average Darcy
velocity was 0.07 cm min−1.

SAND COLUMN EXPERIMENTS WITH SYNTHETIC GROUNDWATER

In the second series of the experiment, the transport behavior of DNAcol(S4) was
investigated using two synthetic groundwaters as the background solution. The
procedure for this series of experiments was similar to what we described above for
natural groundwater, except that for each sand column, two sequential experiments
were conducted: i) NaCl tracer as a solute tracer, ii) DNAcol suspended in synthetic
groundwater. This means the transport of DNAcol in Milli-Q water was excluded
(Table 4.3).
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UNDISTURBED SAND COLUMN EXPERIMENTS WITH NATURAL GROUNDWATER

For the undisturbed soil column, after connecting the inlet and outlet tubing, the
column was flushed with several pore volumes of filtered Tulip groundwater at a
constant flow rate using a pump with the flow in an upward direction, to ensure that
the column was fully saturated. In this series of experiments, the transport behavior
of two distinct DNAcol, tagged with two different DNA sequences (S1 and S2),
was examined. Three sequential tests were conducted per column: i) DNAcol(S1)
suspended in natural groundwater, ii) DNAcol(S2) suspended in natural groundwater,
and iii) NaCl tracer as a solute tracer. The two experiments with S1 and S2 were
conducted for two different concentrations and two flow velocities (Table 4.3). The
first experiment with S1 was conducted at a lower concentration of 0.01 mg L−1

and a lower Darcy velocity of 0.04 cm min−1 compared to previous experiments in
acid-washed sand. The injection phase of S1 for this experiment lasted for 240 min,
followed by a 240 min elution phase with groundwater free of DNAcol. At the end
of the elution phase, groundwater was continuously flushed within the column to
further flush the DNAcol retained within the sand column.

A few days after flushing the column, the second DNAcol(S2) experiment with a
higher concentration was performed. For the second experiment, S2 was injected
into the column with a concentration of 0.1 mg L−1 for 120 min. The column
influent was then switched back to groundwater without DNAcol for 120 min as
the elution phase. After the elution phase, Milli-Q water was flushed through the
column to reduce the salt concentration of the soil column, followed by NaCl tracer.
The Darcy velocity was 0.07 cm min−1, and the sampling duration was 5 minutes.

For the NaCl tracer, the concentration of the collected samples was determined
based on electrical conductivity (EC). The concentration of the DNAcol tracer was
analyzed using the quantitative polymerase chain reaction (qPCR) technique, as
described in Chapter 3.

Table 4.3.: Summary of DNAcol experiments conducted in various columns.

Column Solution Injected DNAcol Injection Elution Transient Sand
Experiment (concentration) time time time

[mg L−1] [min] [min] [min]

Exp. 1 Milli-Q water (1) 1 (S4)* 150 210 - acid-washed
Huppel GW(1) 1 (S4) 150 210 180 acid washed
Huppel GW(2) 1 (S4) 150 210 210 acid washed

Exp. 2 Milli-Q water (1) 1 (S4) 150 210 - acid washed
Tulip GW(1) 1 (S4) 150 210 180 acid washed
Tulip GW(2) 1 (S4) 150 210 210 acid washed
Tulip GW(3)** 1 (S4) 150 210 210 acid washed

Exp. 3 Huppel Syn. 1 (S4) 150 210 210 acid washed
Exp. 4 Tulip Syn. 1 (S4) 150 210 210 acid washed
Exp. 5 Tulip GW(2) 0.01 (S1) 240 240 Undisturbed

Tulip GW(1) 0.1 (S2) 120 120 150 Undisturbed
∗ S4: DNAcol(S4), S1: DNAcol(S1), and S2: DNAcol(S2)

∗∗ In this sand column, only the transport of DNAcol in groundwater was investigated.
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The details of the primer and dilution series are detailed in Appendix C.2. Table
C.2 presents the sequence and GC content of the forward and reverse primer.
Calibration curves for S1-S2 and S4 were performed both in Milli-Q water and
in various background solutions used in this work (Appendix Fig. C.1-C.2). Fig.
C.1-C.2 show the dilution series consisted of 8-fold from 100 mg L−1 to 0.00001
mg L−1, corresponding to D2 to D9 in the dilution series. In each run of qPCR,
alongside the samples, several quality checks were performed to ensure there was no
contamination and no signal inhibition. For this purpose, the qPCR run contained
a No Template Control (NTC) and a positive control to ensure the absence of
contamination and to control the quality of the reaction, respectively. Additionally,
for DNAcol(S4) qPCR runs, influent and effluent blank samples were included to
ensure there was no false positive signal (Fig. C.3). Furthermore, the stability of
DNAcol(S4) in terms of Cq value was occasionally assessed over time (Fig. C.3).

4.2.7. STICKING EFFICIENCY (α)
Based on colloid filtration theory (CFT) [66, 110, 111] the sticking efficiency (α)
was calculated based experimental breakthrough curves data using the following
equation [62, 70, 111, 169]:

α=− 2dg

3(1−ϵ)Lη0
ln

C

C0
(4.1)

Where, dg [cm] is average grain diameter, ϵ [-] is porosity of the sand column, L
[cm] is column length, η0 [-] is the single-collector contact efficiency, C0 [mg L−1]
is the influent concentration, C [mg L−1] is the effluent concentration of particles,
when the breakthrough curve reached steady condition. In this study, the values
of C /C0 were derived from the average of the normalized breakthrough curves
between 65-115 min (∼1.2-2.1 PV) for the experiments conducted with acid-washed
sand column, and for the undisturbed soil column experiments, the average values
were obtained from the breakthrough curves between 85-145 min (∼1.2-2.1 PV). The
dimensionless single-collector contact efficiency (η0) was calculated based on the
correlation equation developed by Tufenkji and Elimelech [70]. The attachment rate
coefficient (kat t ) of DNAcol was calculated based on the following equation:

kat t = 3(1−ϵ)

2dg
νpη0α (4.2)

Where, νp [cm min−1] is porewater flow velocity. In principle, colloid transport
is commonly described by the advection-dispersion equation, which incorporates
attachment-detachment processes in porous media [171], as described in Chapters
2 and 3. Transport parameters for solute and DNAcol were estimated based on
experimental breakthrough curves data using HYDRUS-1D model, which was fitted
to the experimental breakthrough curves. The columns’ porosity and dispersivity
were estimated from NaCl tracer data, while the attachment rate coefficient (kat t ),
and detachment rate coefficient (kdet ) were estimated from DNAcol breakthrough
curves. The values of the attachment rate coefficient (kat t ) were estimated based on
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both experimental data using Eq. 4.2 and alternatively using the HYDRUS-1D model.
The mass recovery during steady porewater chemistry conditions (Mstead y /Mi n j .)
was calculated based on the area underneath the first peak, while during transient
porewater chemistry conditions, the relative mass recovery (MTr ansi ent /Mi n j .) was
calculated based on the area underneath the second peak, Eq. 3.1. Specifically, for
transient porewater chemistry conditions, the recovered mass was reported as the
ratio of DNAcol mass recovered during the transient condition to the total injection
mass of DNAcol, not retained within the column.

4.3. RESULTS

4.3.1. STABILITY OF DNACOL- ZETA-POTENTIAL (ζ-POTENTIAL) AND

HYDRODYNAMIC DIAMETER (dh )

The measured ζ-potential values, after 5 minutes of spiking with DNAcol(S4) in
both natural groundwaters, averaged around –21 mV (Table 4.4). Similarly, for
synthetic groundwater, the ζ-potential was very close to those in natural groundwater
conditions, averaging around –22 mV (Table 4.4). After 120 minutes, the ζ-potential
of DNAcol in natural groundwater remained almost constant, averaging around ∼–22
mV. However, the negative charge of DNAcol(S4) in synthetic groundwater changed
to ∼–16 and –17 mV (Table 4.4). The change in ζ-potential of DNAcol(S4) in
synthetic groundwater is most likely related to the compression of the double layer
and charge screening due to the presence of salts.

The hydrodynamic diameter (dh) of DNAcol(S4) was reported as Z-average particle
size. The Z-average particle size distribution of DNAcol(S4) in Huppel groundwater
varied from 367 to 335 nm over the 120-minute measurement period. For Tulip
groundwater, the Z-average size of DNAcol remained constant at around 375 nm
(Table 4.4). For DNAcol(S4) suspended in synthetic groundwater of Huppel and
Tulip, the Z-average particle size distribution was 467 nm and 385 nm, respectively,
after 5 minutes. However, over the 120-minute measurement period, the dh of
DNAcol(S4) suspended in Huppel and Tulip synthetic groundwater increased to 922
nm, and 2183 nm, respectively (Table 4.4). This indicated that in the absence of
organic matter, in synthetic groundwater DNAcol(S4) aggregated.

4.3.2. CHARACTERIZATION OF ORGANIC MATTER OF GROUNDWATER

The concentration of dissolved organic matter, as determined by a DOC analyzer,
was approximately 21 mg-C L−1 for Tulip groundwater and around 26 mg-C L−1 for
Huppel groundwater. These concentrations were slightly higher than the maximum
concentration used in Chapter 3, which was around ∼20 mg-C L−1.

The fluorescence analysis revealed two major peaks for both groundwater types.
The first peak, observed around EX/EM=250/450 nm, is indicative of fulvic or humic
acid-like compounds [206]. The secondary peak, occurring around EX/EM=340/430
nm, was also humic acid-like [206].
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Table 4.4.: The hydrodynamic diameter (dh) along with its polydispersity (PDI), and
ζ-potential of DNAcol(S4) suspended in both Huppel and Tulip natural
groundwater and synthetic groundwater, along with their corresponding
electrical conductivity (EC) values.

Solution
dh

[nm]
Polydispersity

[-]
ζ-potential

[mV]
EC

[mS cm−1]

5 min 120 min 5 min 120 min 5 min 120 min

Huppel GW 366.5 335.3 0.4 0.3 -21 -21.6 0.86
Tulip GW 375.2 374.5 0.4 0.5 -21.6 -23.2 0.83
Huppel Syn. 466.8 922.1 0.5 0.6 -22.2 -15.7 0.85
Tulip Syn. 385.1 2183 0.4 0.7 -22.4 0.84
Tulip Syn. 418.9 1193 0.5 0.8 -23.3 -17.3

4.3.3. COLUMN BREAKTHROUGH CURVES UNDER STEADY AND

TRANSIENT POREWATER CHEMISTRY CONDITIONS

SAND COLUMN EXPERIMENTS WITH NATURAL GROUNDWATER

Before assessing the transport of DNAcol, a NaCl tracer was conducted to estimate
the porosity and dispersivity of each sand column using inverse modeling with
HYDRUS-1D. Subsequently, the transport of DNAcol in Milli-Q water was assessed
within the two sand columns as a benchmark Fig. 4.1A and 4.1C. The breakthrough
curves of normalized DNAcol in Milli-Q reached a maximum relative concentration
(Cmax /C0) of around 0.6-0.7 (Fig. 4.1A and 4.1C). The tailing of the breakthrough
curve gradually decreased, indicating a slow release of some of the retained particles
[207].

Next, the transport of DNAcol in two different natural groundwaters was tested.
For Huppel groundwater (Fig. 4.1B), duplicate experiments showed that Cmax /C0

ranged between 0.38-0.68 (Table 4.5), and the relative mass recovery was around
36-46% (Mstead y /Mi n j .). In the case of Tulip groundwater (Fig. 4.1D), the
breakthrough curves were similar to those in Huppel groundwater, with Cmax /C0

ranging approximately from 0.30-0.53. The relative mass recoveries (Mstead y /Mi n j .)
of DNAcol were approximately 22-23%, and 36% among triplicate experiments
(Table 4.5). The tailing of the breakthrough curve of DNAcol within both types of
groundwater gradually decreased, similar to the Milli-Q experiments. In the last
two experiments, after the elution stages of DNAcol with particle-free groundwater
solutions, Milli-Q water was injected into the sand column to mimic transient
porewater chemistry conditions. During this stage, a second peak appeared in the
breakthrough curves. For Huppel groundwater, the relative mass recovery of the
second peak was approximately 8-12% (Mtr ansi ent /Mi n j .), and for Tulip groundwater,
it varied between 8-30-58% (Mtr ansi ent /Mi n j .).

It should be noted that the samples from the replicated experiment were analyzed
after 21 days due to issues with laboratory equipment breakdowns. Although the
breakthrough curves of the replicate experiment followed a similar trend (Fig. 4.1B
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Figure 4.1.: Experimental breakthrough curves of DNAcol (symbols), and NaCl (black
dashed lines). The background solutions for DNAcol experiments are:
(A) Milli-Q water, (B) Huppel groundwater, (C) Milli-Q water, (D)
Tulip groundwater. Open symbols represent steady porewater chemistry
conditions, and filled symbols represent transient porewater chemistry
conditions.

and 4.1D), a closer examination of the data revealed notable variations, particularly
in the Cq values (cycle quantification values, indicating when the fluorescence signal
crosses the background noise) of both influent and effluent of the column. While
the breakthrough curves were presented as normalized values (C /C0), making the
differences between replicates less noticeable, the overall trend of the breakthrough
curves and mass recovery did not deviate significantly. For further clarification
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regarding the variation between the replicated experimental data, the values of
injected particles (C0), determined by qPCR, were presented as quantification cycle
(Cq) values in Fig. C.3.

In addition to experimental data, the sticking efficiency (α) and attachment rate
coefficient (kat t ) of DNAcol was determined experimentally using Eq. 4.1 and 4.2 and
compared with the attachment rate coefficient (kat t ) estimated from HYDRUS-1D
(Table 4.5). For DNAcol in Milli-Q water, kat t values ranged between 0.014 and
0.033 (Table 4.5). In the case of DNAcol in Huppel and Tulip groundwater, the
average values were 0.015 and 0.022, respectively. The obtained sticking efficiency
(α) for DNAcol in Milli-Q water varied between 0.12 to 0.21 (Table 4.5). For DNAcol
in Huppel and Tulip groundwater, the sticking efficiency (α) values were on average
0.11 and 0.16, respectively.

Table 4.5.: Summary of flow rate in the DNAcol experiments and estimated transport
parameters, along with corresponding sticking efficiencies of DNAcol.
Sticking efficiencies were calculated using dp = 280 [nm], dg = 0.527 [mm],
H= 0.7×10−20 [J], ρp =2200 [kg m−3].

Solution Flow rate Porosity Cmax /C0
kat t

Eq4.2
α

Eq4.1
kat t

HYDRUS
kdet

HYDRUS
α Mstead y /Mi n j . Mtr an./Mi n j .

