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1 Introduction
1.1 General context
Within the scopes of the S4CE consortium, Haelixa AG is developing a new generation of
DNA-tracers for sub-surface fluid tracing applications, with DNA fragments encapsulated in
silica particles. Tracers are chemical species that move with the fluid or any other object
they are associated with and can be collected, identified and analysed at various stages to
understand material transport and origin.
Tracing fluids underground allows one to optimize industrial processes (e.g., oil, geothermal
power extraction) as well as to detect, mitigate and prevent environmental contamination.
In the energy sector, tracers are routinely used in industrial installations such as oil and
geothermal fields to track the movement of fluids (water or oil) in the subsurface, and
quantitatively describe system parameters (e.g., underground connectivity) that are very
difficult to estimate by other means [1].
In a typical field tracer test (Figure 1.1-1.), tracers are injected into an underground
reservoir, and are later sampled at the same or other wells and analysed on the surface.
Translating the tracer breakthrough curves into tomographic maps allows the determination
of key parameters such as a reservoir’s effective porosity and permeability field. Such
information can reduce uncertainties in the reservoir model and is used to plan production
and intervention operations. Repeating the experiments over time helps quantify whether
the preferential fluid transport pathways in the sub-surface change, perhaps because of
geo-energy operations such as geothermal energy production or CO2 sequestration.

Figure 1.1-1. A simplified scheme of a multi-tracer test where different tracers are injected in different locations, and based
on the tracer breakthrough at a sampling well, breakthrough curves are generated that can later be used to model various
reservoir parameters. Reproduced from Mikutis et al. [2].

Among the traditional solute tracer platforms (salts, fluorescent dyes, fluorocarbons,
radioactive isotopes, heat, etc.), only a limited number of distinguishable tracers are
available, thus limiting the number of distinct breakthrough curves that can be obtained
from a single tracer experiment. Furthermore, even tracers of the same type (e.g., the
fluorescent dyes uranine and sulforhodamine B) exhibit differences in their flow behaviour
(e.g., retention time and mass recovery), making it even more difficult to compare
breakthrough curves generated by different tracers [3]. DNA as a tracing platform, on the
PU
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other hand, allows generation of a virtually unlimited number of unique fingerprints,
enabling simultaneous tracing at multiple locations, or repeated tracer experiments without
encountering background contamination (new DNA codes can be used in every experiment).
To overcome the limited chemical, physical, and biological stability of nucleic acids, DNA
encapsulation into particles has been developed. The coating increases the stability and
robustness of the DNA, making it an attractive tracer for conditions (e.g., high temperature,
extreme pH, microbial activity) where free DNA strands would degrade [4].
Although the encapsulated DNA-tracers have been shown to perform well in wastewater
tracking [5] as well as in small-scale tests (distance <5 meters) in local aquifer
characterization [2], employing them for underground fluid tracking applications requires
further characterization in various static (e.g., elevated temperatures) and dynamic (e.g.,
core-flooding in different rocks) conditions that are expected in reservoirs. The results will
guide optimisation of tracer design optimization, via, e.g., designing appropriate coatings,
particle size, etc., and scale up their production.
In this deliverable, D6.4, a dataset on the encapsulated DNA-tracer stability and flow
behaviour under selected conditions is provided. Within S4CE, it is envisaged that the DNAbased tracers will be tested in some of the field sites available to the consortium, as
described within WP7. To optimise the DNA-tracer performance, novel synthetic methods
are elaborated to increase the stability of the core/shell silica encapsulated DNA-tracers for
field applications. As much as possible, non-toxic and environmentally friendly materials are
chosen. The produced core/shell silica encapsulated DNA-tracers are then analysed by
standard material analysis (particle size and morphology by scanning transmission electron
microscopy (STEM) and dynamic light scattering (DLS), surface charge (ζ-potential) by
zetasizer, chemical composition by elemental analysis, and DNA content by real-time
quantitative polymerase chain reaction (qPCR)).
Once the tracers are produced, their stability is evaluated in Haelixa’s laboratories (static
laboratory tests). Specifically, thermal, chemical, and colloidal stability of the tracers, as well
as their stability in environmental samples, are evaluated at various conditions and in the
presence of different fluids, including but not limited to water from local aquifers and
oilfield brines. The tracer dynamic behaviour is studied at Imperial College London
(collaboration with Dr. Ronny Pini). Tracer flow behaviour is studied through core-flooding
tests and parameters that influence sorption and retention quantified and accordingly
minimised in order to perform field tracer test(s). The results of the dynamic flow behaviour
investigations are used for the validation of the transport modelling of Task 5.1 in
collaboration with University College London (collaboration with Prof. Alberto Striolo).
Additionally, the qPCR protocol used to detect and quantify the DNA-tracers is optimized
and adapted, exercising care towards error sources, such as protocol interference with
aquifer water/brine components and contaminations. The results will be instrumental for
the tracer deployment in the S4CE field sites (Task 7.3).

1.2 Deliverable objectives
1. Develop novel core/shell silica encapsulated DNA-tracers
2. Establish quality control and evaluation of the developed DNA-tracer designs
PU
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3. Investigate the static and dynamic performance of tracer surface functionality
4. Optimise the DNA-tracer detection method

2 Methodological approach
2.1 Different tracer designs
Size control/milling/core particle production
Traditionally, encapsulated DNA-based particles for underground tracing are produced by
starting with a positively functionalized core particle, adhering DNA onto it, and growing a
silica layer on top to prevent DNA degradation, as shown in Figure 2.1-1. below. To control
the encapsulation size, the conditions of the core particle production have been
investigated.

Figure 2.1-1. Silica/DNA particle production as first described by Paunescu et al. [6].

2.1.1.1 Core particle size control
Standard silica particles can be produced following the procedure described by Hartlen et al.
[7]. Specifically, 70mg L-Arginine is mixed with 200 mL of de-ionized (DI) water in a 500 mL
schott glass bottle and stirred at 100 – 200 rpm. The mixture is heated to 60 °C and then 1
mL Ludox TM-40 is added. 60 mL of cyclohexane/sunflower oil is added carefully to create
the two-phase reaction. The reaction is then left to equilibrate to 60 °C and create phase
separation. Finally, 73 mL of tetraethyl orthosilicate (TEOS, 78-10-4) is added. The reaction is
stirred at 150 rpm for 4 days. After washing the core particles, they are treated with Ntrimethoxysilylpropyl-N,N,N-trimethylammonium chloride, 50 % in methanol (TMAPS,
35141-36-7) to create a positive surface charge for later DNA attachment.
The following four reactions were carried out to quantify how changing the reactants and
their concentrations affects size and yield of the DNA-based tracer particles:
i)
Original: as per original recipe; rpm: 125
ii)
Reactant added time-split: TEOS addition split to 2 days (day 0 = 36.5 mL; day 2 =
36.5 mL); rpm: 190
iii)
Different oil phase: cyclohexane replaced with sunflower oil; rpm: 125
iv)
Double amount of seed particles: 2 mL Ludox instead of 1 mL Ludox; rpm: 250

2.1.1.2 Milling and final particle production
The particles are milled on Planetary Micro Mill Pulverisette 7 as follows:
1. Add zirconium oxide beads (0.1 mm, YTZ Grinding medium, Tosoh Corp.)
2. Add 15 mL of particle solution and additionally pour 30 mL (g) of milliQ H2O (MQ)
3. Close pots, place them into the machine and apply the following settings: 500 rpm;
time and cycles variable
PU
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4. Open the pots and transfer the top liquid layer into a falcon tube. Wash the
remaining beads with water and pour that solution into the same tube.

