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Acronyms Definitions

API American Petroleum Institute brine

APTS (3-aminopropyl)triethoxysilane

Gs N-octadecyltriethoxysilane

G hexyltrimethoxysilane

CQ Carbon dioxide

CSPETS  4-(2-trimethoxysilylethyl)benzenesulfonyl Chloride

CTES carboxyethylsilanetriol sodium salt

DI de-ionized

DLS dynamiclight scattering

DNA deoxyribonucleic acid

FITC Fluorescein isothiocyanate isomer |

GA N-(3-Triethoxysilylpropyl)gluconamide

GHS Globally Harmonised System

GLYMO  (3-Glycidyloxypropyl)trimethoxysilane

GPS (3-glycidyloxypropyl)trimethoxysilane

HCI hydrochloric acid

ICL Imperal College London

iPrOH isopropanol

KCI Potassium Chloride

MQ milliQ RO

PCR polymerase chain reaction

gPCR guantitative polymerase chain reaction

RBITC Rhodamine B isothiocyanate

rpm revolutions per minute

RT room temperature

SB 3-{[dimethyl(3trimethoxysilyl)propyllammonio}propané-sulfonate

STEM scanningransmissiorelectron microscopy

SMP silica microparticles

TEOS tetraethyl orthosilicate

THPMP  3-(Trihydroxysilyl)propyl methylphosphonate

TMAPS  N-trimethoxysilylpropyN,N,Ntrimethylammoniumchloride, 50 % in
methanol

WP Work Package
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1.1 General context

Within the scopes of the S4CE consortitiaglixa AG is developing a new generation of
DNAtracers for subsurfacefluid tracingapplications, with DNAagmentsencapsulated in
silica particlesTracers are chemical species that move with tluéd or any otherobject
they are associated witand can becollected, identified anénalysecat various stages to
understand material transport and origin

Tracing flulsundergroundallowsoneto optimize industrial processes (e.gil, geothermal
power extraction) as well as to detechitigateand prevent environmental contamination.
Inthe energy sector, tracers are routinely used in industrial installations sucth asd
geothermal fields to track the movement of fluiflsater or oil)in the subsurface, and
guantitatively describe system parameters (eumderground connectivity) that are very
difficult to estimate by other meanid].

In a typical field tracer tegFigurel.1-1.), tracers are injected intan underground

reservoir, and are later sampled the same or other wellandanalysed on the surface

Translating the tracer breakthrougturvesinto tomographic mapsllowsthe determination

offS& LI NI} YSGSNE &adzOK |a | NBASNPD23ubina STFSOI
information canreduceuncertainties in the reservoir modahd isused to plan production

and intervention operationsRepeating the experiments oviime helps quantify whether

the preferential fluid transport pathways in the sigirface change, perhaps because of

geo-energy operations such as geothermal energy production erséquestration

qPCR

[8@
bi

e® o o ® 0 04
Tracer conc.

Figurel.1-1. A simplified scheme of a multacer 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 parameers. Reproduced fromdlikutis et al.[2].

Among the traditional solute tracer platformsa(ts, fluorescent dyediuorocarbons,
radioactive isotopes, heat, e)¢ 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 experimenturthermore, even tracers of éhsame type (e.gthe
fluorescent dyes uranine and sulforhodamine B) exhibit differences in theitiéhaviour
(e.g, retention time and mass recovery), making it even more difficult to compare
breakthrough curves generated by different tracE8f DNA as a tracing platfornon the
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other hand,allowsgeneraton ofa virtually unlimited number of unique fingerprints
enablingsimultaneous 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 chemicgbhysical, and biological stability mficleic acidsDNA
encapsulation into particles lsebeen developedlhe coating increases the stability and
robustness of the DNA, making it attractivetracer for conditionge.g, high temperature,
extreme pH, microbial activityyhere free DNA strands would degead].