[ml min−1] [−] [−] [min−1] [−] [min−1] [min−1] [−] [%] [%]

MQ water (1) 0.38 0.42 0.71 0.014 0.12 0.012 3.27×10−4 0.09 54 -
Huppel GW (1) 0.39 0.42 0.38 0.016 0.14 0.020 3.13×10−6 0.16 36 12
Huppel GW (2) 0.41 0.36 0.68 0.015 0.09 0.016 4.26×10−5 0.10 46 8
MQ water (1) 0.36 0.37 0.57 0.033 0.21 0.025 1.55×10−3 0.17 33 -
Tulip GW (1) 0.36 0.37 0.30 0.025 0.16 0.030 3.19×10−4 0.20 23 8
Tulip GW (2) 0.35 0.41 0.48 0.024 0.20 0.028 3.47×10−5 0.20 22 30
Tulip GW (3) 0.41 0.38 0.53 0.017 0.12 0.020 2.69×10−5 0.14 36 58
Huppel Syn. 0.40 0.38 0.02 0.078 0.52 0.089 4.69×10−6 0.59 1 46
Tulip Syn. 0.40 0.38 0.03 0.086 0.58 0.088 4.69×10−6 0.58 0.6 70

Tulip GW (S2) (1) 0.04 0.48 0.91 0.065 0.328
undisturbed

SAND COLUMN EXPERIMENTS WITH SYNTHETIC GROUNDWATER

Fig. 4.2A presents the breakthrough curve of DNAcol in Huppel synthetic
groundwater. For this condition, the breakthrough curve of DNAcol exhibited
Cmax /C0 values approached ∼0.02 (Fig. 4.2A and Table 4.5). Such a low plateau
indicated significant attachment or retention of DNAcol within the column. The
tailing of the breakthrough curve declined abruptly, suggesting negligible release of
DNAcol from the sand column. Due to the high attachment and/or retention rate,
the relative mass recovery of the DNAcol was low, with only 1% of the injected
DNAcol being recovered. In Fig. 4.2B, the breakthrough curve of DNAcol suspended
in Tulip synthetic groundwater depicts the concentration of collected column
samples normalized over the first 3 sub-samples of column influent (C0). This
normalization was conducted due to observed instability in DNAcol concentration
during the sampling period, as indicated by variation in the Cq values (further details
provided in Appendix Fig. C.3-C.4). When considering only the first 3 sub-samples
of column influent, the value of Cmax /C0 was 0.03, and the relative mass recovery
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(Mstead y /Mi n j .) of DNAcol was 0.6%.
Fig. 4.2A-B also depicts second peaks that appeared under transient porewater

chemistry conditions when the columns were flushed with Milli-Q water after the
elution phase of DNAcol. The second sharp peak of DNAcol indicated substantial
remobilization of DNAcol upon the injection of Milli-Q water, in contrast to the
negligible mass recovery of DNAcol during the steady porewater chemistry conditions.
During transient porewater chemistry conditions, approximately (Mtr ansi ent /Mi n j .)
46% of the injected DNAcol in Huppel synthetic groundwater was recovered over 3
pore volumes. For DNAcol in Tulip synthetic groundwater conditions, the relative
mass recovery during transient conditions was approximately (Mtr ansi ent /Mi n j .) 70%.

The calculated values of kat t for synthetic Huppel and Tulip groundwater were
0.078 and 0.086, respectively, with corresponding sticking efficiencies of 0.52 and
0.58. The obtained mass recovery of DNAcol was only around 1%, suggesting a
significant attachment and/or retention of DNAcol within the sand column.
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Figure 4.2.: Experimental breakthrough curves of DNAcol (symbols), and NaCl tracer
breakthrough curves (black dashed lines). The background solutions
for DNAcol experiments are (A) Huppel synthetic groundwater, and (B)
Tulip synthetic groundwater. Open symbols represent steady porewater
chemistry conditions, and filled symbols represent transient porewater
chemistry conditions.

UNDISTURBED SOIL COLUMN EXPERIMENTS WITH NATURAL GROUNDWATER

Fig. 4.3 presents the breakthrough curves of DNAcol transported within undisturbed
soil columns excavated from the Tulip field. In Fig. 4.3(A-1 and A-2), the
breakthrough curve of the first experiment displays the injection of DNAcol(S1) at
a concentration of 0.01 mg L−1 (corresponding to D6 in the dilution series) with
a Darcy velocity of 0.04 cm min−1. The breakthrough curves are depicted in both
linear (upper panels (A-1)) and semi-log (lower panels (A-2)) scales to better visualize
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the shape of the obtained breakthrough curves. Under these conditions, no clear
breakthrough curves were observed, indicating a high attachment and/or retention
of DNAcol within the soil media.

Fig. 4.3(B-1 and B-2) shows the breakthrough curve of the second experiment
using DNAcol(S2) at a higher concentration 0.1 mg L−1 (corresponding to D5 in the
dilution series) with a Darcy velocity 0.07 cm min−1. Similarly, a negligible amount
of DNAcol was collected from the sand column effluent. Overall, in both tested
conditions, the mass recovery of DNAcol was low during steady porewater chemistry
conditions.

At the end elution phase of the second experiment, the column was flushed with
Milli-Q water, resulting in an observed increase in the concentration of DNAcol
in the collected samples. This observation was attributed to the remobilization
of retained DNAcol. It is important to note that the sampling collection during
remobilization was terminated early, missing the capture of the entire rising and
declining limb associated with the remobilization peak. Consequently, calculating
the mass of remobilized DNAcol under transient porewater chemistry was not
possible. Additionally, the results showed that during the remobilization phase, the
rising limb of DNAcol was longer compared to results obtained from acid-washed
sands. Although the duration of the injection and elution phase for undisturbed and
acid-washed were not identical, the longer duration of the rising limb suggested a
slower release rate of retained DNAcol.

In this series of experiments, after the injection of Milli-Q water to reduce the EC
of the soil column, the NaCl tracer test was conducted as the final tracer experiment.
For this experiment, only the rising limb was sampled to determine the porosity and
dispersivity of the undisturbed soil (Fig. 4.3(B-1 and B-2), and Table 4.5).

For the experiment conducted with DNAcol(S2), the collected samples were
reanalyzed to assess the stability of DNAcol over time (11 days). Additionally, to
examine the effect of storage temperature on DNAcol, the sub-samples were kept at
-20 ◦C (freezing temperature). These results are presented in the Appendix, Fig. C.5.

4.4. DISCUSSION

In the first two series of experiments, we investigated the transport of DNAcol
suspended in two types of natural groundwater and synthetic groundwater. The
synthetic groundwater was prepared with a similar ion composition as natural
groundwater but lacked natural organic matter. This allowed us to assess the
influence of natural organic matter on the transport behavior of colloidal matter in
the porous media.

The results obtained for DNAcol suspended in the two types of natural groundwater
were relatively similar. The breakthrough curves reached a plateau phase on average
around 0.22-0.44, followed by a long tailing, indicating a slow release of DNAcol.
When compared to synthetic groundwater, the plateau of the breakthrough curves
was significantly reduced to values around 0.02-0.03, suggesting high attachment
and/or retention of DNAcol. The concentration of the tailing of the breakthrough
curves of Tulip synthetic groundwater approached the lower detection limit. In both
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Figure 4.3.: Experimental breakthrough curves of DNAcol (symbols) obtained from
undisturbed sand columns with Tulip groundwater as the background
solution, and NaCl tracer breakthrough curves (black dashed lines). The
top panel shows the breakthrough curves in linear scale (A-1) and (B-1),
and the lower panel presents similar breakthrough curves in semi-log
scale (A-2) and (B-2). In (A-1) and (A-2), the experimental breakthrough
curves of DNAcol were obtained at a lower concentration with a flow
velocity of 0.04 [cm min−1], while in (B-1) and (B-2), experimental
breakthrough curves of DNAcol obtained at a higher concentration and
a flow velocity of 0.07 [cm min−1].

synthetic groundwater conditions, the mass recoveries were extremely low, around
1%, indicating significant retention and/or attachment.

In both synthetic groundwater conditions, the high attachment and/or retention
of DNAcol could be attributed to a decrease in the negative charge of the DNAcol.
This was evident in the ζ-potential values of DNAcol in synthetic groundwater,
which became less negative over the 120-minute measurement period. The reduced
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negative charge diminishes the electrostatic repulsion force [62], potentially leading
to increased attachment of DNAcol onto the sand grains. Although we expected
the ionic strength of natural groundwater to be similar to the synthetic ones, the
high concentration of organic matter in the natural groundwater resulted in a
significant reduction in the retention and/or attachment of DNAcol. Additionally,
it contributed to a more stable ζ-potential of DNAcol. Other researchers reported
similar enhancements in the transport of nano- and micro-particles in the presence
of natural organic molecules in the porous media [45, 131, 133, 144, 146, 183, 184],
likely due to electrostatic and steric repulsion forces [124, 131, 146].

The attachment appears to be one of the mechanisms explaining the low mass
recoveries of DNAcol (∼1%) in synthetic groundwater conditions as found in our
experiments. These findings compare well with the results of Chapter 3, where
DNAcol was suspended in CaCl2 solution with ionic strength of 1 and 10 mM,
also showing mass recoveries around 1-2%. The corresponding attachment rate
coefficient (kat t ) for synthetic groundwater ranged from 78×10−3 to 86×10−3, and
for CaCl2 with ionic strength of 1 and 10 mM (Chapter 3), kat t values ranged from
96×10−3 to 98×10−3, indicating a similarity between the two sets of results. However,
when comparing the calculated sticking efficiencies, the results were quite different.
The estimated sticking efficiency values in the current experiments were around
0.52-0.58. In contrast, the estimated sticking efficiency values for CaCl2 solution
with ionic strengths of 1 and 10 mM approached 1, indicating high attachment
rates of DNAcol. Assuming attachment as the sole mechanism contributing to the
high removal rate of DNAcol, we could hypothesize that Eq.4.1 underestimated the
sticking efficiency value for smaller grain sizes.

Straining is another possible mechanism that can contribute to the removal of
colloidal particles within the sand column (e.g., [180, 208–210]). As previously
mentioned, evidence showed an increase in the dh of DNAcol in both Huppel and
Tulip synthetic groundwater over a 120-minute period. This increase in DNAcol
size is likely due to particle-particle attachment, resulting in the homo-aggregation
of DNAcol. Consequently, the ratio of DNAcol diameter to sand grain diameter
(dp /dg ) became very close to or exceeded stringing values as reported by Bradford,
Torkzaban, and Walker [114]. Therefore, we infer that the trapping of the particles
in small pores increased, leading to an increase in the rate of DNAcol removal
driven by the homo-aggregation of particles and the resulting straining mechanism.
Overall, it is challenging to determine whether Eq. 4.1 underestimated the sticking
efficiency for small sand grains, or if other mechanisms, such as straining, play a
role besides attachment of DNAcol to sand grains. Bradford et al. [209] highlighted
the limitations of sticking efficiency in predicting experimental data when straining
is involved. They cautioned that when the ratio of particle diameter to median grain
size (dp /dg (50)) exceeds approximately 0.0017, the application of colloid attachment
theory should be approached with caution [209].

In our experiment, considering the measured hydrodynamic diameters of DNAcol
in synthetic groundwater at 120 minutes, the dp /dg ratio became equal to or
exceeded 0.0017. As evident from Eq. 4.1, the attachment efficiency is assumed to be
independent of colloid size (DNAcol). However, the single-collector contact efficiency



4.4. DISCUSSION

4

61

varies depending on the colloid size (DNAcol), which can influence the attachment
efficiency value. In Chapter 3, the single collector efficiency was ∼3.8×10−2, with
a column length of 8 cm and an average sand grain of 715 µm. In the current
experiments, the single collector efficiency was ∼4.62×10−2, with a column length
of 10 cm and an average sand grain of 527.5 µm. In both cases, we assigned the
DNAcol size to be 280 nm. The calculated single-collector contact efficiencies were
similar to each other, with a slightly lower value for larger sand grains.

To test the effect of DNAcol size, we performed a sensitivity analysis of
single-collector contact efficiency and sticking efficiency. First, we fixed the colloid
size (DNAcol) to be 280 nm and used the values of the hydrodynamic diameters
measured at 5- and 120-minute timeframes. Based on the calculated values of
single-collector contact efficiencies, the sticking efficiencies were again calculated
using Eq. 4.1 (Appendix, Table C.3). The calculated single-collector contact
efficiency was found to be lower for hydrodynamic diameters of DNAcol at 5-minute
timeframe, ranging between 367-468 nm, compared to DNAcol size of 280 nm.
However, the calculated sticking efficiencies for this scenario were slightly higher
than those for DNAcol size of 280 nm. Lastly, assuming a larger DNAcol (as proven
by measured hydrodynamic diameter after 120 minutes) resulted in higher values of
single-collector contact efficiency. Consequently, this led to lower values for sticking
efficiencies compared to DNAcol size of 280 nm. Thus, even if we account for the
increase in the size of DNAcol, it may lead to lower values of sticking efficiency.

In the final series of the experiment, we used undisturbed soil columns from the
Tulip field to add complexity to our experiments. We aimed to evaluate the relevance
of our findings from experiments conducted with acid-washed sand and groundwater
conditions to real-world DNAcol tracer applications in field studies. Initially, we
expected that the presence of organic matter would limit the removal rate of DNAcol
within the column, leading to a high rate of DNAcol being collected from the column
effluent. Contrary to this expectation, the experimental results of DNAcol transport
within the undisturbed soil columns indicated a high removal rate of DNAcol within
the column, with no clear breakthrough curves observed. Directly comparing the
results of the acid-washed sand and undisturbed soil columns was challenging due
to differences in sand grain sizes and the influent DNAcol concentration (C0) used.
However, several factors may have contributed to the significant attachment and/or
retention of DNAcol within the undisturbed soil column. Firstly, the smaller size
of sand grains in the undisturbed column (∼300 µm compared to 527.5 µm for
acid-washed columns) may have played a role. Additionally, the concentration of
injected DNAcol was lower for the undisturbed column compared to the acid-washed
sand columns. As observed from the calibration curve data, larger error bars
are associated with samples containing low DNA concentrations. Furthermore, we
anticipated surface heterogeneity, such as metal oxides on the soil grains from the
field, contributing to the attachment of negatively charged DNAcol. XRF analysis
results indicated that the sand grains contained approximately 85% SiO2, and ∼9%
metal oxide (Al2O3, CaO, K2O, Na2O, MgO, and Fe2O3). The presence of surface
heterogeneity on the grains may have led to the elimination or reduction of the
repulsive energy barrier locally [180]. Another aspect that needs to be considered is
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the potential impact of biofilm and biological activity on DNAcol removal within the
soil column.