Thermal healing
Encapsulated DNA particles at a concentration of 10 g/L in iPrOH were treated at different
thermal healing conditions as follows: they were dispersed in mixtures with different iPrOH,
water, TEOS and ammonia ratios and temperatures set to 60 °C and 70 °C as shown in Table
2.1-1. below. The dispersions were shaken for 16 h. To test the thermal stability, particles
were afterwards exposed to a temperature of 90 °C for 24 h and 48 h in synthetic seawater
to evaluate the DNA degradation in comparison to non-treated particles.
Table 2.1-1. Conditions of the thermal treatment procedure.

Conditions [#]

1

2

3

4

5

6

7 (Ctrl)

Particles [mg]

1

1

1

1

1

1

1

2

1.989

1.332

1.332

2(EtOH)

2

2

TEOS [µl]

1

1

1

1

1

-

-

Water [µl]

0

0

666

666

-

-

-

NH3 (in H2O, µL)

0

10

-

-

-

-

-

Temp. [°C]

60

60

60

70

60

60

24

iPrOH

[mL]

Scalability and cost effectiveness evaluation of different designs
The cost of different designs was calculated from the reaction procedure of each synthesis.
Prices for the silane ligands where taken from different suppliers (APTES, THPMP, C 18,
GLYMO from Sigma Aldrich Switzerland, CTES, CSPETS, GA SB from Gelest USA).
The scale-up of the base reaction and the different designs were analysed. Key parameters,
like concentration, were linearly scaled whilst keeping ratios of substances and solvents
constant. Different mixing speeds, reactor sizes and volumes were tested in order to achieve
homogeneous syntheses. To compare reproducibility of batches with different sizes, DNA
loading per particle was used as the base measurement.

Environmental friendliness and toxicity of different designs
In this section, only the environmental friendliness and toxicity of the different chemicals
used for the functionalisation were considered. The material of the core particle [8], [9], and
the short DNA sequences [10] are considered safe. In order to evaluate the toxicity and
environmental friendliness of the coating material, GHS hazard pictograms and carcinogenic
properties have been considered. Please note that the toxicology of the DNA-based particles
has been assessed within S4CE as described in Deliverable D3.5.

PU
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Surface functionalisation
For cost- and time-saving reasons, initial surface functionalisation tests were performed on
pure-silica micro particles (SMP) instead of DNA-silica particles. Throughout the whole range
of experiments the same core silica particles were used, namely OV2_SiNP120418 (Zeta
potential: -35 mV, DLS diameter: 110 nm).
In order to improve colloidal stability in underground conditions, a wide range of surface
functionalisations were explored. The two functions that the ligands should perform are to
(i) prevent silica hydrolysis and (ii) minimize particle aggregation or adhesion to rock
surfaces. In order to achieve these two aims, four different routes were explored, as shown
in Figure 2.1-2.
The first option was to improve stability by increasing particle solvation. This is achieved by
grafting a hydrophilic ligand capable of coordinating water molecules in order to form a
water layer on the surface of the particle. Ligands used:
 N-(3-Triethoxysilylpropyl)gluconamide (GA, 104275-58-3)
 (3-Glycidyloxypropyl)trimethoxysilane (GLYMO, 2530-83-8)
The second approach was to functionalise particles with charged ligands. This would
increase particle-particle repulsion upon close contact in order to prevent aggregation.
Ligands used:
 3-(Trihydroxysilyl)propyl methylphosphonate (THPMP, 84962-98-1)
 4-(2-trimethoxysilylethyl)benzenesulfonyl Chloride (CSPETS, 126519-89-9)
 Carboxyethylsilanetriol sodium salt (CTES, 18191-40-7)
 (3-Aminopropyl)triethoxysilane (APTS, 919-30-2)
 3-{[dimethyl(3-trimethoxysilyl)propyl]ammonio}propane-1-sulfonate (SB, 15177880-2)
The third approach was to graft bulky ligand brushes on the surface in order to increase
steric hinderance. This would simply prevent particles from coming into close contact,
therefore avoiding aggregation and precipitation. Ligands used:
 N-Octadecyltriethoxysilane (C18, 7399-00-0)
 Hexyltrimethoxysilane (C6, 3069-19-0)
The last approach was to combine two previous strategies: steric hinderance and
electrostatic repulsion, with C18 combined with CTES.

PU
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Figure 2.1-2. Schematic representation of the four different routes used to functionalise silica surface.

Functionalisation with APTS, THPMP, APTS & THPMP, C18, CTES and C18 & CTES were based
on the procedures published by Tan et al. [11] and S. Park et al. [12]. SMP at a final
concentration of 20 g/L were mixed with 0.1 mmol of ligand (for APTS & THPMP the used
ratio was 1:4, for C18 & CTES 1:1), ammonia catalyst and various amounts of iPrOH to reach
a total volume of 1 mL. The reactions were run for 24 h at room temperature (RT) for every
ligand but THPMP (different reaction temperatures were tried, see section 3.1.3). The
mixtures were then washed twice with iPrOH and water.
The CSPETS reaction was optimised and carried out by adding 50 µL ligand and 50 µL acetic
acid to a solution of iPrOH containing 20 mg SMP to a final volume of 1 mL. The reaction was
run for 48 h at 60 °C, followed by four consecutive washing steps with iPrOH and a final
wash in water.
GLYMO and SB functionalisations were based on the publication by Cornell et al. [13] and Liu
et al. [14]. To form the GLYMO ligand, 1.13 mL of (3-glycidyloxypropyl)-trimethoxysilane
(GPS) was mixed with 6.76 mL of 0.01 M HCl solution (pH= 2) and stirred at RT for 4 h to
convert the GLYMO precursor into the final compound. As the reaction proceeded, the
solution turned from turbid to clear due to the higher solubility of GLYMO with respect to
PU
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GPS. The ligand was then added dropwise to SMP (0.5 g dry weight) in DI water such that
the final concentration was 10 % (w/v). Concentrated sodium hydroxide solution was added
to increase the pH to 10. The reaction was run for 48 h at 60 °C. The mixture was then
washed four times with water.
For the SB reaction, 15 mg of ligand (SB) was quickly mixed with 100 µL water, the mixture
was immediately added to a solution containing 100 mg SMP with a final concentration of
10% (w/v). The same experimental conditions as for the GLYMO reaction were used
throughout the reaction and washing steps.
The GA functionalisation reaction was based on the procedure published by Ganewatta & El
Rassi [15] and Agenet et al. [16], where 0.2 g SMP where mixed with 1.1 mL ligand and then
diluted with water to a final volume of 18.6 mL; the reaction was run at 40 °C for 48 h.
To test stability, the functionalised particles were then submitted to a range of tests in
different environmental conditions, described in Section 2.2.