Although theencapsulatedNAtracers have been shown fmerform well in wastewater
tracking[5] as well as ismallscale testgdistance <5 raters)in local aquifer
characterizatiori2], employing thenfor undergroundfluid trackingapplicationsrequires
further characterizationn variousstatic (e.g, elevated temperaturesand dynamice.g.,
coreflooding in different rocksgonditions that are expected in reservaifEhe results will
guide optimisation ofracer design optimizatiorvia, e.g., designirgppropriatecoatings,
particlesize etc., and scale upheir production

In this deliverable, D6.4, dataset on the encapsulated DXracer stability and flow
behaviour under selected conditiomsprovided.Within S4CE, it is envisaged that the DNA
based tracers will be tested in some of the field sites available to the consortium, as
described within WP7To optimse the DNAtracer performance, avel synthetic methods
areelaborated to increase the stability of the core/shell silica encapsulatectiba¢ars for
field applicationsAs much as possiblepn-toxic and environmentally friendiyaterialsare
chosen Theproduced core/shell silica encapsulated Dii#cersare thenanalysed by
standard material analysis (particle size and morphologgdaynirg transmissiorelectron
microscopy(STEM)anddynamic light scattering (DL Surface charge/{potential) by
zetasizerchemical composition by elemental analysisd DNA content by reaime
guantitative polymerase chain reactiggPCR)

Once the tracers are producetheir stabilityisS @ £ dzt G SR Ay | (sfficA EI Q& f |
laboratory tests) Specificallythermal, chemical, and colloidal stabiliof the tracersas well
astheir stability in environmental sampleare evaluatedat various conditions anih the
presence of differenfluids, includingbut not limited towater from local aquifes and

oilfield brines. The tracerdynamic behaviouis studied at Imperial College London
(collaboration with Dr. Ronny Piniljracer flowbehaviouris studied through cee-flooding
testsand parameters that influencsorptionand retention quantified and accordingly
minimisedin order to performfield tracer tes{s). The resultsof the dynamic flow behaviour
investigationsare usedfor the validation of the transport modelling of Task 1l
collaboration with University College Londaol{aboration with Prof. Alberto Striolo)
Additionally, thegPCRprotocol used to detect and quantify tHeNAtracersis optimized
and adapted, exeising care towards error sources, such as protocol interference with
aquifer water/brine components and contaminationde results will be instrumental for
the tracerdeploymentin the S4CE field sité¥ask 7.3).

1.2 Deliverable objectives

1. Developnovelcore/shell silica encapsulated DNiacers
2. Establisilquality control and evaluation of the develop@NAtracer designs
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3. Investigate thestatic and dynamiperformance otracersurface functionality
4. Optimisethe DNAtracer detection method

2 aSiK2R2K RIIEFINDH ®K

2.1 Different tracerdesigns

2.1.1 Size controlimilling/core particle production

Traditionally encapsulated DNAasedparticlesfor underground tracingire producedoy
starting with apositively functionalized core particle, adhering DNA onto it, and grgwai
silica layer ortop to prevent DNA degradation, as showrFigure2.1-1. below. To control
the encapsulabn size, the conditions of the core partigieoduction have been
investigated.

Figure2.1-1. SilicdDNAparticle production adfirst described by Paunescu et f].

2.1.1.1 Core particlesize control

Standard silica particles can be produdelfowing the proedure describedby Hartlen et al.
[7]. SpecificallyyOmg EArgnine is mixed with 20@nL of de-ionized(Dl)water in a 500mL
schott glass bottlendstirredat 100¢ 200rpm. The mixture is heated to 6@and thenl
mLLudoxTM-40 is added60 mL of cyclohexanasunflower oilisadded carefullyo create
the two-phasereaction The reaction is then leto equiibrate to 60°C and create phase
separation. Finally73 mLof tetraethyl orthosilicate TEOS7810-4) isadded The reaction is
stirred at150rpm for 4 daysAfter washing the core particles, they areated with N-
trimethoxysilylpropyN,N,N-trimethylammonium chloride50 % in methandTMAPS
35141-36-7) to create a positive surface charge for later DNA attachment.