During transient porewater chemistry conditions, in all experimental conditions,
we observed that when flushing the column with Milli-Q water, the retained
DNAcol remobilized. Among the conducted experiments, the high mass recovery of
DNAcol with respect to the inject concentration (C0) was observed when synthetic
groundwater was used as the background solution during steady porewater chemistry
conditions. The remobilization occurred due to the reduction in ionic strength of
the porewater [42, 45, 62, 114, 131, 144, 155, 157, 159, 160, 190, 211]. During
the transient chemistry conditions, it seems that the electrostatic repulsion was
enhanced due to the decrease in ionic strength. Moreover, some of the aggregated
DNAcol in the synthetic groundwater solution likely broke down into single particles.

4.5. CONCLUSIONS
In this study, we tested the transport of DNAcol through three series of column
experiments. In the first series, we examined the effect of groundwater quality and
Milli-Q water on the transport of DNAcol. In the second series, we investigated the
impact of the absence of natural organic matter on the transport of DNAcol using
synthetic groundwater. In the third series, we used an undisturbed soil column as
porous media and tested the transport of DNAcol at two different concentrations.
Overall, the study aimed to understand the behavior of DNAcol transport under
various conditions within sand column experiments.

• The experimental and modeling results obtained from the sand columns,
using two different natural groundwater, showed moderate attachment and/or
retention of DNAcol within the sand column.

• Repeated experiments with synthetic groundwater, which were free of organic
matter, revealed significant retention and/or attachment of DNAcol within the
sand column. This suggests that the natural organic matter plays a crucial role
in enhancing the transport of DNAcol through porous media.

• The experiments revealed several experimental and laboratory challenges
associated with DNAcol. One issue was the sensitivity of DNAcol when stored
in natural groundwater for an extended period. This was evidenced by qPCR
results, which indicated a decrease in DNA concentration over time- a concern
that warrants further investigation for confirmation. Additionally, when DNAcol
was suspended in synthetic groundwater, its hydrodynamic size (dh) and
ζ-potential changed over the measurement period, and there was instability in
DNA concentration, particularly in Tulip samples as detected by qPCR results.
These findings highlight the need for further research to improve DNAcol
stability under specific environmental conditions. Despite these instability
concerns, the transport behavior of DNAcol remains a key area of focus.

• In a third series of the experiment using undisturbed soil columns, DNAcol
was injected at two different concentrations, both lower than in previous tests.
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In both cases, the DNAcol concentration in the column effluent was very low.
Determining whether the extremely low mass recovery of DNAcol was due to
the reduced injection concentration, soil grain size, soil structure, grain surface
heterogeneity, or a combination of these factors remained challenging.

• In all the experiments conducted under transient porewater chemistry
conditions, a consistent remobilization peak was observed when Milli-Q water
was injected after the DNAcol elution phase. This finding underscores the
critical role that transient porewater chemistry plays in the remobilization of
colloidal matter.
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5.1. INTRODUCTION

The tracer technique plays a crucial role in studying subsurface and groundwater
systems, addressing limitations in observation methods within subsurface media [1].
One highly attractive approach in the tracer application is the injection of tracers
at multiple points or times, holding significant potential for obtaining extensive
information while minimizing the need for extensive fieldwork [2, 13, 212]. However,
most tracers are difficult to apply in multi-time or multi-point modes due to
the residual effects of signals from previous experiments or the convolution of
signals from different injecting points [14]. This may lead to misinterpretation of
experimental results. Therefore, implementing a multi-point or multi-time approach
requires the use of multiple and distinguishable tracers, often necessitating various
advanced analytical and laboratory techniques [14], thus limiting its widespread
application.

To address the challenges associated with the multiple-tracer technique, synthetic
DNA tracers have emerged as innovative tools for hydrological studies. These
tracers can be generated in a large number of easily distinguishable variants, all
exhibiting very similar transport behavior. Additionally, they are cost-effective and
environmentally safe [15, 16], potentially detectable in extremely low concentrations,
and can be analyzed using quantitative polymerase chain reaction (qPCR).

Free synthetic single-stranded or double-stranded DNA has been applied as tracer
in several hydrological studies [13–16, 24–27, 29, 31]. However, previous studies
on free DNA have highlighted several drawbacks, including its short longevity [21],
potential adsorption onto minerals and sediment, especially clay [15, 24, 213], and
uncertainties about its resistance to exposure to light, ultraviolet (UV) light, and
bacterial activity [14, 15, 17]. Additionally, substantial mass losses of the DNA tracer
compared to conservative tracers have been observed [14, 15, 29].

The fabrication of synthetic DNA tracers has progressed with the incorporation of
coating substances such as polylactic acid (PLA) [21] or silica [34]. By encapsulating
DNA, it is expected that many issues associated with free DNA could be mitigated,
except for the attachment problem, which requires further research. Several
studies have explored the application of encapsulated DNA particles in various
environmental systems [14, 21, 39, 43, 49].

Among those studies, limited research has explored the potential use of DNA
tracers for multi-point or multi-time applications as hydrological tracers [14, 15,
39]. Therefore, to comprehend and validate the effectiveness of encapsulated DNA
particles as a hydrological tracer tool in water flow and solute transport research,
further studies across multiple scales, from laboratory to field experiments are
required.

The primary objective of this study was to assess and validate the multi-tracing
application of silica-encapsulated DNA (DNAcol) in the vadose zone of a hillslope
(200 m2 plot scale). More specifically, we aimed to identify the significance of both
lateral and vertical subsurface flow and to identify possible preferential flow and
parts of the hillslope contributing to the generation of that subsurface flow. The
experiment was designed as an event-based tracers’ experiment, utilizing an artificial
sprinkling setup with distinct DNAcol tagged with different DNA sequences.
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5.2. MATERIALS AND METHODS

5.2.1. STUDY SITE

The experimental site and instrumentation were designed by the Hydrology group
at the University of Freiburg and were comprehensively described by Rinderer et al.
[59]. A brief description of the experimental site is provided here. The study site
is located in Tuttlingen (47◦58

′
42" N, 8◦44

′
50" E), approximately 125 km south of

Stuttgart, Germany (Fig. 5.1). The site’s elevation ranges between 720 to 840 m
above sea level. The regional annual average precipitation is 900 mm. The site is
predominantly covered by Beech trees, and characterized by forested landscape. The
experimental site is located in fractured carbonate lithology with a 1 to 1.2 m thick
regolith that consists of two distinct layers; the topsoil, with a thickness ranging
from 20 cm to 40 cm, and the weathered subsoil, extended from 60 cm to 80 cm.
The surface layer contains 50% rock fragments, whereas the rock fragments in the
weathered subsoil is 67%.

 

Figure 5.1.: Location of experimental site

5.2.2. EXPERIMENTAL SETUP AND INSTRUMENTATION

The experimental setup was implemented on a hillslope with a plot size of 10 m ×
20 m, covering a total area of 200 m2 (Fig. 5.2A). To control water movement from
the surrounding area, a plastic foil was inserted into the soil profile on the uphill
side of the plot.

On the downhill side of the plot, a 10-meter-long trench (TR) was excavated to
collect lateral flow at two different depths. Drainage pipes were installed at depths
of 10 cm and 60 cm (Fig. 5.2B), accompanied by a drainage mat and plastic foil.
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This design facilitated the controlled collection of lateral flow at distinct outlets.
The outflows from trenches (TRs) were directed through pipes to tipping buckets
and automatic water samplers. Tipping buckets recorded the flow values, while the
automatic water samplers collected the outflows at regular 5-minute intervals.

For collecting vertical flow, three zero-tension plate lysimeters (LYs) were installed
at the side of the hillslope at depths of 10 cm, 40 cm, and 60 cm (Fig. 5.2B). Each
LY was constructed with plates having dimensions of 1 m × 0.6 m. To set up the
LYs, a trench was excavated at one side of the hillslope, and the three LYs were
carefully inserted into the soil from the side, allowing water collection at specific
depths. Once the LYs were in place, the trench was filled. Similar to the trench
setups, subsurface flow from all three LYs was routed through drainage pipes to
tipping buckets (at 5-minute intervals) and automatic water samplers. Volumetric
soil water content and soil temperature were monitored at depths of 20 cm, 40 cm,
60 cm, and 80 cm at 5-minute intervals using SMT100 sensors (Truebner GmbH)
connected to data loggers (Campbell Scientific). The experimental instrumentation
was designed and described in detail by Rinderer et al. [59].

5.2.3. DNACOL EXPERIMENT

All four distinct DNAcol were fabricated based on the protocol developed by
Paunescu et al. [34] and Mikutis et al. [39] in the Functional Materials Laboratory
at ETH Zurich and kindly provided for this research. The details of the fabrication
and quantification of silica-encapsulated DNA were described in Paunescu et al. [34]
and Mikutis et al. [39]. The preparation of DNAcol stock solutions involved the use
of four distinct DNAcol labeled S1-S4. Each DNAcol stock solution was prepared by
adding 0.3 mL of the respective DNAcol to 1 L of demineralized water.

For the experiment, DNAcol S1-S4 was simultaneously used. Thereto, the
experimental plot was divided into four subplots parallel to the trench, each with
dimensions of 10 m in length and 5 m in width. DNAcol was manually sprayed
on the soil surface along the midsection line of each sub-plots, using spray bottles.
More specifically, S1 was sprayed at a distance of 2.5 m from the trench, S3 at 7.5 m,
S2 at 12.5 m, and S4 at 17.5 m (Fig. 5.2B). Before spraying DNAcol, sub-samples were
taken from the stock to determine initial concentrations (C0). Table 5.1 provides the
size of DNAcol S1-S4.

5.2.4. SPRINKLING EXPERIMENT

The artificial sprinkling experiment was conducted on May 21, 2019. About 15
minutes after spraying S1-S4 on the surface, the sprinkling experiment began at
8:00 AM. This experiment involved using 51350 L deionized water with electrical
conductivity (EC) below 20 µm cm−1 to fill a water pillow (Strum Feuerschutz
GmbH). To this water, 1 kg of deuterium was added. The water pillow, containing
the deuterium-enriched water, was placed uphill at a location approximately 80 m
above the experimental plot. This setup created a sufficient hydrostatic gradient for
sprinkling the water. Constant pressure head for the sprinklers was maintained using
pressure regulators.
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A)         

         
 

 
B) 

                      

Figure 5.2.: (A) Experimental site, (B) location of two trenches (TR1 and TR2), three
lysimeters (LY1, LY2, and LY3), and the area where the four DNAcol (S1,
S2, S3, and S4) were applied on the surface adapted from Rinderer et al.
[59].
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Table 5.1.: Information about the primers that were used, and the hydrodynamic
diameter of DNAcol were measured by the fabrication group of ETH
Zurich.

DNAcol Primer GC base pair

Size [nm] [%] [bp]

DNAcol (S1) Forward primer (5
′
-ATG GGC TCT AAG GAT CTC-3

′
) 50 18

N.A. Reverse primer (5
′
-CTC ACC CTC GAA TCG AA-3‘) 53 17

DNAcol (S2) Forward primer (5
′
-CGG ACA ATC CTT TCC ATA-3

′
) 44 18

300± 9 Reverse primer (5
′
-ACG AGA CCC AGT TAA TAA G-3

′
) 42 19

DNAcol (S3) Forward primer (5
′
-TGA GCA CCT TTG ATT CA-3

′
) 41 17

280± 8 Reverse primer (5
′
-CCG ATC TTT CAC ATA ATG G-3

′
) 42 19

DNAcol (S4) Forward primer (5
′
- CTC TGC CCT TAC GTT TAT C-3

′
) 47 19

284± 9 Reverse primer (5
′
-AGA GGT TTG TTC GTG TTC-3

′
) 44 18

The sprinkling experiment was designed to mimic a rainfall intensity of 10.4 mm
h−1 over a duration of 10.5 hours. This intensity closely represented a large rainfall
event occurring every 100 years (DWD Climate Data Centre, 2010). This high-rainfall
event was intended to simulate water infiltrating into the soil while preventing
surface runoff [59].

Six radial sprinklers (Xcel-Wobbler and pressure regulator manufactured by
Senninger) were installed on the 200 m2 experimental plot. These sprinklers, each
with a height of 2 m, covered an area of approximately 33 m2. During the
experiment, approximately 60% of the total water volume was sprinkled within the
plot, while the remaining 40% was sprinkled in the surrounding area [59]. Rainfall
in the experimental plot was measured using three tipping bucket rain gauges at a
regular interval of 2 hours.

5.2.5. OUTFLOW-SAMPLING

During the sprinkling experiments, DANcol samples were collected at different time
intervals. As mentioned earlier, both lateral and vertical flow was directed through
drainage pipes connected to tipping buckets and autosamplers. However, for DNAcol,
samples were collected manually at different time intervals. The sampling intervals
were set at 10 minutes for the initial 2 hours, then increased to 20 minutes for the
following 2-3 hours, and finally to 30 minutes for the remaining duration of the
experiment. DNAcol samples were collected using 180 mL plastic bottles. In total,
198 samples were taken: 37 and 42 samples, respectively, from TR1 and TR2, and 45,
41, and 33 samples from LY1, LY2 and LY3, respectively. The collected samples were
stored outdoors at ambient temperature during the 2 days of transportation to the
laboratory. Upon arrival at the laboratory, the collected samples were stored at 4 ◦C
until further analysis.
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5.2.6. UP-CONCENTRATION

UP-CONCENTRATION VIA CENTRIFUGATION

Before analyzing the DNA concentration of the collected samples, an up-
concentration step was performed, adapted from the protocol developed by Tang
[214]. The primary objective of this up-concentration step was to increase the
concentration of DNA in the collected samples. As outlined in the method section,
the initial batch of injected DNAcol was prepared by spiking only 0.3 mL of DNAcol
in 1 L of water, and throughout the experiment, approximately 30810 L (60% of
51350 L) of water was sprinkled within the experimental plot. Consequently, the
concentration of DNAcol in the collected samples was expected to be very low. To
address this issue, an up-concentration step was performed to amplify the DNAcol
concentration in the collected samples.