2.2 Tracer quality control and assessment
Characterization of different designs
In order to characterise and quantify the success of the tested designs, different laboratory
techniques and performance tests were used.
Haelixa analyses DNA tracer particles for underground applications via a quantitative PCR
(qPCR) methodology utilising Bio Molecular Systems machinery (Mic qPCR Cycler) and
software (Mic qPCR Software, v.2.8). Polymerase chain reaction (PCR) is a methodology
used to rapidly amplify specific DNA sequences of a sample. A specific DNA sequence can be
detected using selected primers. These primers, along with other PCR reagents, are added
together with the sample being analysed. This mixture then undergoes a PCR cycle which
involves a series of temperature changes resulting in DNA amplification. The cycle is
repeated multiple times to exponentially amplify the DNA to a point at which it can be
detected using fluorescent dyes. qPCR is a sensitive technique that not only detects and
amplifies a specific DNA sequence, but also quantifies the amount of that DNA sequence
within a sample. This is possible via using a fluorescent reporter within the process. The
fluorescence is measured throughout the cycling, and this fluorescent reading is only
significant once the threshold cycle has been reached, indicating the amplification of the
specific DNA sequence, and hence identifying the DNA, allowing one to (relatively and/or
absolutely) quantify the concentration of DNA tracers present in the sample based on this
signal breakthrough. As the DNA is encapsulated within the particle, it is oftentimes
necessary to breakdown the encapsulation before the DNA is amplified.
To quantify the amount of ligand deposited on the surface of the silica particles, elemental
analysis was performed. This method allows the calculation of the amounts of different
elements (H, C, N, S) present on the surface of the material. By calculating the surface area,
based on the average diameter of the particle, and ligand packing density, the average
monolayer coverage can be estimated.
PU
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Zetasizer equipment was used to calculate the zeta potential and size via dynamic light
scattering (DLS). Further size measurements were conducted using scanning transmission
electron microscopy (STEM).

Stability in environmental samples
As application of the DNA-based tracer particles will be into natural water bodies which will
require subsequent sampling, it is important to understand the stability of the DNA tracers
in environmental samples, in the presence of microbial activity. Work was conducted with
the aim of understanding how varying sample storage temperature and particle size can
influence the stability of DNA tracer particles in environmental samples.
The two mediums that were used to investigate the stability of the particles were:
 Test medium: pond water (collected from ETH Hönggerberg, 17.01.2020)
o This was the tested condition to investigate the effect of storage temperature
on the degradation of a natural water sample.
 Negative control medium: MQ filtered through sterile filters (Filtropur S 0.2) and TE
buffer
o This medium acted as the negative baseline at each of the temperatures
considered. The particle concentration should remain constant given there
are no contaminants within the medium.
The three temperatures tested, and their reasoning, are as follows:
 -20 °C: Storage of samples in the freezer. There should be no change between the
tested samples and their negative control conditions, as this temperature should
prevent any microbial activity from occurring.
 RT (i.e. 20 °C): No sample degradation at RT would remove the need for
temperature-specific storage.
 37 °C: This is an optimum temperature for the growth of many microbial organisms,
so acts as a pointer towards there being microbial degradation of the particles if they
degrade at increased temperature, and significantly at this temperature.
Within this experiment, two particles of different sizes were tested, 102 nm (small) and
1157 nm (large) to evaluate if a difference in particle size could lead to an increased particle
stability. Stock solutions of the particles at a concentration of 0.1 mg/mL in each medium
were created and this was split amongst labelled 2 mL Eppendorf tubes. All samples were
then placed in locations of the necessary storage conditions in storage boxes, shielding all of
the samples from light, for 7 days: -20 °C in the freezer, 20 °C in a drawer and 37 °C in an
oven. For analysis, all the samples were first brought to room temperature. The samples
were then analysed using Haelixa’s standard short cycle qPCR protocol.
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2.3 Surface functionality performance
Static tests
In order to determine colloidal stability of different types of particles in various conditions
three stability tests were developed.

2.3.1.1 Initial stability test (time t=0)
Particles were suspended at a concentration of 0.01 g/L in water and American Petroleum
Institute brine (API, 8% NaCl, 2% CaCl2 i.e. 10 wt% salt) with a final volume of 2 mL. Size
measurements were taken at time zero with DLS equipment.

2.3.1.2 Long term stability test
Particles were suspended at a concentration of 0.01 g/L in API with a final volume of 30 mL.
Tests were carried out at 60 °C under shaking. Size measurements, through DLS equipment,
were regularly taken for up to 100 days.

2.3.1.3 Accelerated aggregation test
In order to quickly compare stability between conditions, an accelerated aggregation
mechanism was developed. Particles were suspended at a concentration of 0.1 g/L in API
with a final volume of 1 mL. Tests were carried out at 60 °C without shaking. Size
measurements with DLS were taken every 30 minutes for up to 48 hours.

Dynamic tests
2.3.2.1 Sand column recovery
In order to evaluate the efficacy of the functionalisation with respect to recovery, column
experiments were carried out. The first campaign of testing was carried out with the
simplest stationary and mobile phase: sand and water respectively. The second sets of
experiments were carried out with the more challenging mobile phase, API brine.
The used column was 10 cm long and 1 cm in diameter, it was placed vertically with no
positive pressure. Before tracer injection, the whole setup was flushed with carbon dioxide
(to avoid air bubbles) and then saturated with 10 mL mobile phase. 150 µL of the tracer at a
concentration of 100 ppm was injected and 1.5 mL of effluent liquid was then collected. Due
to salt inhibition of qPCR measurements (concluded from the results in section 3.4.1), the
final samples were diluted 100-fold before qPCR analysis. Each column experiment was
done in triplicate to have relevant statistics.

2.3.2.2 Core-flooding experiments with Imperial College London
Core-flooding experiments were arranged with S4CE partner Imperial College London (ICL,
Dr. Ronny Pini), in which a column setup (see Figure 2.3-1.) allowed recovery of SMP
transported in a liquid medium through a solid rock core sample to be analysed.
A sandstone core (Bentheimer) and a carbonate rock core (Ketton) were used as stationary
rock columns, and either KCl brine (2.3%) or London tap water as the mobile phase. The
core was first pressurised to 30 atm with CO2 before flushing it through with 50 mL of tap
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water. 2.5 mL of tracer sample, of known size, concentration and functionalisation, was
injected through a 2 mL injection loop. Each of the three factors were varied to investigate
the impact of each on overall tracer recovery. The flowrate during each run was 4 mL/min.
Between each sample run, the entire core was flushed through with the mobile phase of
much larger flowrates and variations of pressure to clear the core of any non-recovered
particles.
In the first set of experiments, the dependence of the DNA particle recovery on the type of
rock (Bentheimer vs. Ketton) and on the type of the mobile phase (KCl brine vs. tap water)
was investigated. Effluent samples were thereafter shipped to Haelixa laboratories to
analyse for the DNA concentrations over time.