The following four reactions were carried outdqaantifyhow changing the reactants and
their concentrations affectsize and yield of thBNAbased tracepatrticles:
i) Original:as per origiml recipe; rpm: 125
i) Reactant added timaplit: TEOS addition split to 2 days (day 0 = 36.5 mL; day 2 =
36.5 mL)rpm: 190
iii) Different dl phase:cyclohexane replaced with sunflower;appm: 125
iv) Double amount obeed particles: ZnL Ludox instead of L Ludox;rpm: 250

2.1.1.2 Milling and final particle production
The particles are nidd on Planetary Micro Mill Pulverisetteas follows:
1. Addzirconium oxide beads (0.1 mm, YTZ Grinding medium, Tosol) Corp
2. Add 15mL of particle solution and additionally pour B0 (g) omilliQ H.O (MQ)
3. Close potsplacethem into the machine and apply the following setting®0 rpm
time and cycles variable
PU Page9 of 39 Version5.0
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4. Open the pots and transfer the top liquid layer into a falcon tube. Wash the
remaining beds with water and pour thasolution into the same tube.

2.1.2 Thermalhealing

Encapsulated DNA particlas a concentrationof 10 g/Lin iPrOHwere treated at different
thermal healing conditionas follows: they werglispersed in mixtures with different iPrOH,
water, TEOS and ammonia i and temperatures set to 6@ and 70Cas shown inrable
2.1-1. below. The dispersionsere shaken for 161. To test the thermal stability, particles
were afterwardsexposed toa temperature 090 °C for 24h and 48h in synthetic seawater
to evaluate the DA degradation in comparison to ndreated particles

Table2.1-1. Conditions of the thermal treatment procedure.

Conditions [#] 1 2 3 4 5 6 7 (Ctrl)
Particles [mg] 1 1 1 1 1 1 1
IPrOH [mL] 2 1.989 | 1.332 | 1.332 | 2(EtOH)| 2 2
TEOS [u] 1 1 1 1 1 - -
Water [ul] 0 0 666 666 - - -
NHs (in HO, L) 0 10 - - - - -
Temp. [°C] 60 60 60 70 60 60 24

2.1.3 Scalability and cost effectiveness evaluation of different designs

The cost oflifferent designsvas calculatedrom the reaction procedure of each synthesis
Prices for the silane ligands where taken from different suppliers (APTES, THEMP, C
GLYMO from Sigma Aldrich Switzerland, CTES, CSPETS, GA SB from Gelest USA)

The scalaup of the base reaction and theffiérent designs were analyseldey parametes,
like concentrationwere linearly scaled whsk keeping ratios of substances and solvents
constant. Different mixing speedreactor sizeand volumeaweretested in order to achieve
homogeneousynthegs To compare reproducibility of batches with different sizes, DNA
loading per particlevas useds the base measurement

2.1.4 Environmental friendliness and toxicity of different designs

In this sectiononly the environmental friendliness and toxicity of the diéfiet chemicals
used for the functionagation wetre considered. The material of the core parti¢8, [9], and
the short DNA sequene¢l0] are considered safén order to evaluate the toxicity and
environmental friendliness of the coatirmaterial, GHS hazapictogramsand carcinogenic
properties have been considerelease note that the toxicology of the DMAsed particles
has been assessed within S4CE as described in DelivBxable
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2.1.5 Surface functionalisation

For costand timesavingreasors, initial surface functionalisatiortestswere performed on
pure-silicamicro particles(SVIP)instead of DN/Asilicaparticles Throughout the whole range
of experimentghe same core silica particles were usedmely OV2_SiNP1204(&:ta
potential: -35 mV,DLSiameter: 110 nm).

In order to improve colloidal stability in underground conditipasvide range of surface
functionalsations were explored. The two functionthat the ligandsshould performare to
(i) prevent silica hydrolysis arn{d) minimizeparticle aggregatior adhesion to rock
surfaces. In order to achievéhese two aimsfour differentrouteswere explored as shown
in Figure2.1-2.