From each sampling location (i.e., TR1, TR2, LY1, LY2, and LY3), 24 samples were
selected for analysis. The chosen samples were initially vortexed for 10-20 seconds
to ensure homogeneity. Subsequently, a 1 mL sub-sample was extracted from each
sample and pipetted into a 1.5 mL Eppendorf tube. The tube was then centrifuged
using a High-Speed Table Centrifugation (Z36HK. 221.23 V01, HERMLE Labortechnik
GMbH) at 60000 g for 6 minutes. Following centrifugation, 0.9 mL of the supernatant
was removed carefully from the tube. This process of adding 1 mL of the collected
sample, vortexing, centrifuging, and discarding 1 mL of supernatant was repeated
four more times. At the end of these up-concentration steps, the sub-samples
reached a final volume of 0.1 mL.

UP-CONCENTRATION VIA LYOPHILIZATION

To enhance the DNA signal during qPCR analysis, we explored lyophilization
(freeze-drying) using HETO PowerDry LL3000, in addition to the centrifugation
method. For lyophilization, 10 mL subsamples were taken from selected samples
and lyophilized for about 24 hours. This test was conducted for S1 within samples
collected from TR1 and TR2, and S2 within samples collected from LY2 and TR2.

5.2.7. BATCH EXPERIMENT

A series of the batch experiments were conducted to understand the attachment
rate of DNAcol to the soil grains collected from the experimental field. Each batch
experiment contained 20 grams of soil and 40 mL of Milli-Q water, with a spike
of 5 µL of S2. The batches were placed on the shaker, and sub-samples from the
supernatant of each batch were taken over 36 hours for qPCR analysis.

5.2.8. QPCR ANALYSIS

For the qPCR analysis, 20 µL of the sample was pipetted into a qPCR tube. For
a detailed protocol on dissolving the SiO2 and performing qPCR, please refer to
Section 2.2.4 of this dissertation. The qPCR sample preparation was automated
using a QIAgility pipetting robot (Qiagen, Hilden, Germany). Table 5.1 provides
information about the primers that were used for qPCR.
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In each qPCR run, the concentration of the injected DNAcol was analyzed in
six replicates alongside the collected samples from the field. Positive controls,
corresponding to D3 of the calibration curve, and negative controls (No Template
Control (NTC) consisting of pure Milli-Q water) were included to confirm the
absence of contamination (Appendix, Fig. D.1).

5.3. RESULTS

5.3.1. CALIBRATION CURVE

The regression fit over 8-fold dilution series for S1-2, and S4 suspended in Milli-Q
water showed coefficients of correlation of 0.998, 0.977, and 0.994 respectively (Fig.
5.3A, B, and D). However, for S3, we observed that the data points did not follow a
perfect linear regression (Fig. 5.3C). The regression fit over seven dilution series had
coefficients of correlation of 0.933 and efficiency of 146%.

Examining the calibration curves for S1 and S4 at D2 (dilution factor), which
corresponds to 100 mg L−1, the most concentrated sample in the dilution series, the
Cq values were approximately 9.6 and 8.04, respectively. The calibration curves for
S2 and S3, starting from D1 (1000 mg L−1), exhibited much higher Cq values at D2:
20.8 and 21.6, respectively. These results indicate that S2 and S3 contained fewer
number of DNA copies compared to S1 and S4.

To evaluate qPCR interference and the presence of inhibition in collected water
from the field, dilution series were conducted on samples collected from LY1 and
LY2. The calibration data indicated that S1 suspended in water sampled from LY1
followed a similar trend as S1 in Milli-Q water (Fig. 5.3A). Similarly, S4 suspended
in water sampled from LY2 exhibited calibration data comparable to Milli-Q water
conditions (Fig. 5.3D). Despite these findings, for S3 suspended in water sampled
from LY1, the Cq value remained constant across the range from the most
concentrated to the most diluted samples (Fig. 5.3C). This observation, where similar
Cq values were obtained across an 8-fold dilution range, indicates the potential
presence of inhibitory compounds or non-specific DNA. These factors could interfere
with the qPCR process, possibly leading to false-negative or false-positive outcomes.
Therefore, the results of experiments related to S3 were qualitatively analyzed,
determining only the presence or absence of target DNA in collected samples.

5.3.2. DNACOL IN OUTFLOW FROM TRENCHES

As mentioned in the methods section, outflow from the experimental plot was
collected at five measuring locations along the boundary edges of the plot (Fig.
5.2B). TR1, located downhill of the experimental plot, was designed to collect the
subsurface lateral flow near the forest floor (10 cm depth). Each panel in Fig. 5.4
presents a comparison of Cq values for samples that underwent up-concentration
through centrifugation against eight randomly selected original samples (without
centrifugation). Note that higher Cq values correspond to a lower concentration of
the target DNA, indicating that more cycles are required to pass the threshold.

Among the 24 analyzed samples for S1 (Fig. 5.4A), qPCR signals were amplified
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Figure 5.3.: Calibration curves for DNAcol S1-S4 and linear-regression fits (lines).
Negative control values (NTC= No Template Control) of samples: red
symbols. Error bars represent the standard deviation of duplicate
samples. Open symbols correspond to the background solutions of
Milli-Q water (MQ), while filled symbols represent background solutions
of water collected from forest lysimeters (LYs).

in most samples. However, the obtained Cq values for all samples were higher
than the Cq values corresponding to the NTC (Fig. 5.4A). This suggests that the
concentration of DNA within these samples was either very low or, more potentially,
indicative of false positives. For S2, only 11 samples exhibited an amplification of
qPCR signal, with only one sample having a Cq lower than the NTC value. This
implied that this particular sample had a concentration above the variation seen in
the NTC (Fig. 5.4B). In the case of S3, the qPCR results showed very few sample
amplifications, with all Cq values above the NTC value (Fig. 5.4C). For S4, only two
samples resulted in amplification, one below and one above the quantification limit
(Fig. 5.4D). The Cq values of S1 after up-concentration showed both lower and
higher values compared to the corresponding samples before up-concentration (Fig.
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Figure 5.4.: The Cq values of samples collected from TR1 outlet. Panel (A) displays
the Cq values for DNAcol (S1), panel (B) shows the Cq values for DNAcol
(S2), panel (C) shows the Cq values for DNAcol (S3), and panel (D)
depicts the Cq values for DNAcol (S4), In each panel, filled symbols
present the up-concentrated samples via centrifugation, while the open
symbols present the original samples in the absence of centrifugation.
The upper and lower boundaries of the shaded area indicate No Template
Control (NTC) values for each qPCR run.

5.4A). For S2, up-concentration was not effective and resulted in higher Cq values
compared to the Cq values of the original samples (before centrifugation) or showed
no amplification (Fig. 5.4B). The qPCR results did not show any amplifications for
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the original samples analyzed for S3 and S4 (Fig. 5.4C-D).

Similar to TR1, TR2 is located downhill of the experimental plot, collecting the
lateral subsurface flow at a depth of 60 cm. Once again, 24 samples were selected for
up-concentration from the collected samples at the TR2 outlet, and these samples
were analyzed for all four DNAcol types that were used in this experiment. The
compression of Cq values before and after up-concentration indicated that the
up-concentration step was effective for S1. This effect is demonstrated by the
reduction in Cq values for most samples, reflecting an increase in DNA concentration
(Fig. 5.5A). However, for S2, the up-concentration of samples did not lead to lower
Cq values in most of the analyzed samples (Fig. 5.5B). The Cq values of the samples
for S3 after up-concentration showed both increases and decreases compared to
the Cq values of samples before up-concentration (Fig. 5.5C). In the case of S4,
positive effects of centrifugation were observed in only one sample. However, the Cq
values of all analyzed samples of S4 fell between the NTC values, indicating that the
concentration of these samples was below the quantification limit (Fig. 5.5D).

5.3.3. DNACOL IN OUTFLOW FROM LYSIMETERS

The three lysimeters (LY1, LY2, and LY3) were located on one side of the experimental
plot to collect vertical outflow (Fig. 5.2). LY1, situated as the most uphill
measurement point, collected vertical flow from a very shallow depth (10 cm).
Samples from LY1 were analyzed for S2 and S4 (Fig. 5.6). Despite the application of
S2 almost on top of LY1, the obtained Cq values of the analyzed samples were above
and close to the NTC (Fig. 5.6A). However, for S4, which was applied 5 m away from
S2, for a few samples collected at the beginning of the experimental timeframe, the
Cq values were below NTC values. Nevertheless, this raised concerns about potential
false positives (Fig. 5.6B).

The second uphill measurement point was LY3, which collected vertical flow at
a depth of 40 cm. Similar to LY1, we expected the presence of S2 and S4 at this
outlet. In the case of S2, the analyzed samples did not show improvement after
up-concentration, and most of the obtained Cq values falling within or close to the
range of the NTC (Fig. 5.6C). For S4, only six samples exhibited amplification (Fig.
5.6D).

LY2 was positioned uphill from TRs, collecting vertical flow from a depth of 60
cm. The collected samples from this location were analyzed for S2, S3, and S4 (Fig.
5.7). For S2 samples, from the first sample, an amplification of the qPCR signal was
observed. In most of the analyzed samples for S2, the concentration of DNA was
above the NTC ranges (Fig. 5.7A). The Cq values of samples for S3 were scattered
slightly below and above NTC values (Fig. 5.7B). For S4, all Cq values were above
the NTC, suggesting either a very low concentration of target DNA or the presence
of non-specific product amplification (Fig. 5.7C). In the case of S2, both positive and
negative changes in Cq values were observed after up-concentration (Fig. 5.7A).
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Figure 5.5.: The Cq values of samples collected from the TR2 outlet. Panel (A)
displays the Cq values for DNAcol(S1), panel (B) shows the Cq values for
DNAcol(S2), panel (C) presents the Cq values for DNAcol(S3), and panel
(D) depicts the Cq values for DNAcol(S4), In each panel, filled symbols
represent up-concentrated samples via centrifugation, while the open
symbols represent the original samples in the absence of centrifugation.
The upper and lower boundaries of the shaded area indicate No Template
Control (NTC) values for each qPCR run.

5.3.4. UP-CONCENTRATION VIA LYOPHILIZATION

As mentioned earlier, considering the experimental conditions, we anticipated a low
DNA concentration within the collected field samples. For the analyzed samples
collected for TR1 for S1, several cases showed an increase in DNA concentration
after lyophilization; however, the Cq values remained above NTC levels (Fig. 5.8A).
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Figure 5.6.: The Cq values of samples collected from LY1 (panels A-B) and LY3
(panels C-D) outlets. Panel (A) displays the Cq values for DNAcol(S2)
samples collected from LY1, panel (B) presents the Cq values for
DNAcol(S4) samples collected from LY1, panel (C) presents the Cq values
for DNAcol(S2) samples collected from LY3, and panel (D) shows the
Cq values for DNAcol(S4) samples collected from LY3. In each panel,
filled symbols represent the up-concentrated samples via centrifugation,
while open symbols represent the original samples in the absence of
centrifugation. The upper and lower boundaries of the shaded area
indicate No Template Control (NTC) values for each qPCR run.
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Figure 5.7.: The Cq values of samples collected from LY2 outlet. Panel (A) displays the
Cq values for DNAcol(S2), panel (B) shows the Cq values for DNAcol(S3),
and panel (C) shows the Cq values for DNAcol(S4). In each panel,
filled symbols represent up-concentrated samples via centrifugation,
while open symbols present the original samples in the absence of
centrifugation. The upper and lower boundaries of the shaded area
indicate No Template Control (NTC) values for each qPCR run.
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The comparison of Cq values for S1 for collected samples from TR2 revealed both
increases and decreases in Cq values after lyophilization (Fig. 5.8B). However,
For S2 samples collected from LY2, the Cq values of lyophilized samples in most
cases decreased compared to the original samples, indicating an increase in DNA
concentration (Fig. 5.8C). For S2 samples collected from TR2, there was evidence of
improvement in DNA concentration (Fig. 5.8D). It should be noted that, for the
samples that became completely dry after lyophilization, 1 mL of Milli-Q water was
added to them prior to qPCR analysis.

5.3.5. BATCH EXPERIMENT

For the batch experiments, none of the samples showed an amplified curve in the
qPCR results, suggesting complete inhibition of the analyzed samples, potentially
due to the presence of organic matter or any other inhibitory substance. Because
there was no amplification signal, the results of the batch experiments were not
included.

5.3.6. ASSESSING OF INHIBITION AND FALSE-POSITIVE SIGNAL IN QPCR
ANALYSIS

Inhibitory substances, such as humic acid, particulate matter, salt, and ethanol, can
interact with DNA or interfere with qPCR amplification. However, based on the
result of the dilution series curve in forest water, we did not observe an inhibition
effect. While the batch experimental results indicated full inhibition. Therefore, we
conducted a preliminary test for check the possibility of inhibition in some of the
samples, the results of this test are presented in Appendix section D.2 and Fig. D.2.
The results suggested no inhibitory effect or a very weak effect for the analyzed
sample, except for one sample.

Additionally, the qPCR results for the samples collected at the five sampling
locations in the field sometimes exhibited positive fluorescence signal amplification
from the early phase of the sampling period. However, in most cases, the obtained
Cq values were close to the NTC, raising concerns about potential false-positive
results from a qPCR perspective. This suggests that the amplification signal may
be a consequence of non-specific target DNA presence in the absence of DNAcol.
To address this concern, selected samples collected from TR1 and TR2 underwent
qPCR with and without the addition of buffered oxide etch (BOE), indicating the
assessment of the samples with and without releasing the DNA from its silica shell
(Appendix D.3; Fig. D.2). The obtained Cq values for both datasets were close to
NTC values, suggesting that in the case of the presence of non-specific DNA within
the samples, the obtained Cq values were close to NTC values (Fig. D.2).

5.4. DISCUSSIONS, LIMITATION, AND FUTURE WORK
As outlined in the method section, the experimental setup was designed by Rinderer
et al. [59]. Their primary research focus was to understand the mechanisms behind
subsurface runoff generation and phosphorus response in a forested area using
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Figure 5.8.: The comparison of Cq values for samples using different up-concentration
methods. In each panel, the open symbols represent the original samples
without up-concentration, filled symbols present the up-concentrated
samples via centrifugation, and filled symbols with a black border
represent up-concentrated samples via lyophilized. The upper and
lower boundaries of the shaded area indicate the No Template Control
(NTC) values for each qPCR run. Panel (A) displays the Cq values for
DNAcol(S1) samples collected from TR1, panel (B) shows the Cq values
for DNAcol(S1) samples collected from TR2, panel (C) shows the Cq
values for DNAcol(S2) samples collected from LY2, and panel (D) shows
the Cq values for DNAcol(S2) samples collected from TR2.
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sprinkled deuterium (2H) enriched water as a tracer [59]. Concurrently, DNAcol
experiment was conducted as a complementary tracer.