Figure 2.3-1. Photograph of the most recent iteration of the coreflooding experimental setup at Imperial College London.
On the left, the inlet to the core (grey cylinder in the centre) is controlled via a pump connected to a bottle of the mobile
phase. The injection loop is on the far left of the bench, followed by the inlet pulse sensor. After the core, the outlet pulse
sensor is found, followed by the effluent exit. At this effluent exit, samples could be collected for further analysis.

In the subsequent experiments, only tap water and fluorescent particles were used as a
substitute for the DNA-tracers, in order to quantify the tracer concentration on-line using a
fluorescence detector. The qualitative results were assumed to be applicable to DNA-tracers
of the same sizes, concentrations and functionalities. These fluorescent particles were
synthesised based on the Stöber methodology published by Paunescu et al. [17]. The initial
setup used Rhodamine B isothiocyanate (RBITC, 36877-69-7) as the dye to synthesise the
particles, and required collection of effluent every 30 s for 20 min, to then be analysed after
the experimental run with a fluorescent plate reader. In the most recent iteration of the
experimental setup, Fluorescein isothiocyanate isomer I (FITC, 3326-32-7) was used as the
dye to create the particles, applying the methodology in [17] and utilising the methodology
by [18],so that the particles could be detectable by the inline readers present in the
modified core-flooding experimental equipment at ICL.
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2.4 Detection method optimisation
Environment inhibition
The inhibition effects due to brine and organic solvent (inhibiting mediums) were
investigated by varying the concentration of the inhibiting medium in water, with a known
concentration of DNA-tracers. The tracer concentration was kept constant in the
experiments. qPCR analysis of the samples was conducted to analyse the samples.

Sample recovery optimisation
Four conditions were tested:
 SB functionalised DNA particles (synthesised by Haelixa) at a concentration of 10
ppm in both API and MQ
 API (neg ctr) and MQ (neg ctr) without any particles as the negative controls
The recovery methods were as follows:
i. Dilution: Dilutions of 10-, 100-, and 1000-fold of the 10 ppm API, API (neg ctr) and 10
ppm MQ all in MQ respectively were prepared. The 10 ppm MQ in MQ dilutions
formed the standard curve for the experiment.
ii. Dialysis filters: Four petri dishes were 75 % filled with MQ. On the water’s surface, a
single dialysis filter was carefully placed in each petri dish. A 50 µL droplet of each of
the four conditions was placed onto the centre of a filter in each petri dish
respectively. The dish was closed and left for 30 min, after which the drop on the top
of each filter was collected.
iii. Syringe filters: 5 mL of each of the four conditions were injected through a filter
each, and the remaining liquid was flushed through with air a few times. Each filter
was then attached to a 2 mL Eppendorf tube and injected with 300 µL of heated (30
min at 40 °C to increase the rate of reaction) proprietary etching buffer. If any liquid
went through at this stage, it was collected from the bottom of the Eppendorf and
reinjected into the filter. The syringe was left in the top of the filter, and the filter
was left to mix for 30 min on a Rocker. Once mixing was complete, the liquid was
flushed out of the filter. 50 µL of each condition was added to 450 µL MQ.
iv. Syringe filters with washing: As above, but 150 µL of proprietary etching buffer was
used instead of 300 µL, and after injecting and flushing through each condition, each
filter was flushed with 10 mL of MQ, and further air, before adding the heated
proprietary etching buffer.
The resulting samples were analysed via qPCR using Haelixa’s standard short cycle qPCR
protocol.

Realtime qPCR protocol optimisation
To shorten the qPCR reaction time, standard dilutions of pure DNA in the concentration
range of 10-8 – 10-12 g/L were run on qPCR using different cycling conditions as shown in the
Table 3.4-1. The qPCR efficiency was calculated using the slope of the dilution curve,
whereas specificity was checked by using primers from a different DNA to confirm that with
wrong primers DNA does not amplify.
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3 Summary of activities and research findings
3.1 Different tracer designs
Size control/milling/core particle production
3.1.1.1 Core particle production & Size control
Because tracer particles with different sizes are expected to have different flow behaviour
through rocks [19],[20], an experiment was carried out to control the size of the tracer.
Encapsulated DNA particle size is easiest controlled by starting with core particles of
different sizes [2]. Thus, effects of changing conditions of the core particle production on
the synthesis yield and core particle size have been investigated.
To get a detailed understanding of the effects on the final particle characteristics, different
parameters were measured (see Table 3.1-1). The size is estimated once by STEM
characterisation and once by DLS. The electron microscope pictures displayed in Figure 3.1-1
show the real size of the particles, whereas DLS identifies the diffusion based behaviour,
therefore the absolute values differ. But the relative ratio and increases remain the same.
For further studies DLS is a simpler, cheaper and effective way to determine size.
Table 3.1-1. Table displaying the different conditions investigated for core particle production, and the resulting size, zeta
potential and yield for each. The standard condition is based on the work in [7].

Condition

i) standard [7]

ii) Split TEOS

iii) Sunflower

iv) More seeds

DLS [nm]

90.2

92.0

106.8

81.8

STEM [nm]

72.9 (5.1)

75.2 (4.5)

85.9 (5.7)

50.97 (3.9)

Zeta [mV]

+42.1 (1.4)

+40.2 (3.7)

+42.6 (3.6)

+41.9 (2.1)

Yield [mg]

1700

2000

3150

760

Using the standard Hartlen‘s procedure (condition i) results in particles with an average
yield, and a size that is on the lower end of what can be scalable to centrifuge. In fact,
Hartlen et al. recommended to maintain the ratio between oil phase and TEOS to be at least
around 1:1, to produce particles centrifugable in a reasonable time. Yield increase usually
correlates with a reduced amount of particle seeding and increased particle growth.
Doubling the amount of initial seed particles (condition iv) significantly reduces yield and
size for the overall production. For condition ii) no significant difference was observed,
hinting that the TEOS amount is not a limiting factor for particle size. In condition iii),
sunflower oil instead of cyclohexane as the oil-phase was used; this showed an overall
increase in yield of up to 55% as well as a particle size increase of around 15%. Other
advantages of sunflower oil over cyclohexane are price, environmental friendliness and
safety. Cyclohexane is toxic and creates volatile vapour at 60 °C; on the other hand,
sunflower oil does not evaporate and has a boiling point above 200 °C. For future
applications cyclohexane will be replaced by sunflower oil.
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Figure 3.1-1. STEM images of the resulting particles at each tested condition for investigated size control conditions i)
standard, ii) split TEOS, iii) sunflower and iv) more seeds.

3.1.1.2 Milling for size control
During the DNA encapsulation, particles can aggregate into large clusters. In this scenario,
size control can be achieved through ball-milling. This method physically breaks the clusters
into the smaller size particles. The results of different milling methods on the particle are
displayed in Table 3.1-2 and Figure 3.1-2.
Table 3.1-2. Tables showing the change in size with different milling procedures. 2x2min corresponds to 2 cycles per
minute, 2x3min corresponds to 2 cycles per 3 minutes.

PU

Milling

Unmilled

2x2 min

2x3 min

DLS(nm)

>1000

190(±4)

165(±7)

Zeta(mV)

6

-30

-28

Lumi(nm)

-

105(36)

90(25)
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i)

ii)

iii)

Figure 3.1-2. STEM images of particles after different milling procedures. i) Unmilled particles. ii) 2x2 min of milling. iii) 2x3
min of milling. 2x2 min corresponds to 2 cycles per minute, 2x3 min corresponds to 2 cycles per 3 minutes.

In the control unmilled scenario, particles are found to agglomerate strongly, yielding
clusters as shown in Figure 3.1-2, image i). These are unstable in dispersion but offer high
protection against chemical damage. For the milled particles, the overall shape changes to
single particles; more broken and less clustered, creating smaller particles, yet retaining
their chemical stability. As can be seen, longer milling times decrease the average particle
size, and therefore, particle size can be tuned depending on the needs. Optimal particle size
for underground tracing is further explored in section 3.2.

Thermal healing
In this section, the aim was to create particles with higher stability based on a thermal
healing procedure and test this under specific thermal conditions. The terminology ‘thermal
healing’ identifies a procedure in which the density of a silica matrix can be increased with
controlled exposure to certain solvent mixtures. The increased temperature assists in a
quicker reaction rate and helps ensure a hardened outer layer as described by Wong et al.
[21]. To identify the effect of thermal healing on DNA particles, highly stable and uniform in
size (200 nm) particles (batch “Clar 1b”) were introduced to six different healing procedures
(detailed in Table 3.1-1). The qPCR results in Figure 3.1-3 show slight evidence that healing
conditions 4 and 5 improve the stability in the first 24 h compared to the untreated control.
The other treatments implemented here showed no stability improvement at all for our
DNA-based tracer particles.
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Figure 3.1-3. DNA degradation after exposing the thermally healed (conditions 1-6) and the control for 24 h and 48 h to
elevated temperature. All particles show a similar trend in degradation, with initially losing a large amount of DNA followed
by a declined rate. Healing condition 4 shows strong signs of increased stability. The other procedures gave no significant
advantage compared to the original control and in fact lead to stability decrease.

Microscopic (STEM) investigation (Figure 3.1-4.) of particles from previous tests before and
after thermal healing showed a significant shrinkage of about 10-20 nm and some signs of
Oswald ripening, where incubation at elevated temperatures further increases the overall
size, at the same time leading to a shrinkage of individual particle size. This aggregation rate
has been studied in detail by Metin et al. [22].

Figure 3.1-4. STEM images of particles before and after thermal healing.

In conclusion, there is not significant evidence to prove that thermal stability of DNAencapsulated particles is improved by thermal healing. The results overall portray a loss of
DNA at 90 °C with and without healing procedures (Figure 3.1-3). It is possible that thermal
PU

Page 21 of 39

Version 5.0

Deliverable D6.4

healing increases the silica matrix density on the outer layer but does not protect the
dissolvement of that layer well enough at high salt concentrations combined with high
temperatures. Further optimization procedures could help to possibly grow a thicker and
denser outer layer. An attractive alternative for preventing the dissolution of that protective
layer and reducing aggregation is by performing the surface modification of the particles, as
described in the subsequent sections.

Scalability and cost effectiveness evaluation of different designs
In this section the scale-up procedure and the costs of different designs is analysed.
Table 3.1-3. Cost ligand per gram of tracer functionalised.

Ligand

$Ligand/gParticle

APTES

0.18

THPMP

0.15

C18

1.35

CTES

0.79

CSPETS

1.05

GLYMO

0.05

GA

2.38

SB

0.67

The estimated costs of functionalisation with different coatings per gram of particle are
shown in Table 3.1-3. Regarding scale-up procedure, DNA-SMP synthesis has been
optimised and linearly scaled from 10 mg to 10 g scale. Our results (Table 3.1-4) show that
particle synthetized at 200 mg, 4 g or 10 g scale do not differ substantially in the DNA
loading capacity, translating into a similar qPCR signal. GM2 results at 1 ppm differ from the
other two conditions not because of the scale but because of the length of the DNA
fragment adsorbed on the surface. Because the DNA fragment grafted to GM2 is much
longer than that on PM08 and HX16, the correspondent results show a lower loading.
Table 3.1-4. Comparison of different production scale with qPCR signal.
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Particle

Production scale [g]

Cq [1 ppm]

GM2

0.2

11.78

PM08

4

7.72

HX16

10

7.3
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Environmental friendliness and toxicity of different designs
More than 99% of the weight of the DNA-tracer is made up of amorphous silica oxide and
DNA, the two ingredients of the base case tracer. SMP are commonly used in the metal,
paper, and food industry as desiccants, fillers, anticaking agents, and binders [23] and are
considered safe. The DNA sequences in the tracer are under 100 base pairs in length, not selfreplicating, and do not encode for biologically active substances. The DNA tracer particles have
been shown to be safe to use in the confinements of a typical exposure scenario (48 h at 100
ppm, 7 days at 1 ppm) without impacting the ecosystem (EC50 ≥ 500 mg/kg (test method: ISO
6341, exposure time: 48 h (static), species: Daphnia magna) [24].
The different designs studied differ from the base case by a thin layer of chemical ligands
attached on the surface. As can be seen in Table 3.1-5, none of the used ligands pose an
environmental threat nor are toxic for humans. Moreover, the weight percentage of the
ligand is negligible compared to the solid tracer, further reducing the hazard potential.
Table 3.1-5. Hazard and toxicity of the used ligands. * refers to the solvent in which the ligand is dissolved.

Ligand

GHS Hazard pictogram

APTS

Carcinogenicity
No

THPMP

*

No

C18

No

CTES

No

CSPETS

*

GLYMO
GA
SB

Category 2* (MeCl Solvent)
No

*

No
No

Surface functionalisation: reaction optimisation
In this section only reaction optimisations to achieve higher DNA-tracer stability are
discussed. Discussion and results interpretation regarding the different design performance
in a range of mediums is discussed in Section 3.3.
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3.1.5.1 Synthesis temperature & particle-particle aggregation mechanisms
Estephan et al. [25] claim that if the synthesis temperature is increased, horizontal
polymerisation of the ligand is favoured with respect to the “one foot” and/or “two feet”
structures (Figure 3.1-5). Polymerisation provides greater stability, because it prevents
water from reaching the surface, hence hydrolysing the ligand. Bidentate configuration is
more stable than monodentate, because even if one of the two bonds is removed, the
probability of hydrolysing the other one before the first bond is formed again is considerably
low.