The results of the deuterium (2H) tracer experiment, as reported by Rinderer
et al. [59], highlighted the significance of vertical subsurface flow over lateral flow.
Furthermore, the isotope hydrograph separation results indicated that at LY1 (located
at a depth of 10 cm), subsurface flow predominantly consisted of event water,
indicating a rapid displacement of pre-event water by event water. Conversely, for
LY2 and LY3, pre-event water was predominant, suggesting a higher proportion of
pre-event water at greater soil depths [59]. A similar pattern was observed for TR1
and TR2 [59]. Specifically, at TR1, located at the same depth as LY1, the dominant
flow was event water, whereas for TR2 (located at a depth of 60 cm), pre-event
water was dominant. The authors suggested that piston flow was the dominant flow
mechanism [59]. Additionally, they also observed occurrences of preferential flow
paths at shallow depths in the experimental plot, potentially attributed to the high
clay content of the topsoil and soil properties at the experimental site [59].

The primary objective of our study was to assess and validate the multi-tracing
application of (DNAcol) in the vadose zone of a hillslope (200 m2 plot scale).
Additionally, by conducting the multi-DNAcol tracer experiment, we aimed to gain
insight into pinpointing the hillslope area contributing to subsurface flow generation
and explore the potential role of preferential flow in subsurface flow. From DNAcol
experiment, we concluded that, in the majority of the collected samples, the
concentration of DNAcol was close to NTC values. Essentially, we had insufficient
real positives to warrant a comprehensive analysis of DNAcol sample data. In that
sense, the experiment did not achieve its aim and failed. However, we did learn a
number of important lessons from this experience:

• Lesson 1: Concentration of injected DNAcol

The initial concentration of injected DNAcol ranged between D3 and D4 on the
calibration curves (0.3 mL of DNAcol suspended in 1000 mL water). However, due to
the substantial volume of sprinkled water, the concentration of DNAcol could have
become significantly diluted during its transport in the subsurface.

• Lesson 2: Laboratory up-concentration challenges

In the laboratory, we used a centrifugation-based up-concentration method to
enhance the DNAcol concentration within collected samples (technique adapted
from Tang [214]). However, the results of the centrifugation were not satisfactory,
as higher particle recovery (lower Cq values) was not achieved in most cases. It is
crucial to note that the centrifugation protocol was initially developed for DNAcol
suspended in pure Milli-Q water in the absence of inhibitory substances (see Tang
[214]). Thus, before applying the protocol to samples containing organic matter and
other inhibitory substances, its effectiveness requires evaluation. This is especially
crucial for environmental samples, such as groundwater and surface water, as they
often contain inhibitory compounds that can pose significant challenges during
qPCR analysis. These compounds, including humic substances (humic and fluvic
acid), bacterial cells, polysaccharides, metal ions, salts, ethanol, and nucleases
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[215–218], can potentially interfere with the qPCR reaction, particularly in sample
with large volumes [216]. The presence of inhibitory compounds may increase
the quantification cycle (Cq) number, potentially leading to false-negative outcomes
even when the target DNA is present within the sample. To ensure the reliability
of qPCR data, it is crucial to thoroughly validate the accuracy of the qPCR assay.
Depending on the nature of inhibitory substances, various approaches can be
applied, such as purification and cleanup techniques, inhibitory removal kits (e.g.,
filtration resins) [219, 220], enhancing sample concentration, implementing sample
dilution [29, 216, 220–224], and the addition of bovine serum albumin (BSA) to
reduce the inhibitory effect [29, 225, 226]. Therefore, a control experiment is
necessary to determine if centrifugation induces increased inhibition. This involves
investigating whether centrifugation causes the sedimentation of inhibitors in the
samples, potentially interfering with the qPCR signal. The suggested protocol for
evaluating the efficiency of the up-concentration method involves generating serial
dilutions of DNAcol samples suspended in both Milli-Q water as a reference and
field-collected water. This approach helps assess the efficiency of up-concentration
efficiency across samples with varying particle concentrations, ranging from low
to high. In cases where inhibitory substances are present in the samples, spin
columns [227] and/or centrifugation with washing steps can be employed to mitigate
these inhibitory effects. An additional issue linked to up-concentration through
centrifugation was the significant time, and effort involved, along with the large
quantity of pipetting tips required. One primary strategy for assessing the impact of
inhibitory substances involves diluting the samples. However, the main downside of
dilution is the potential loss of DNA, especially when the target DNA concentration
in the sample is low like in drinking water [216], as anticipated in our samples
as well. Exploring the impact of bovine serum albumin (BSA) and using spin
column purification can be considered as an approach to minimize or eliminate the
inhibitory effects, particularly in samples containing humic substances.

• Lesson 3: Considering sampling duration

Another aspect requiring further consideration is the duration of field sampling.
Our study focused on collecting samples during the course of the experiment, and
the concentration of DNAcol was not monitored in the post-sampling subsurface
runoff. To gain a better understanding of the dynamics of the detachment and
remobilization process of retained particles, it is advisable to incorporate longer
sampling durations. Extending sample collection may provide insights. As indicated
by Wang et al. [30], the response times between discharge and the transport of
free DNA were significantly different from each other in a laboratory-designed
lysimeter under variably saturated transient flow conditions. Their observation also
revealed that the peak of free DNA occurred after the discharge peak, particularly
in the absence of rainfall during the system draining. Therefore, extending the
sampling duration (post-event) can provide us with a better understanding of
DNAcol transport, detachment, and remobilization.
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5.5. CONCLUSIONS
In this study, a multi-tracer experiment of DNAcol was applied in an event-based
experiment conducted at the plot scale hillslope. The primary aim was to understand
the contribution of different parts of the hillslope to subsurface runoff with a
potential focus on understanding the impact of preferential flow paths. Analysis of
field-collected samples revealed that the concentration of DNA for the four different
DNAcol was too low, approaching values similar to No Template Control (NTC).
Batch experiments also showed no amplification of the qPCR signal, suggesting the
presence of inhibitory compounds in the samples.

The findings of this study underscored the necessity for a critical evaluation of the
application of DNAcol as a tracer, especially in subsurface environments. Several key
considerations are highlighted for further research:

• Determining the optimal concentration of the injected tracer and duration of
sampling is crucial for the success of the experiment. While we expected
that due to the presence of DNA within the DNAcol could potentially be
detectable in very low concentrations, our results indicated that encapsulating
DNA within the shell requires a much higher concentration of the tracer to be
above the lower limit of quantification. However, applying a high concentration
also requires tests regarding the short- and long-term ecotoxicology effects and
for regulatory assessment. Conducting a series of sand column experiments
filled with soil media from the experimental site before the field experimental
campaign could provide insights into the possibility of the low mass recovery
of the tracer and understanding the main mechanisms governing the transport,
retention, and attachment of DNAcol.

• Developing an up-concentration protocol is vital and requires validation in
both pure water and environmental media.

• Investigating the presence of inhibitory compounds in the environmental
sample water and defining appropriate mitigation strategy.
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6.1. KNOWLEDGE GENERATED AND IMPLICATIONS

This dissertation aimed to validate an innovative technique for tracking colloidal
contaminant transport at both laboratory and plot scales. A core-shell silica particle
encapsulating synthetic double-stranded DNA (DNAcol) was selected as the tracer
for this purpose.

A key question using DNAcol as a hydrological tracer is how hydrogeochemical
conditions- such as flow velocity, soil grain size, ionic strength, and organic
matter- affect its transport behavior, including retention, attachment, and both
homo- and hetero-aggregation, as well as its mass recovery rate. To evaluate the
feasibility of using DNAcol in environmental applications and to determine the
effect of physicochemical factors on its transport behavior, the following research
was conducted.

The first research (Chapter 2) examined the sensitivity of DNAcol transport
to three solution chemistries (Demineralized water, NaCl, and CaCl2) under two
flow velocities and different sand grain sizes in sand column experiments. The
results showed significant DNAcol retention in the sand column when using
NaCl (33mM) or CaCl2 (41mM), particularly with smaller sand grains. The
HYDRUS-1D model provided a reasonably good fit to most of the experimental data,
suggesting that DNAcol breakthrough could be described using a first-order kinetic
attachment-detachment rate model. In experiments where the column was further
flushed with demineralized water to induce remobilization, the results confirmed
substantial DNAcol remobilization, indicating that much of the retained DNAcol
was reversible, as supported by the DLVO profile. Overall, the study concluded
that DNAcol has limitations as a conservative tracer in subsurface environments,
particularly in fine sand and low flow velocity conditions.

The second study (Chapter 3) evaluated the effects of varying concentrations of
dissolved organic matter (DOC) and ionic strength (CaCl2) on DNAcol transport
under both steady and transient porewater chemistry conditions. The experimental
results showed significant variations in DNAcol recovery, ranging from approximately
1% to over 90% under steady porewater chemistry conditions. These findings
highlighted the considerable influence of CaCl2 in enhancing DNAcol removal, while
natural organic matter facilitated DNAcol transport, and potentially contributed to
the formation of an “environmental-corona” or “eco-corona”. The removal rate
increased significantly even at 1mM ionic strength. In the experiments with 1 and
10 mM CaCl2, breakthrough curves showed approximately 2-log removal, followed
by a sharp decline during the tailing phase, indicating high DNAcol attachment
and/or retention. When both DOC and CaCl2 were present, the [Ca2+]/DOC ratio
was crucial, with negligible DNAcol attachment observed at the lowest ratios. The
estimated attachment and detachment rate coefficients using HYDRUS-1D showed
that increasing DOC concentration decreased attachment rate coefficients while
increasing ionic strength decreased detachment rate coefficients. Sticking efficiency
was around 1 for ionic strengths of 1 and 10 mM, indicating favorable or nearly
favorable conditions for DNAcol attachment to grain media. However, in the
presence of 1 mM ionic strengths with 20 mg-C L−1 DOC, sticking efficiency
reduced to 0.03, indicating unfavorable attachment conditions. Under transient



6.1. KNOWLEDGE GENERATED AND IMPLICATIONS

6

87

porewater chemistry conditions, a second peak in the breakthrough curve indicated
DNAcol re-entrainment. The magnitude of the remobilization peak varied, being
more pronounced at 10 mM initial ionic strength compared to conditions with
ionic strength equal to or less than 1 mM. This finding underscores the critical
role of ionic strength changes in colloidal particle remobilization under transient
porewater chemistry conditions, such as those caused by heavy rainfall that lowers
ionic strength. This study emphasizes the need for further research beyond column
experiments to better understand the mechanisms of attachment, retention, and
remobilization of colloidal matter.

Building on the findings from the second study, the third study (Chapter 4)
explored the potential application of DNAcol in agricultural fields by conducting
laboratory-based column experiments. In the first series of experiments, natural
groundwater with high levels of natural organic matter was used in the sand
column. DNAcol exhibited moderate attachment and/or retention, as shown
by the breakthrough curves, with a gradual decline during the tailing phase,
indicating a slow release of DNAcol. In the second series of experiments, synthetic
groundwaters, compositionally similar to natural groundwater but lacking organic
matter, were used. The breakthrough curves in these tests displayed very low plateau
concentrations, indicating significant attachment and/or retention, with negligible
release during the tailing phase. Furthermore, the hydrodynamic diameter of DNAcol
increased over 2 hours, suggesting that homo-aggregation was occurring under these
conditions. In these cases, only 1% of DNAcol was recovered under steady porewater
chemistry conditions. To further evaluate the applicability of these findings under
more realistic conditions, a third series of experiments was conducted using an
undisturbed soil column with natural groundwater. Contrary to expectations, the
presence of organic matter did not result in a high recovery rate of DNAcol. Two
experiments were conducted on undisturbed soil. In the first experiment, DNAcol
was injected at a concentration two orders of magnitude lower than the previous
tests with acid-washed sand and at a reduced flow rate, no clear breakthrough
curve was observed. In the second experiment, with DNAcol concentration an order
of magnitude lower and a flow rate similar to that used in the acid-washed sand
column experiments, recovery remained negligible. Despite the very low recovery
rates of DNAcol under steady porewater chemistry conditions, some remobilization
of retained DNAcol was consistently observed under transient porewater chemistry
conditions.

The fourth research (Chapter 5) investigated the application of multiple DNAcol
tracers in the vadose zone of a 200 m2 plot on a hillslope. The sprinkling experiment
aimed to assess the significance of lateral and vertical subsurface flow, identify the
role of preferential flow pathways, and determine areas contributing to subsurface
flow generation. The analysis of the up-concentration samples revealed that the
process was ineffective in increasing DNA concentration, as indicated by the Cq
values, compared to those of the original samples before centrifugation. Most qPCR
results showed signals either below or near the detection limit, suggesting either
a very low concentration of target DNA or the presence of inhibitory substances.
Although dilution series in forest water and tests for false-negative results showed
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negligible to no inhibition effects, batch experiments indicated complete inhibition.
This inhibition in batch samples was likely due to the release of organic matter
or other inhibitory compounds from the soil during batch shaking. Additionally,
the low or absent DNA concentrations in the analyzed samples could be related to
the varying response times of DNAcol compared to subsurface discharge, implying
that the sampling duration may have been too short to effectively capture the
DNAcol signal. The limited number of positive results hindered a comprehensive
analysis of the DNAcol sample data, leading to an unsuccessful outcome for this
field experiment. It is worth noting that this field experiment was conducted before
the completion of Chapters 3 and 4, meaning the insights gained from those studies
were not applied in this context. Nevertheless, several lessons were learned from this
experience:

1. Ensuring accurate estimation of the injected tracer concentration and
accounting for dilution factors during transport in the subsurface environment.

2. Thoroughly assessing the effectiveness of up-concentration methods across
samples containing varying concentrations of the tracer (DNAcol) in both pure
and environmental water.

3. Considering an extended sampling duration after the sprinkling experiment
(post-event) to better understand DNAcol transport and detachment.

6.2. LIMITATIONS AND CHALLENGES
This section highlights several limitations and lessons learned from using DNAcol as
a hydrological tracer:

6.2.1. REMOVAL MECHANISM AND MASS BALANCE OF DNACOL

The primary mechanism of DNAcol removal is expected to be its attachment to
soil grains, which results in significant variations in transport and recovery rates
within the subsurface environment. Laboratory results indicated that ionic strength
and the presence of organic matter have opposing effects on DNAcol’s transport
and attachment rates. As a result, DNAcol transport can vary significantly under
different conditions. Due to its high sensitivity to environmental factors, achieving
mass balance with DNAcol as a tracer can be challenging. Characterizing the
ion composition and organic matter content of the subsurface can improve the
interpretation of colloidal particle transport in specific locations. Additionally,
conducting undisturbed sand column experiments and analyzing soil compositions
can help address uncertainties related to the low mass recovery of DNAcol.

6.2.2. DNACOL CONCENTRATION AND DEVELOPING

UP-CONCENTRATION PROTOCOL

As discussed in Chapter 5, the field tracer experiment was not successful, likely
due to two main factors: the low concentration of injected DNAcol and the high
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attachment rate of DNAcol to the forest soil. To effectively apply DNAcol or any
other tracer in subsurface environments, it is crucial to estimate accurately the
optimal tracer injection level to ensure clear detection at the sampling points.

The concentration of DNAcol was expected to be highly diluted during transport
within the test field. Therefore, either a much higher initial concentration of injected
DNAcol is needed, or methods for up-concentrating the target DNA in the collected
samples could be developed.

Increasing the concentration of injected DNAcol might improve the likelihood of
observing breakthrough results. Previous research indicated no acute effects on
concentrations below 300 ppm and no chronic effects below 30 ppm on the tested
species [47]. However, it is essential to conduct short- and long-term ecotoxicology
testing on the applied concentration while considering the particle size beforehand.

In the field experiment, most collected samples from the field had volumes
greater than 100 mL. Initially, 20 µL was used to dissolve the silica shell, and
after shell dissolution, only 5 µL was used for qPCR analysis. To up-concentrate
the samples 50 times, we used centrifugation, repeatedly adding 1 mL of sample
and discarding 0.9 mL of supernatant each time to achieve a final volume of
0.1 mL. However, the primary results showed that this method was ineffective in
our experiment. Additionally, the up-concentration process via centrifugation was
significantly time-consuming, labor-intensive, and required a large number of pipette
tips.

6.2.3. QPCR QUALITY CONTROL

The qPCR technique is known for its sensitivity in detecting and quantifying target
DNA, even at very low concentrations. When working with DNA molecules in qPCR
assay, robust quality control is crucial. This involves designing optimal reactions
with carefully selected primers and incorporating positive and negative controls.

The concentration of target DNA measured by qPCR follows a logarithmic scale,
where small variations in Cq values can lead to considerable variability between
replicate analyses, a recognized limitation in the field [223, 228]. This limitation can
potentially be minimized by increasing the number of replicate samples, increasing
sample volume, and ensuring thorough mixing of samples prior to qPCR analysis
[39]. In most experiments, except those in Chapter 2, we mitigated variation by
collecting five to six subsamples from each injected DNAcol batch.

When dealing with environmental samples, it is essential to include control
samples using both pure and environmental water from the sample’s environment.
This ensures the reliability and accuracy of qPCR results by detecting any potential
contamination or inhibition that could impact the analysis outcome. Environmental
samples such as groundwater can contain inhibitory compounds- including humic
substances, salts, polysaccharides, and metal ions [215–218]- that can interfere with
the qPCR reaction. These compounds can result in lower estimated concentrations
of target DNA or even false-negative results. In this research, all the samples
were analyzed without purification steps, as the tested samples exhibited low to no
inhibitory effect before centrifugation. However, during the up-concentration process
via centrifugation, in case of presence of inhibitory substances might increase due to
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the sedimentation of these particles. Therefore, developing and validating tailor-made
up-concentration methods, such as centrifugation or lyophilization, along with
strategies to mitigate or eliminate inhibitory effects, is crucial. These methods and
strategies should be thoroughly evaluated in both pure and environmental water
across various DNA concentrations. Implementing various strategies is essential for
minimizing inhibition in qPCR analysis. Washing with Milli-Q water before qPCR is
recommended to reduce or eliminate inhibition effects.

6.2.4. SAMPLING STORAGE TEMPERATURE

Another factor that might contribute to a reduction in DNAcol within the collected
samples could be related to the environment temperature during the transportation
of the samples from the field to the laboratory. After the field experiment, the
samples were stored at ambient temperature during the two-day transport to the
laboratory. This could potentially lead to a loss of the qPCR signal due to ongoing
biological and chemical activity within the samples. This issue warrants further
investigation. Mikutis et al. [39] reported a substantial loss of the qPCR signal
in collected samples stored at room temperature or exposed to high ambient
temperatures. They recommended either freezing the sample until qPCR analysis or
using chemicals to suppress the microbial activity to mitigate such losses [39].

6.3. FUTURE PERSPECTIVE

6.3.1. MECHANISM OF DNACOL RETENTION AND TRANSIENT

POREWATER CHEMISTRY CONDITIONS

Initially, this research did not aim to assess the transport of DNAcol under transient
porewater chemistry conditions caused by decreasing ionic strength. However,
our initial study revealed significant remobilization of retained DNAcol following
water injection. Across all tested transient porewater chemistry conditions, a
consistent second peak was observed, although its magnitude varied among different
experimental conditions. These findings highlight the importance of improving
models to better understand retention mechanisms under steady porewater chemistry
and release mechanisms under transient porewater chemistry conditions. A deeper
understanding of these mechanisms is crucial for more accurately predicting the
mobility of colloidal matter. Moreover, this research emphasizes the need to focus
on the significant remobilization of colloids, such as pathogens and engineered
particles, to develop robust risk mitigation plans.

Further research is also essential to refine the equation of sticking efficiency under
unfavorable attachment conditions and in organic-rich environments. This will help
enhance our understanding and predictive capabilities regarding colloidal transport
and retention in complex environmental systems.

6.3.2. FIELD-DEPLOYABLE QPCR
Access to timely and accurate data is crucial across many scientific fields,
as it forms the foundation for understating systems and developing models.
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Field-deployable autoanalyzers are emerging as powerful tools for environmental
and water quality monitoring, offering high-frequency data collection of nutrients
and environmental solutes at sub-hourly intervals. Particularly in catchment-scale
monitoring, continuously measuring chemical parameters in the environment at
high frequencies over the long term can offer valuable insights into water quality and
ecosystem dynamics [229]. However, this approach can be costly and requires regular
maintenance, and to ensure accuracy, it remains essential to perform laboratory
duplicate analyses to cross-check the results of in-situ autoanalyzers [229].

In this context, field-deployable qPCR instruments are emerging as powerful
tools for early warning and risk management related to biological contamination,
environmental DNA (eDNA), and pathogen detection and quantification. A study
by Billington et al. [230] compared results from a portable qPCR instrument with
those from a laboratory bench qPCR. The portable instrument, which operates in
a fully enclosed system for both nucleic acid extraction and qPCR amplification,
demonstrated performance comparable to laboratory qPCR settings in terms of
repeatability and sensitivity. Despite these advantages, using field-deployable qPCR
to detect encapsulated DNA particles, such as DNAcol, which could potentially
serve as surrogates for colloidal matter, may face certain challenges. Specifically,
one constraint is the need to dissolve the silica shell of DNAcol, which requires a
buffered oxide etch, a process that may be impractical to perform in field conditions.
To overcome this limitation, exploring alternative materials for encapsulating DNA
tracers could facilitate easier dissolution, making the technology more applicable in
field settings.

6.3.3. ADVANCING DNACOL SURFACE MODIFICATIONS AND

ENCAPSULATING

Further research could focus on how adsorbed layers of coating materials or natural
organic matter affect the transport of DNAcol, aiming to overcome attachment issues
and enhance the mobility of encapsulated DNA particles in porous media. For
example, Manley [231] proposed surface modifications to silica-encapsulated-DNA,
using hydrophilic polymer hairs, and coating materials. Dahlke et al. [14]
recommended examining how varying zeta potentials affect the sorption and
transport of encapsulated DNA particles by creating tracers with different surface
zeta potentials. Mora et al. [49] suggested improving the stability and recovery rate
of silica-encapsulated-DNA particles by modifying their physicochemical properties,
such as through surface functionalization or adding a magnetic core. Additionally,
grafting silica particles with hydrophobically modified materials, as demonstrated
by Yegane et al. [232] for enhanced oil recovery in brine conditions, could be a
promising approach for hydrological applications. Therefore, surface modifications to
DNAcol have the potential to expand its use across various fields, such as geothermal
reservoir characterization, enhanced oil recovery, and as a more conservative tracer
for both surface and subsurface hydrological studies.
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6.3.4. EXPLORING EFFECT OF SOIL STRUCTURE AND PREFERENTIAL

FLOW PATHS

Investigating the influence of soil structure on DNAcol transport, particularly in
clay-rich soils, is essential for understanding the role of preferential flow paths
in facilitating rapid movement. This area remains largely unexplored and could
yield valuable insights into the behavior of colloidal contamination in diverse soil
environments.

6.4. CONCLUDING REMARKS
In colloidal studies and risk management of engineered microparticles and biological
contaminants, understanding travel distances, pathways, and the ultimate fate
of these substances in the subsurface environment is crucial. This dissertation
represents a systematic investigation into various factors that influence the transport
of DNAcol within porous media. Systematic studies provide insights into the factors
influencing transport, removal, and release mechanisms which in turn enhance our
ability to predict the behavior of such substances. This knowledge is aiding in
groundwater and soil remediation efforts and in mitigating the risk associated with
colloidal contamination.

In conclusion, while DNAcol as a conservative hydrological tracer has certain
limitations- such as challenges in addressing mass balance-related questions- it
offers value as a complementary tracer. Moreover, it shows potential as a surrogate
for other nano- and micro-particles such as nanoplastics, bacteria, viruses, and
even bacteriophages. However, the successful implementation of these potential
applications will require systematic testing and validation. When selecting an
appropriate colloidal tracer, it is crucial to consider factors such as particle
morphology, including size, charge, and surface characteristics (e.g., soft or rigid
surfaces).
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A.1. DNA NUCLEOTIDE SEQUENCE

The nucleotide sequence of the dsDNA we used was (Forward) 5
′
-GAT TAG CTT GAC

CCG CTC TGT AGG GTC GCG ACT ACG TGA GCT AGG GCT CCG GAC TGG GCT
GTA TAG TCG AGT CTG ATC TCG CCC CGA CAA CTG CAA ACC CCA ACT-3

′
.

A.2. CALIBRATION CURVE AND STATISTICS OF QPCR
EFFICIENCY
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Figure A.1.: Standard curve of 8-fold dilution series of known DNA particle
concentration in Milli-Q water. NTC: No Template Control.
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Figure A.2.: Standard curve of 8-fold dilution series of known DNA particle
concentration in NaCl.
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Figure A.3.: Standard curve of 8-fold dilution series of known DNA particle
concentration in CaCl2.
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A.3. STICKING EFFICIENCY

Table A.1.: Overview of parameter values required to determine the sticking
efficiency. Formulas are explained in the text (Methods section). Single
collector contact efficiency was determined using the correlation equation
developed by Tufenkji and Elimelech [70]. Case shown here is coarse
sand high flow in DM water.

GENERAL FLUID PARAMETERS Values Unit

Temperature (T) 296 K
Fluid density (ρ f ) 1002 kg m−3

Dynamic fluid viscosity 1.000 ×10−3 kg m−1s−1

TRANSPORT PARAMETERS
Column inner diameter 2.5 cm
Column surface area 4.91 cm2

Pump speed 0.8 ml min−1

Darcy velocity 1.63×10−1 cm min−1

2.72×10−5 m s−1

(857) m y−1

SEDIMENT PARAMETERS
Grain diameter (dg ) 1.200 mm
Porosity (ϵ) 0.45 -

DNAcol
Particle density (ρp ) 2200 kg m−3

Particle Size (dp ) 0.27 µm

SINGLE COLLECTOR CONTACT EFFICIENCY
Hamaker constant (H) 0.7×10−20 J
Happel model parameter (As ) 28.25 -
(ηD ) 1.23×10−2 -
(ηI ) 1.07×10−5 -
(ηG ) 1.48×10−3 -
(η0) = (ηD ) + (ηI )+ (ηG ) 1.38×10−2 -

STICKING EFFICIENCY
Attachment rate coefficient 9.37×10−3 min−1

1.56×10−4 s−1

Sticking efficiency 2.72×10−1 -
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A.4. DLVO PROFILE
DLVO theory is used to describe the interaction energy between particle-plate via
adhesive (van der Waals) and repulsive electrostatic interaction energy [233, 234].
The electrostatic interaction energy (φEDL) between sphere (DNA-silica particle), and
plate (sand grain) can be approximated by [122, 235]:

φEDL = 64πε0εr ap
(kB T

ze

)2
Γ1Γ2 exp(−κh) (A.1)

where, ap is the radius of the silica DNA-tagged particle [m], ε0 is the dielectric
permittivity in vacuum (8.854×10−12 F m−1), εr is the relative permittivity of the
medium (78.5 for water at 25 ◦C), kB is the Boltzmann constant (1.3805×10−23 J
K−1), T is the absolute temperature [K], z is counter-ion valance, e is electron
charge (1.602×10−19 C), Γ1 and Γ2 are dimensionless surface potential values of the
particle and plate (sand grain), respectively. The surface potential was calculated by
Γi =tanh(zeζ)/(4kB T) for particle and/or plate, where ζ is the measured zeta potential
[V], κ is the inverse Debye length [m−1], and h is the separation distance [m]. The
van der Waals interaction energy (φvdW ) between sphere (DNA-silica particle) and
plate (sand grain) can be computed from [122, 236]:

φvdW =− H123ap

6h
(
1+ 14h

λ

) (A.2)

where H123 is the Hamaker constant for silica-water-silica (0.7×10−20 J [112]), λ is
the characteristic wavelength, which was assumed to have a value of 100 nm [62].
The total interaction energy is then determined by the sum of φEDL and φvdW .
Resulting energy profiles have been depicted in Figure A.4-A.5.
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Figure A.4.: Calculated DLVO interaction energy profiles for the DNA-silica particle
and fine sand grain system in Milli-Q water (A), NaCl solution (B), and
in CaCl2 solution (C). Bottom panels (D), and (E) show parts of panels
(B), and (C), respectively, zoomed-in on the secondary minimum.
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Figure A.5.: Calculated DLVO interaction energy profiles for the DNA-silica particle
and coarse sand grain system in Milli-Q water (A), NaCl solution (B), and
in CaCl2 solution (C). Bottom panels (D), and (E) show parts of panels
(B), and (C), respectively, zoomed-in on the secondary minimum.
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This chapter is based on:
Kianfar, B., Hassanizadeh, S. M., Abdelrady, A., Bogaard, T., Foppen, J. W. (2023). Natural organic
matter and ionic strength (CaCl2) affect transport, retention and remobilization of silica encapsulated
DNA colloids (DNAcol) in saturated sand columns. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 678, 132476. [45]
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B.1. WORKFLOW OF DNA RELEASE AND QPCR ANALYSIS
For qPCR analysis, 20 µL of the collected column effluent samples were pipetting
into the qPCR tube (8-tube strip) (BIOplastics, the Netherlands). Prior to qPCR
analysis, the collected column effluent samples were vortexed to ensure the samples
are homogenous. The tubes were closed with an optical 8-cap strip (BIOplastics, the
Netherlands), and were centrifuged for a few seconds using (Microcentrifuge, Galaxy
miniStar, VWR). To dissolve the silica, 1 µL of buffer oxide etch (BOE; containing
ammonium hydrogen difluoride (2.3 g NH4FHF, Merck, Germany) and ammonium
fluoride (1.9 g NH4F, Sigma-Aldrich) in 10 mL Milli-Q water) was added to each
qPCR tube that contained 20 µL of samples, (protocol adapted from Paunescu et al.
[34]). Following that, the pH of each sample was adjusted to a near-neutral value
by adding 100 µL Tris-HCl buffer (pH 8.3, Merck, Germany). After completing the
releasing step of DNA, in another set of qPCR tubes (8-tube strip) (BIOplastics,
the Netherlands) the qPCR-mix was prepared, by pipetting of 10 µL Kapa SYBR
Green Fast qPCR Mastermix (Kapa biosystems, Sigma-Aldrich), 3 µL DEPC-treated
water (Sigma-Aldrich), 1 µL of each forward and reverse primer (DNA oligomers,
Biolegio, Nijmegen, the Netherlands), and adding of 5 µL of sample from releasing
step. Followed that the qPCR sample tubes were closed with an optical 8-cap strip
(BIOplastics, the Netherlands). The sequence of forward primer in this work was: 5

′
-

GCG AGA TAC ACT GCC AAA AAT -3
′
, and the reverse primer was 5

′
- AGA CCA

CAG CCA GAC CAA AT -3
′
, with product length of 21-20 (base pair), GC content

of 42.8-50%. DNA oligomers was provided by Biolegio for this research (Biolegio,
Nijmegen, the Netherlands). The pipetting steps during the dissolving of silica and
qPCR samples preparation was done using Qiagen QIAgility instrument automated
PCR preparation (Qiagen, Hilden, Germany). DNA amplification was done under
four-thermal cycling steps using a 96-well plate qPCR (Bio-Rad, Hercules, CA, USA).
The thermal cycling qPCR reactions consisted of: initial pre-incubation (at 95 ◦C for
400 s), then 42 cycles of, denaturation (20 s at 95 ◦C), annealing (40 s at 58 ◦C),
amplification (35 s at 72 ◦C). The results of qPCR were based on fluorescence signal
measurement, in terms of quantification cycles (Cq) when the fluorescence signal
passes a threshold. The Cq was determined using Bio-Rad CFX Manager maestro 3.1
software based on the regression mode.

In order to prevent cross contamination, the qPCR sample preparation and qPCR
thermal cycling were carried out in two separate rooms.
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Figure B.1.: Calibration curves DNAcol (symbols in blue, green and magenta) in
various solutions, and lines are linear-regression fits (lines). The negative
control values (NTC) of samples presented by symbols in red. The
error bars show the standard deviation of triplicate qPCR samples. The
background solutions of DNAcol experiments are: (A) Milli-Q water, (B)
1 mM CaCl2, (C) 10 mM CaCl2, (D) DOC 5 mg-C L−1, (E) DOC 5 mg-C
L−1 with 1 mM CaCl2, (F) DOC 5 mg-C L−1 with 10 mM CaCl2, (G) DOC
20 mg-C L−1, (H) DOC 20 mg-C L−1 with 1 mM CaCl2, (I) DOC 20 mg-C
L−1 with 10 mM CaCl2.

Fig. B.1 shows the calibration curves of DNAcol for various solution chemistries
based on the quantification cycle (Cq) values determined by qPCR versus log
concentration of DNA copies. The lines show linear regression fit to data points. The
slope of the fitted curve indicates the efficiency. The two series of data points in each
panel show duplicated series of the dilution series for two different batches of primer
sets. Note, each point presents the average of triplicate samples, except in three
cases (i.e., symbols in grey). That means in those three cases the plotted data point
presented as the average of the duplicate samples, and the third one was considered
as an outlier (in Fig. B.1D, E, and H). In addition, in Fig. B.1C, the regression
was applied to a 7-fold dilution series which means the presented data point at D9

(symbol in grey) was ruled out. We observed that in some cases the variation (error
bar) between triplicated samples increased at the lowest concentration D9 dilution.
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B.3. QUALITY CONTROL OF QPCR
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Figure B.2.: Variation of Cq values of sub-samples to test reproducibility of qPCR
(fill-symbols and hollow-symbols), and reproducibility of experiments
(replicate experiments).

The top-first panel of Fig. B.2 shows the variation of Cq values belonging to
5-6 samples from injection tracer (C0). For each solution chemistry, the results of
replicate experiments were presented side-by-side to each other. The variation of
sub-samples that was analyzed with two qPCR runs presented as filled vs. hollow
symbols. The second-top panel presents the variation of Cq values belonging to
two positive control samples, that each sample contains 1 mg L−1 of DNAcol (D3

in dilution series) in Milli-Q water (dark blue), and in various solution chemistries
as labeled. Again, each set of data points shows the variation between triplicated
sub-samples. The filled vs. hollow symbols present the reproducibility of qPCR.
The reproducibility of the samples was tested at D3 concentration. The two
blank-labeled panels show the variation of sub-samples and replicated experiments
from column influent and effluent prior to DNAcol experiment. The lower panel
presents the variation of NTC, the data points again indicate the variation between
two subsamples and replicated experiments.

B.4. SINGLE-COLLECTOR CONTACT EFFICIENCY (η0)
The single-collector contact efficiency (η0) was defined based on equation developed
by Tufenkji and Elimelech [70]:
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η0 = 2.4A1/3
s N−0.081

R N−0.715
Pe N 0.052

vdW +0.55As N 1.675
R N 0.125

A +0.22N−0.24
R N 1.11

G N 0.053
vdW (B.1)

Where, As is a porosity dependent parameter, NR is aspect ratio, Npe is Peclet
number, NvdW is van der Waals number, NA is attraction number, NG is gravity
number.

B.5. DLVO INTERACTION ENERGY PROFILE
The total DLVO interaction energy (φtot ) [172, 237] between two bare spherical
particles or between spherical particles and plat is the sum of van der Waals (φvdW ),
and electrostatic (φEDL) (Eq. B.2-B.3).

φtot (h) =φvdW (h)+φEDL(h) (B.2)

The van der Waals interaction energy (φvdW ) between DNAcol (spherical particle)
and sand grain (plate) can be calculated based on the following equation (proposed
by Gregory [236], in Petosa et al. [129]:

φvdW =− H123rp

6h
(
1+ 14h

λ

) (B.3)

Where H123 [J] is Hamaker constant for the combination of silica(1)-water(2)-silica(3)

was assumed to be equal 0.7 ×10−20 J [112], rp [m] is the radius of the spherical
particle (i.e., DNAcol), λ [nm] is the characteristic wavelength, which was assumed
100 nm of decay length of vdW [62]. Note that the Hamaker constant was assumed
to be the same for all tested conditions, that means for both pristine silica particles
and sand grains, and particles suspended in natural organic matter. The electrostatic
interaction energy (φEDL) for DNAcol (spherical particle) when approaching the sand
grains (plate) was determined based on an equation proposed by Gregory [235](in
Petosa et al. [122]):

φEDL = 64πε0εr rp
(kB T

ze

)2
ψpψg exp(−κh) (B.4)

Where, ε0 is the dielectric permittivity of vacuum (equal to 8.854 ×10−12 F m−1),
εr is the relative permittivity of the medium solution for water at 25 ◦C is equal
to 78.5, kB [J K−1] is Boltzmann constant (equal to 1.3805 ×10−23 J K−1), T [K] is
the absolute temperature, z is the counterion valance, e [C] is elementary electron
charge (equal to 1.602×10−19 C), ψp and ψg [-] are dimensionless surface potential
of the particle (DNAcol) and plate (sand grain), respectively, h [m] is the separation
distance, and κ−1 [m] is the Debye length given by:

κ−1 = (ε0εr kB T

2I NAe2

)0.5 (B.5)

Where, I [mmol L−1] is ionic strength.
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Surface potential is approximated from ζ-potential using equation B.6 [238](van
Oss 1994):

ψ0 = ζ
(
1+ z

rp

)
exp(kz) (B.6)

Note, that the ζ-potential of sand grain was assumed to be equal to DNAcol.
To draw the total DLVO interaction energy (φtot ), the values were divided by kB T,
resulting in a unit of [J]/[J].
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Figure B.3.: DLVO energy profile of DNAcol in various solutions (grey line), the
electrostatic repulsion (red line) and van der Waals (blue line). The
background solutions for tested conditions are: (A) Milli-Q water, (B) 1
mM CaCl2, (C) 10 mM CaCl2, (D) DOC 5 mg-C L−1, (E) DOC 5 mg-C L−1

with 1 mM CaCl2, (F) DOC 5 mg-C L−1 with 10 mM CaCl2, (G) DOC 20
mg-C L−1, (H) DOC 20 mg-C L−1 with 1 mM CaCl2, (I) DOC 20 mg-C L−1

with 10 mM CaCl2. The specific Conditions: dp = 280 [nm], dg = 0.715
[mm], H= 0.7×10−20 [J].
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Figure B.4.: Zoom-in of the secondary minimum energy for DLVO energy profile of
DNAcol in various solutions (grey line), the electrostatic repulsion (red
line) and van der Waals (blue line). The background solutions for tested
conditions are: (A) Milli-Q water, (B) 1 mM CaCl2, (C) 10 mM CaCl2, (D)
DOC 5 mg-C L−1, (E) DOC 5 mg-C L−1 with 1 mM CaCl2, (F) DOC 5
mg-C L−1 with 10 mM CaCl2, (G) DOC 20 mg-C L−1, (H) DOC 20 mg-C
L−1 with 1 mM CaCl2, (I) DOC 20 mg-C L−1 with 10 mM CaCl2. The
specific Conditions: dp = 280 [nm], dg = 0.715 [mm], H= 0.7×10−20 [J].
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Figure B.5.: Experimental breakthrough curves of DNAcol (colored-symbols) versus
breakthrough curves of NaCl tracer (black-symbols). The background
solutions for DNAcol experiments are: (A) Milli-Q water, (B) 1 mM CaCl2,
(C) 10 mM CaCl2, (D) DOC 5 mg-C L−1, (E) DOC 5 mg-C L−1 with 1 mM
CaCl2, (F) DOC 5 mg-C L−1 with 10 mM CaCl2, (G) DOC 20 mg-C L−1,
(H) DOC 20 mg-C L−1 with 1 mM CaCl2, (I) DOC 20 mg-C L−1 with
10 mM CaCl2. Hollow-symbols represent steady porewater chemistry
conditions, and filled-symbols represent transient porewater chemistry
conditions.
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B.7. VARIATION BETWEEN THE SUB-SAMPLES OF DNACOL,
AND THE VARIATION OF REPLICATED COLUMN

EXPERIMENTS
To determine the variation between subsamples, for 13 experiments out of 18
column experiments, each collected sample was analyzed twice. That means two
subsamples (each contains 20 µL) were taken from 2 mL collected samples. The two
sub-samples were analyzed using the same batch of primer set, but were processed
under two different qPCR runs (presented as dashed area).

Figure B.6.: The shaded area presents the variation of two-sub samples that was
analyzed with two qPCR runs. The background solutions for DNAcol
experiments are: (A) Milli-Q water, (B) 1 mM CaCl2, (C) 10 mM CaCl2,
(D) DOC 5 mg-C L−1, (E) DOC 5 mg-C L−1 with 1 mM CaCl2, (F) DOC 5
mg-C L−1 with 10 mM CaCl2, (G) DOC 20 mg-C L−1, (H) DOC 20 mg-C
L−1 with 1 mM CaCl2, (I) DOC 20 mg-C L−1 with 10 mM CaCl2. Note,
the y-axis is in linear scale in all panels, and in panel (H) has different
limits.
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C.1. MAJOR CATION AND ANION OF NATURAL AND

SYNTHETIC GROUNDWATER

Table C.1.: Comparison of the major cation and anion composition of natural
groundwater (GW) and synthetic (Syn.) groundwater based on ion
chromatography.

Major Huppel GW Huppel Syn. Tulip GW Tulip Syn.

[mg L−1] [mg L−1] [mg L−1] [mg L−1]

Na+ 14.9 16.7 19.9 24.1
Ca2+ 121.1 122 127.4 103.2
Mg2+ 16.3 11.3 10.5 19.6
K+ 15.6 22.3 41.8 45.2

Cl− 28.92 32.9 29.7 33.2
NO−

3 151 147.1 4.2
SO2−

4 60.1 44.18 94.7 76.14
PO−

4 13 4.7 27.23

C.2. QPCR ANALYSIS
Fig. C.1(A-E) depicts the dilution series for DNAcol(S4) in various solution
chemistries. The x-axis represents the quantification cycle (Cq) values determined by
qPCR, and the y-axis represents the logarithmic concentration of DNA copies. The
plotted values are the average of triplicate samples, with error bars indicating the
standard deviation. In each panel, the lines correspond to the linear regression fit to
the data points. The dilution curves in Fig. C.1(A-D) confirmed a linear relationship
between Cq values and the logarithm of DNA concentration over the 8-fold dilution
points. During the 8-fold dilution series of DNAcol in Tulip synthetic groundwater,
in the most diluted sample corresponding to D9 (0.00001 mg L−1), no amplification
signal was observed, as shown in Fig. C.1(E). Consequently, the dilution curve
consisted of 7-fold in this case. Furthermore, at D6 (corresponding to 0.01 mg L−1),
the obtained Cq value was lower than the expected value. For this dilution series,
we could either consider all 7-fold dilutions or opt for only 5-fold. In either case, the
fitted linear regression lines were displayed in Fig. C.1(E). Subsequently, to convert
the Cq values to DNAcol concentration, we used the regression lines that were fitted
to the 7-fold dilution data.