Figure 3.1-5. Various configurations of ligands on the silica surface, figure based on publication by Estephan et al. [25].

Based on the claim by Estephan et al. [25], the synthesis temperature was increased for
THPMP reaction from RT to 40, 60 and 80 °C. Elemental and stability analysis were carried
out to characterise the findings.
Table 3.1-6. Element analysis results for THPMP synthetized at different reaction temperature. Monolayer percentages are
calculated based on the typical density of reactive silanol sites on colloidal silica.

PU

mol/m2

% monolayer

THPMP (RT)

7.11E-06

93

THPMP (40 °C)

4.28E-05

563

THPMP (60 °C)

5.99E-05

789

THPMP (80 °C)

2.46E-05

324
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As can be seen in Table 3.1-6, the reaction run at RT leads to the lowest loading, the other
three conditions result in ligand occupation of the same order of magnitude. On the other
hand, if the stability in brine over time is considered (Figure 3.1-6), a clear trend can be
observed. By simply increasing the reaction temperature the stability can be increased from
1 to over 8 weeks in API at RT. A similar study was also carried out for CSPETS, leading to the
same trend, though with shorter overall stability (even the most stable condition started to
precipitate after 4 weeks).

Figure 3.1-6. THPMP Synthesized at different temperatures, experiment carried out in API at RT. By increasing synthesis
temperature, a clear improvement in stability can be seen. With conditions synthetized at 60 and 80 C being stable for
more than 8 weeks in API brine.

3.1.5.2 Catalyst selection
In this section, different tracer designs were evaluated and characterised. It has been found
that for the purpose of environmental tracing, thermal healing does not show measurables
improvements in DNA protection. On the other hand, for underground tracing operations,
colloidal stability is a required property and therefore milling is required. Moreover, a range
of coating have been explored and synthesis optimised, in Section 3.3, static and dynamic
properties will be evaluated.
CSPETS synthesis was not based on a publication, therefore synthesis temperature and the
catalyst needed to be optimised. As in the previous section, different temperatures together
with a basic and acid catalyst were tried, and the corresponding monolayer coverage
calculated from elemental analysis and dispersion stability measured with DLS. As can be
seen from Table 3.1-7, no basic catalysed reaction was successful. In the acidic condition,
the two lower temperatures provided viable conditions for the reaction to occur. At 80 °C
no reaction was observed because at this temperature the ligand itself was not stable and
therefore not able to graft on the surface.
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Table 3.1-7. Element analysis results for CSPETS synthetized at different reaction temperature and catalyst. Monolayer
percentages are calculated based on the typical density of reactive silanol sites on colloidal silica.

mol/m2

% monolayer

CSPETS (40 °C) Base cat

0

0

CSPETS (60 °C) Base cat

0

0

CSPETS (40 °C) Acid cat

6.70E-05

881

CSPETS (60 °C) Acid cat

8.01E-05

1054

CSPETS (80 °C) Acid cat

0

0

To summarise, in the current section, various methods have been developed to improve
robustness, size control and core particle production. Moreover, scalability, costs and
environmental impact of the different designs have been evaluated; and synthesis reactions
have been optimised for the substrate.
In order to produce core particles in a simple, high yielding and reproducible way, synthesis
using sunflower oil was selected; moreover it has been noted that milling procedure is
instrumental in limiting the size of the tracer, which is a crucial parameter to control for
field application. The thermal healing procedure resulted in no clear improvement;
therefore it will not be used. On the other hand, surface coating reaction optimisation
(increasing temperature and using an acid catalyst) led to the successful synthesis of nine
different coatings that are characterised below.

3.2 Different tracer quality control and evaluation
Characterization of different designs
In order to quantify the amount of ligand on the surface for each of the tested designs,
elemental analysis was used. The results are shown in Table 3.2-1, where the amount of
ligand per surface and the percentage coverage of the monolayer are reported. To quantify
the improved stability of the functionalised particle, the size is measured in conditions
where the base case (naked SMP) is not stable. This is explained further in Section 3.3.
As can be seen in Table 3.2-1, there is a substantial variation of monolayer coverage, but a
large percentage of conditions reached a sufficient coverage (<90%). Some ligands have a
monolayer percentage higher than 100%. This is because, after the first layer is covered,
more ligand can covalently bind to the first attached ligand or precipitate onto it (no
chemical bond formed, only physical interaction). The only ligand that was not possible to
graft to the surface, using the procedures implemented here, was CTES. In the last used
strategy, charged and steric hinderance, the only ligand that was present on the surface was
C18, this was identified by the lack of solubility in water (due to the hydrophobic ligand);
therefor this last strategy was not implemented further.
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Table 3.2-1. Elemental analysis results, in mole of ligand per unit area and in % coverage of the monolayer. For 100% silica
monolayer coverage, an average value of 7.6E-06 mol/m2 was used.

Solvation

Charged ligands

Steric Hinderance
Charged and Steric

Ligand

mol/m2

% monolayer

GA

1.19E-05

156

GLYMO

7.73E-06

314

THPMP

5.99E-05

789

CSPETS

8.01E-05

1054

CTES

0

0

APTS

4.66E-06

61

SB

6.35E-06

84

THPMP_APTS

7.30E-06

96

C18

1.68E-05

221

C6

1.5E-05

197

C18_CTES

1.16E-05

153

Stability in environmental samples
An investigation was conducted to understand how varying sample storage temperature
and particle size can influence the stability of DNA tracer particles in environmental water
samples. For these experiments, pond water was used, along with a sterile control medium.
Known and identical initial particle concentrations were stored in the systems at three
temperatures (-20, 20 and 37 °C) for 7 days. After 7 days, the samples were analysed via
qPCR after being brought to room temperature.

Figure 3.2-1. Graph of the results displaying the relative concentration of the small (102 nm) and large (1157 nm) particles
in the test medium (pond water) at different storage temperatures, where 1 acts as the baseline, relative to the negative
control samples of the same particles at the same temperatures.
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The results are displayed in Figure 3.2-1. Increasing storage temperature results in a
decreased relative particle concentration, with a significant increase in particle degradation
at 37 °C. Such results could imply that a microbial instability of the particles when left for
too long in natural water samples unfrozen is the cause of this particle degradation.
There appears to be no significant difference between the smaller and larger particles
tested in terms of sample degradation extent at the higher temperatures used for sample
storage. Based on these results, it is concluded that one should store samples collected from
the natural environment that are expected to contain DNA tracer particles at – 20 °C, to
completely prevent degradation of the sample. When this is not feasible, temperatures as
low as possible, potentially in combination with the use of microbial growth inhibitors (e.g.,
NaN3), would be the recommended option.

3.3 Surface functionality performance
Static tests
In the following sections, tests that measure colloidal stability in different conditions have
been developed. This was measured with size through DLS analysis. Initial particle size is
100-150 nm, conditions which gave signals >300 nm were considered unstable.

3.3.1.1 Initial Stability Test (time t=0)
In order to quickly screen the dispersion stability through the large amount of different
particle designs, an initial screen with the harshest mobile phase (API) at time zero was
performed.
As can be seen in Figure 3.3-1 the control condition (SMP), as expected, aggregate
instantaneously. APTS and THPMP&APTS where not stable, this is due to the pH
dependency of the charged ligand APTS. In the tested condition, API brine, this ligand has no
charge and therefore interact with other particles and precipitate out of solution.
For conditions functionalised with C18, C6 and C18&CTES no measurements were possible
because of solubility. The coating is too hydrophobic to be resuspended in water or brine,
therefore no size measurement was possible.

Figure 3.3-1. Initial stability screen in API at time t=0.
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Particles functionalised with CTES showed initial increase in stability, but from elemental
analysis data it is known that there was no ligand grafted to the surface. This stabilisation
effect is given by the acidic nature of the ligand and reaction, which substitute ethoxy with
hydroxy groups at the surface of the particle (Figure 3.3-2). Unfortunately, stability tests
have shown that this effect only lasts for short times and does not provide a long-term
solution.

Figure 3.3-2. Schematic of general acid reactivity with TEOS (SMP surface).

3.3.1.2 Long term stability test
In order to gain further knowledge about stability for the pre-selected tracer design a longer
stability test was developed.
In Figure 3.3-3., only the results obtained at the best-performing condition for each tracer
design is shown. Synthesis was optimised for the substrate by modifying reagent ratios,
synthesis temperature and catalyst as previously explained.

Figure 3.3-3. Long term stability test, size vs time in API at 60 °C for selected tracer designs.

CSPETS is the only condition that is not stable for at least 100 days in API at 60 °C. GLYMO
and THPMP both showed no aggregation throughout the whole experiment. These results
show that both improved solvation and electrostatic repulsions are valid strategies to
improve long-term stability. The decrease in stability of CSPETS is not due to the charge but
because of the way the ligand has been reacted to the surface, over time and in the
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challenging mobile phase conditions, the particle loses the coating exposing sites where the
salt can interact leading to aggregation.

3.3.1.3 Accelerated aggregation test
Accelerated aggregation tests were developed and conducted because some of the DNAbased particle tracer designs were tested at a later stage, where the long-term stability test
waiting time (100 days) was prohibitive. SB and GA conditions were therefore only tested
with accelerated aggregation tests.
Both the SB and GA functionalisations show very similar stability to THPMP (Figure 3.3-4),
but shorter than the most stable condition tested, GLYMO. Interestingly, in the long-term
stability test, THPMP and GLYMO had the same stability even after 100 days, therefore it is
assumed that SB and GA behave in a similar way for at least the same time.

Figure 3.3-4. Accelerated aggregation test, size vs. time in API at 60 °C for selected tracer design.

Dynamic tests
In the following sections, recovery in dynamic condition was evaluated. Different tracer
designs were flushed through column with different mobile and stationary phases and the
respective recovery was evaluated.

3.3.2.1 Sand column recovery
As can be seen in Figure 3.3-5, complete recovery is achieved for functionalised and naked
SMP when using water as mobile phase. On the other hand, when switching to API, SMP
recovery is <10%. This is due to charge screening from the salt, followed by interaction with
the sand grain surface. The unexpectedly higher recovery of naked SMP, with a substantially
large standard deviation, obtained in these experiments is due to the vertical set up of the
column, so it cannot be concluded that naked particles would have a better recovery in API.
In brines, unfunctionalised particles aggregate (this phenomenon can be identified by the
large size measurement) and precipitate, with a horizontal flow movement, this
precipitation would result in a complete loss of tracer.
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This set of experiments highlighted the complexity of the problem: unfortunately having
good colloidal stability in API solution does not translate in improved recovery in porous
media. Recovery in porous media is influenced by many different factors and forces.
Therefore, to further study and better understand this problem, coreflooding experiments
would need to run in a simpler mobile phase: (pure) water. This will minimise the variables
present in the experiment and quantify the changes in recovery of functionalised particles
compared to the unfunctionalised ones.

Figure 3.3-5. Sand column experiment results, different tracer design in water and API vs. Size and recovery %.

3.3.2.2 Core-flooding experiments
In this set of experiments, the dependence of particle recovery on a range of parameters
was investigated. The first experiment highlighted the influence of the stationary phase
(porous rock core) on particle recovery. A mere 0.1% recovery was observed when injecting
particles into a carbonate core, and no particles were recovered when the stationary phase
was changed to sandstone. Both experiments were carried out with KCl brine as the mobile
phase. The second set of experiments revealed that the mobile phase has a substantial
influence on the recovery too. Since the tracer is not stable in brine, substituting it with tap
water resulted in recovery improvement from 0% to 1.2% in sandstone. Thus, recovery in
carbonate appears to be higher than in water and substituting brine by water increases the
recovery further.
The next set of experiments aimed to find a trend in recovery with respect to variation in
particle size, concentration and surface functionality. In this round, fluorescent particles
were employed instead. The surface, shape and other properties of the tracer remain the
same, but the different tracing material (fluorescence instead of DNA) allowed for quick
fluorescence measurements onsite at ICL. As can be seen in Figure 3.3-6., the coating of the
tracer substantially changes the recovery. Particles coated with the zwitterionic silane SB
had the highest recovery, closely followed by the alcohol GLYMO, then naked particles (CTR)
and lastly GA, with retrieval of 49.6%, 37.4%, 19.5% and 0%, respectively.
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The injection concentration of every coated particle was 2000 ppm, only the naked silica
was injected at 1000 ppm, due to lack of material. Therefore, due to this difference in
injected concentration, comparing the recovery has to be done with care. The influence of
concentration and size are two parameters that will have to be fully characterised in order
to have conclusive data on particle performance when used to sample realistic porous
materials such as rocks.

Figure 3.3-6. Break through curve for particles with different surface functionalisation (SB, GLYMO, GA) and naked silica.
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3.4 Detection method optimisation
Environment inhibition
In order to detect the DNA-based particle tracers, qPCR analysis is used. This established
biological quantification technique has extremely low detection limits (as low as 1 part per
trillion [2]). On the other hand, substances present in the natural environment can inhibit
the read out. The inhibition effects of brine (API) and isopropanol (iPrOH), a common
organic solvent, were evaluated and are shown in Figure 3.4-1 and Figure 3.4-2.,
respectively. When both brine and organic solvent respectively reach a concentration of 5%,
the results are no longer quantitative and therefore, a purification method is needed. These
purification methods are explored in 3.4.2.

Figure 3.4-1. Graph displaying the detected DNA-tracer concentration at different percentages of API brine.