Fig. C.2 displays the qPCR calibration curves of DNAcol(S1) and DNAcol(S2)
in various solution chemistries. The plotted values are the average of replicated
samples, with error bars indicating the standard deviation, and the lines correspond
to the linear regression fit to data points. In Fig. C.2 panels (C) and (F) depict the
dilution series of DNAcol in column effluent. The dilution in column effluent was
conducted primarily to assess the possibility of the presence of qPCR inhibitors.
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Figure C.1.: Calibration curves of DNAcol(S4) in various solutions, along with
linear-regression fits (lines). The negative control values (NTC= No
Template Control) of samples are presented by red symbols. Error
bars indicate the standard deviation of triplicate qPCR samples. The
background solutions of DNAcol experiments are: (A) Milli-Q water,
(B) Huppel groundwater, (C) Tulip groundwater, (D) Huppel synthetic
groundwater, and (E) Tulip synthetic groundwater.
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Figure C.2.: Calibration curves (DNAcol) in various solutions, along with linear-
regression fits (lines). The negative control values (NTC= No Template
Control) of samples are presented by red symbols. Error bars indicate
the standard deviation of triplicate qPCR samples. The background
solutions of DNAcol (S1) experiments are: (A) Milli-Q water, (B) Tulip
groundwater, (C) Column effluent. The background solutions of DNAcol
(S2) experiments are: (D) Milli-Q water, (E) Tulip groundwater, (F)
Column effluent.
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Table C.2.: Details of the qPCR primers used to amplify the DNA in three tested
DNAcol.

DNAcol Primer GC base pair

[%] [bp]

DNAcol (S1) Forward primer (5
′
-ATG GGC TCT AAG GAT CTC-3

′
) 50 18

Reverse primer (5
′
-CTC ACC CTC GAA TCG AA-3

′
) 53 17

DNAcol (S2) Forward primer (5
′
-CGG ACA ATC CTT TCC ATA-3

′
) 44 18

Reverse primer (5
′
-ACG AGA CCC AGT TAA TAA G-3

′
) 42 19

DNAcol (S4) Forward primer (5
′
- CTC TGC CCT TAC GTT TAT C-3

′
) 47 19

Reverse primer (5
′
-AGA GGT TTG TTC GTG TTC-3

′
) 44 18

C.3. QUALITY CONTROL OF QPCR
Top panel Fig. C.3 presents the Cq values of the injected DNAcol(S4) to assess the
variation between the sub-samples of DNAcol(S4) and the variation of replicated
experiments. Additionally, black symbols indicate the variation of Cq of the samples
that were analyzed with the mentioned lag time to assess the stability of DNAcol
over time. In the second top panel, the Cq values of positive control samples
containing 10 mg L−1 of DNAcol(S4) were examined in various background solutions
in triplicates. Furthermore, the Cq values of positive control samples that contained
the same concentration of positive control (10 mg L−1) in Milli-Q water were carried
out alongside as a reference value. The analysis aims to understand whether the
background solution contains qPCR inhibitors or not.

The third and fourth panels of Fig. C.3 depict the blank samples from the column
influent and effluent. The NTC values of each run are displayed in the lower panel
of Fig. C.3.

For DNAcol suspended in Huppel and Tulip groundwater, the qPCR results from
the first run of the experiment showed that the Cq values of C0 were 13.31±0.26
and 13.07±0.20, respectively. Meanwhile, for the replicate experiment, the Cq values
of C0 were 20.73±0.06 and 24.70±1.95 for DNAcol suspended in Huppel and Tulip
groundwater, respectively, as shown top panels in Fig. C.3. Higher Cq values indicate
a lower concentration of DNA in the samples, implying that a higher number of
cycles are required to detect DNA above the threshold. Despite the sample being
preserved at 4 ◦C, the observed change in Cq values after 21 days of analysis could
likely be associated with biological activity and/or chemical processes.

The positive control samples also confirmed an increase in Cq values over time
(Fig. C.3). To further investigate this issue, the transport of DNAcol suspended in
Tulip groundwater was tested for a third time within a freshly packed sand column
with clean sand. The samples were analyzed after 4 days (Fig. 4.1D). In this
experiment, to assess the stability of DNAcol suspended Tulip groundwater, the C0

samples were reanalyzed after 45 days. The average Cq value of C0 was initially
(after 4 days) 16.51±0.84, although the expected Cq value was around 13. After
45 days, it changed to 16.85±0.69, as shown in Fig. C.3. In contrast to previous
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Figure C.3.: Variation of Cq values of sub-samples to test the reproducibility of qPCR
(fill-symbols and hollow-symbols), and reproducibility of experiments
(replicate experiments), the stability of DNAcol over time shown with
black symbols.

results, this outcome did not confirm a significant change in Cq values over 45
days. Additionally, it is noteworthy that positive control samples for this condition
confirmed an increase in Cq values from 11.33 to 15.39 after 41 days (Fig. C.3).
Further investigation is required to address the inconsistencies observed in the
replicated experiments.

For DNAcol suspended in Tulip synthetic groundwater, we encountered several
challenges. As mentioned in the method section, 5 to 6 sub-samples were taken from
the influent suspension during the experiment to determine the C0 value of DNAcol.
In the cases of Tulip synthetic groundwater, the analyzed C0 values revealed that the
Cq values of these samples were not constant throughout the experimental period.
The average Cq value of injected DNAcol (C0) for the first three sub-samples was
15.12±0.42, while the Cq value for the last three samples increased to 22.71±2.04,
indicating a change in DNAcol concentration. This variation is most likely associated
with the instability of DNAcol. It should be noted that the obtained Cq values of
injected DNAcol in Huppel synthetic groundwater were 14.66±2.19, while a value
around 13 was expected. In this case, the increase in Cq value of C0 was noticeable



C.3. QUALITY CONTROL OF QPCR

C

117

in the last sub-samples, which increased to 18.69. The increase in the Cq values in
these conditions could also be associated with instability of the DNAcol or partial
inhibition. To assess the stability of DNAcol in synthetic groundwater, the DNA
concentration of 6 sub-samples of the injected batches was determined again after
45 days. For Tulip synthetic groundwater, a comparison of the initial Cq values
confirmed that the values increased over this time frame; the change in Cq was
around 2 cycles (initial Cq=18.92±4.21, and after 45 days Cq=20.25±4.07). The same
analysis was conducted for Huppel synthetic groundwater, and the data showed no
change in the Cq values (initial Cq=14.66±2.19, and after 45 days Cq=14.09±1.44).
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In Fig. C.4, two breakthrough curves of DNAcol suspended in Tulip synthetic
groundwater are presented: one by normalizing the concentration of collected
column samples over the first 3 sub-samples of column influent (C0), and the
other one by considering all 6 sub-samples. When considering all C0 values, the
breakthrough curve reached the maximum normalized concentration (Cmax /C0) of
∼0.06 at the plateau, and the relative mass recovery of DNAcol was approximately
1%. However, during transient porewater chemistry conditions when considering
all C0 values, it led to a significant overestimation of the recovered mass to
approximately 136%.
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Figure C.4.: Experimental breakthrough curves of DNAcol (symbols)Tulip synthetic
groundwater; normalized over 3 and 6 sub-samples of C0 and NaCl
tracer breakthrough curves (black dashed lines). Open symbols represent
steady porewater chemistry conditions, and filled symbols represent
transient porewater chemistry conditions.
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Fig. C.5 shows the breakthrough curves of the samples DNAcol(S2) that was
reanalyzed to assess the stability of DNAcol after 11 days. The data indicated a
decline in the concentration of DNAcol. Furthermore, to examine the effect of
storage temperature on DNAcol, the sub-samples were kept at -20 ◦C (freezing
temperature). These samples were analyzed after 7 days, and in this case, the change
in concentration of DNAcol was negligible (Fig. C.5).
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Figure C.5.: Experimental breakthrough curves of DNAcol (symbols) obtained from
undisturbed sand column with background solution of Tulip groundwater,
and breakthrough curves of NaCl tracer (black dashed lines). The top
panel shows the breakthrough curves in a linear scale, and the lower
panel presents similar breakthrough curves in a semi-log scale. The
symbol colors represent the obtained values from column experiments
that underwent qPCR after 1 day of the experiment (red symbols), after
11 days (pink symbols), and the samples that were kept frozen and
analyzed after 7 days (brownish symbols).
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C.4. SENSITIVITY OF STICKING EFFICIENCY (α) AND

SINGLE-COLLECTOR CONTACT EFFICIENCY (η0) TO

DNACOL SIZE

Table C.3.: Calculated Sticking efficiencies (α) and single-collector contact efficiency
(η0) DNAcol using three different scenarios considering dp = 280 [nm],
and the measured hydrodynamic diameters (dh) at 5- and 120-minutes
time frame, dg = 0.527 [mm], H= 0.7×10−20 [J], ρp =2200 [kg m−3].

Column Solution dp =280 [nm] dh at 5 [min] dh at 120 [min]

Experiment η0 α η0 α η0 α

[-] [-] [-] [-] [-] [-]

Exp. 1 Milli-Q water (1) 0.045 0.11
Huppel GW(1) 0.044 0.14 0.038 0.16 0.040 0.15
Huppel GW(2) 0.047 0.10 0.041 0.11 0.043 0.11

Exp. 2 Milli-Q water (1) 0.051 0.22
Tulip GW(1) 0.051 0.18 0.044 0.20 0.044 0.20
Tulip GW(2) 0.048 0.20 0.042 0.23 0.042 0.23
Tulip GW(3) 0.045 0.12 0.039 0.14 0.039 0.14

Exp. 3 Huppel Syn. 0.046 0.52 0.038 0.64 0.052 0.46
Exp. 4 Tulip Syn. 0.046 0.57 0.039 0.69 0.073 0.36
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D.1. QUALITY CONTROL OF QPCR
In each qPCR run, the concentration of the injected DNAcol was analyzed in six
replicates alongside the collected samples from the field. Positive control samples,
corresponding to the D3 sample in the dilution series curve, and NTC samples, both
in duplicate, were also included in the analysis (Fig. D.1). The top panel of Fig.
D.1 presents the variation in Cq values of injected DNAcol (S1-S4) (C0) within a
single qPCR run and the variation between different qPCR runs (Fig. D.1(A)). The
comparison of Cq values of the four different DNAcol types used in this experiment
showed that the obtained Cq values for S2 and S3 were much higher than those for
S1 and S4. This result confirmed the lower concentration of DNA in both S2 and
S3, as evidenced by the calibration curves as well. The middle panel illustrates the
variation in the positive control (1000 times diluted DNAcol, corresponding to D3 in
the calibration curve) (Fig. D.1(B)). The primary purpose of the positive control is
to ensure the accuracy and reproducibility of qPCR assay to detect target DNA. It
is important to note that Milli-Q water was used as the background of all positive
control samples, and the label only indicates the location of the collected samples.
The lower panel displays duplicate values of NTC samples in each qPCR run. The
objective of the NTC was to ensure there was no contamination (Fig. D.1(C)).
One issue highlighted by NTC values was that Cq values below 30 cycles in some
of the qPCR runs, potentially indicating the presence of non-specific products or
primer-dimer.

D.2. FALSE NEGATIVE SIGNAL AND PRESENCE OF QPCR
INHIBITION

A preliminary test was conducted by spiking S2 into certain water samples from
the experimental field. Initially, S2 was diluted threefold in Milli-Q water (D3).
Subsequently, this diluted solution was further diluted into selected samples collected
from TR1 and TR2 to achieve a concentration equivalent to D4 on the calibration
curve. The results of this test are displayed in Fig. D.2. More specifically, for
this experiment, 16 samples from TR2 were selected. In the first series of the
experiments, 2 µL of S2 with concentration D3 was spiked into 18 µL of sub-samples
of these 16 selected samples. The obtained average Cq values for the analyzed
samples were 28.47±0.80 (Fig. D.2(A)). In the second series of the experiment, 1
µL of S2 with a D3 concentration was spiked into 19 µL of sub-samples of the 16
selected samples. This adjustment resulted in a final concentration slightly lower
than that of the D4 sample, with an average Cq of 28.67±0.82 (Fig. D.2(A)). Based
on the results of the dilution series, the Cq values corresponding to D4 for S2 in
the Milli-Q water was 27.65± 0.31. Comparing the inhibitory test results with the
calibration curve data indicated a very weak or no inhibitory effect.

To further test the presence of the inhibitory compounds at another sampling
location, eight samples from TR1 were selected. In this case, 5 µL of S2 with a
concentration of D3 was spiked into 45 µL of sub-samples of the chosen samples.
The resulting average Cq value was 27.25±0.32, indicating no inhibition effect (Fig.
D.2(B)).
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Figure D.1.: Variation in Cq values of sub-samples for injected S1-S4 and among
different qPCR runs (A), variation in Cq values of sub-samples for
positive control samples (B), and variation in Cq values of sub-samples
for negative control samples (NTC) (C).

In addition, as shown in Fig. D.2(C), two collected samples (samples 1 and 42)
from TR2 were selected, and S2 was spiked into them to achieve concentrations of
D4 and D5. Furthermore, a control test was conducted by spiking the S2 into Milli-Q
water with corresponding concentrations. For the concentration of D4, the results
indicated that the difference in Cq values between forest water and Milli-Q water
was less than 2, suggesting negligible inhibition. The analysis of the samples with a
lower S2 concentration (D5) showed a deviation of Cq around 5 in one forest water
sample compared to Milli-Q water condition, which, indicates potential inhibition in
that specific sample. However, conducting a duplicate analysis is needed to confirm
the presence of inhibitory substances in that sample.

D.3. FALSE POSITIVE SIGNAL OF QPCR
Figures D.2(A) and D.2(B) present the qPCR results in terms of Cq for forest samples
with the addition of buffered oxide etch (BOE) compared to forest samples without
BOE. The results of TR1 samples show negligible variation between the Cq values of
analyzed samples with and without BOE. In both conditions, the obtained Cq values
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were approximately 33 (Fig. D.2(B)), close to the values observed for NTC samples
(∼34).

For TR2 samples, the averaged Cq was found to be around 33 for samples without
dissolving the silica shell (without the addition of BOE), while for analyzed samples
with the addition of BOE, the Cq was around 32 (Fig. D.2(A)). Once again, the
obtained Cq values for both datasets were found to be close to NTC values.
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Figure D.2.: A comparison of the Cq values for samples with and without the addition
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the Cq value comparison for samples collected from TR2, (B) displays
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of samples collected from the field, open symbols represent samples
without the addition of BOE and filled symbols represent samples after
spiking DNAcol(S2) to investigate the potential presence of inhibitory
compounds. Green symbols represent positive control in Milli-Q water
(D3), and red symbols represent the NTC values.
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