Figure 3.4-2. Graph displaying the detected DNA-tracer concentration at different percentages of iPrOH.
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Sample recovery optimisation
In order to detect the tracers quantitatively, qPCR inhibition must be minimized. This subchapter focuses on the recovery methods for removing salt inhibition from a sample for
reliable qPCR analysis. SB functionalised DNA particles of known concentration in high salt
concentration solutions (API standard) were used in the following recovery methods:
i. Dilution
ii. Dialysis filters
iii. Syringe filters
iv.
Syringe filters with washing
The concentration of DNA-based particles registered by the qPCR with recovery method i
was only present and correct once the solution was diluted 100- and 1000-fold, as can be
seen in Figure 3.4-3. In diluting the entire solution, both the particle and salt concentration
were diluted, leading to the result that salt inhibition is reduced with enough dilution.
However, for dilution, one needs to find a balance between diluting the salt concentration
enough without diluting particle concentration below a detectable limit. This result would
additionally suggest that a starting salt concentration that is 100- and 1000-fold less than
that of standard API concentration would not lead to an inhibition of qPCR analysis.
Without any recovery method applied, i.e., the pure 10 ppm in pure API solution, no DNA
particle concentration was registered by qPCR. This is as a result of the strong salt inhibition
present in an untreated solution.

Figure 3.4-3. Graph of recovery method i. Dilution results.

In Figure 3.4-4., the baseline for comparison is the concentration value of the 10 ppm MQ
solution with no recovery method applied. It is apparent that the only method able to
reliably give the required concentration result was the dialysis filters method. Both the 10
ppm MQ and 10 ppm API solution signals are a little above that of the baseline, but within
the same order of magnitude.
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Figure 3.4-4. Graph of average calculated concentration of samples via qPCR analysis with and without a recovery method
for 10 ppm MQ and 10 ppm API samples.

Syringe filters, with and without washing, are about an order of magnitude out for the 10
ppm API solution when one looks at the concentration data averages. However, with
washing, the 10 ppm MQ result is also off by an order of magnitude. This could suggest that
the washing step washes out some DNA, diluting the signal. It could also be that the washing
is effective in removing the salt inhibition, hence the same signal being the same for both 10
ppm API and 10 ppm MQ, and that both signals being incorrect are for other reasons (e.g.,
washing leads to certain loss of particles). Based on this data, it is recommended to use the
dialysis filters technique as a sample recovery method for high salt concentration solutions.

Realtime qPCR protocol optimisation
In order for the DNA tracers to be a viable alternative to the current tracing platforms
(fluorescent dyes, radioactive compounds, etc.), the simplicity and speed of qPCR analysis
should be optimized. Therefore, an experiment has been designed to optimize the duration
of the qPCR analysis for short DNA used in such tracing operations (50-100 nucleotides).
Through different timing iterations (Table 3.4-1.) as well as an increase in primer
concentration (iteration #1v2 onwards), we have been able to cut the overall qPCR cycling
time from 100 min to 45 min (55% improvement), yet retaining the specificity and efficiency
of detection (0.1 ppt could be detected in <30 cycles, whereas 38 cycles are used for qPCR).
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Table 3.4-1. Realtime qPCR protocol optimisation.
Iteration

0

Comment

1

1v2

2

3

4

5

0.1

0.1

increase
conc
0.4

cut
elongation
0.4

cut
annealing
0.4

cut only
elongation
0.4

Run only
38 cycles
0.4

7:00

3:00

3:00

3:00

3:00

3:00

standard

Primer
conc
Preincubation

cut all
times

Cycling (45x)
0:15

0:02

0:02

0:02

0:02

0:02

0:02

60C

0:25

0:15

0:15

0:15

0:05

0:12

0:12

72C

0:23

0:10

0:10

0:02

0:04

0:04

0:04

55C97C;
0.1 C/min

58C90C;
0.2 C/min

58C90C;
0.2 C/min

60C88C;
0.3 C/min

60C88C;
0.3 C/min

60C88C;
0.3 C/min

60C88C;
0.3 C/min

Total

100

60

60

53

47

52

45

DNA1

1.74

1.57

1.84

1.88

1.67

1.86

1.86

DNA2

1.93

1.73

1.95

1.95

1.85

1.87

1.87

Avg (1-2)

1.84

1.65

1.90

1.92

1.76

1.87

1.87

-

-

-

-

-

-

-

Timing

95C

Efficiency

Melting:

Non-specific
amplification
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4 Conclusions and future steps
In Deliverable D6.4, a dataset on the encapsulated DNA-tracer stability and flow behaviour
under selected conditions was developed. To be able to use DNA particles in underground
applications, their compatibility with both mobile and stationary phases had to be
improved.
First, the synthesis of the core particle and final encapsulated DNA-tracer were optimised
and scaled up, allowing for size control of the final tracer. Quality control criteria have been
established to characterise the particle size, surface chemistry and charge, and DNA
content. To address the stability in high concentration salt solutions that are common in
underground reservoirs, tracers with different surface functionalities were developed.
Tracer performance evaluation was conducted through developing an array of static and
dynamic stability tests.
In more detail, 12 different silanes were grafted to the particle surface and chemically
characterised. Reaction optimisations lead to sufficient ligand loading to then be tested in
conditions where the base case (naked particle) was quickly aggregating. Three tests were
developed to quantify the tracer dispersion stability in reservoir-like conditions, and four
coatings (GLYMO, GA, SB, THPMP) of the attempted designs showed good stability in the
long-term stability and/or accelerated aggregation stability test, resulting in particles not
aggregating after >100 days in API brine at 60 °C.
Besides stability in brine dispersions, tracer recovery from these complex matrices has been
optimized. First, in order to overcome biological tracer degradation after collecting
environmental samples, the sample should be frozen or at least cooled immediately after
collection. As shown in our tests, to overcome the inhibition created by the presence of salt
and organic solvents, the simplest and most effective way to proceed is to use dialysis filters
because this method is based on gradient difference.
In order to evaluate tracer dynamic behaviour, core-flooding tests have been carried out in
collaboration with S4CE partner Imperial College London (Dr. Ronny Pini). These tests are
still on-going, but the preliminary results demonstrate that the presence of brine and the
type of rock have a substantial influence on recovery, with increasing brine concentration
making the recovery more challenging. Moreover, the effort invested in tuning the particle
surface is further modifying the sorption of the colloid, resulting in improved recovery. A
30% increase in recovery, with respect to the base case scenario, is observed for the best
performing ligand (SB). Tests are on-going to identify the optimal concentrations, surface
chemistry, and particle size for assessing the porous materials present in rocks using the
DNA-based particle tracers developed by S4CE partner Haelixa.
The results from core-flooding experiments will be used to implement a computational
model that simulates colloidal retention in porous media, as part of a collaborative effort
with S4CE partner University College London within WP5 (collaboration with Prof. A.
Striolo). All the achievements reached during the project will be used to produce a better
performing tracer that will be deployed in a field test as part of WP7.
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