The first option was to impve stability by increasing particle solvatidhisis achieved by
graftinga hydrophilic ligandcapable of coordinating water molecal& order to form a
water layer on the surface of the particleigand used:

1 N-(3-Triethoxysilylpropyl)gluconamide (GR0427558-3)

1 (3-Glycidyloxypropyl)trimethoxysilane (GLYMO, 2B3EB)

The second approach was to functiosalparticles with charged ligandghis would
increase particlgarticlerepulsion upon close contagt order to preventaggregation.
Liganss used:

1 3-(Trihydroxysilyl)propyl methylphosphonate (THPMP, 84982)
4-(2-trimethoxysilylethyl)benzenesulfon@hloride (CSPETS, 126%8D530)
Carboxyethylsilanetriol sodium salt (CTESL9140-7)
(3-Aminopropyl)triethoxysilane (APTS, 93@2)
3-{[dimethyl(3trimethoxysilyl)propyllammonio}propané-sulfonate (SB151778
80-2)

1
1
1
1

The third approach was tgraft bulky ligand brushesn the surfacen order to increase
steric hinderanceThis would simply prevent particédrom cominginto close contact
therefore avoidingaggregation and precipitatiohigand used:

1 N-Octadecyltriethoxysilane (& 739300-0)

1 Hexyltrimethoxysilane (£ 306919-0)

The last approach was to combine two previstraitegies steric hinderance and
electrostatic repulsionwith Gg combined with CTES.
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Figure2.1-2. Schematic representation of the four different routes usedunctionalise silica surface.

Functionalisation wittAPTS, THPMP, APTS & THPMP, C18, CTES and C18ekeBEs&dw
on the procedurepublished ly Tan et alf11]and S. Park et giL.2]. SMPat a final
concentration of 20 g/L were mixed with 0.1 mnaodligand (for APTS & THPMP the used
ratio was 1:4, for C18 & €% 1:1), ammonia catalyst and various amsohiPrOH to reach
a total volume of 1 mL. The reactions were run for 24 foatm temperature R7) for every
ligand but THPMP (different reaction temperatakgere tried, seesection3.1.3. The
mixtures were then washed twice with iPrOH and water.

TheCSPETS reactiarasoptimised andcarried out byadding50 plL ligandand50 pL acetic
acidto a solution of iPrOldontaining 20ng $Pto afinal volume of 1 mLThe reaction was
run for 48 h at 6C°C, followed byfour consecutive washing steps witRrOHand a final

wash inwater.

GLYMGnd SBunctionalisatiors were based on the publication by Cornell et[af3] and Liu
et al.[14]. To formthe GLYMGQigand, 1.13 mL of (glycidyloxypropyhrimethoxysilane
(GPS) was mixed with 6.76 mL of 0.01 M HCI solution (pH= 2) and stirred at RTofor 4
convert the GLYMO precursor into thadl compound. As the reaction procesd] the
solution turred from turbid to clear due to the higher solubility of GLYMO with respect to
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GPS. The ligand was then added dropwis8M®& (0.5 g dry weight) in DI water such that

the final concentration was 10 f§&/v). Concentrated sodium hydroxide solution was added
to increase the pH to 10. The reaction was run for 48 80&C.The mixture was then
washed four timewith water.

For the SB reactiqri5 mgof ligand(SB)wasquicklymixed with 10QuL water, the mixture
wasimmediatelyadded to a solution containing 100 mg\M witha final concentration of
10% (w/v) The sameexperimental conditions as fahe GLYMO reaction wengsed
throughout the reaction and washing steps

TheGA functionalisation reactiowas based on the procedure published®newatta& El
Rass[15] and Agenet et al[16], where0.2 g9MPwhere mixed with 1.1 mL ligand and then
diluted with waterto a final volume o.8.6 mL the reaction was run at 48C for 48n.

To test stability, the functionalised particles were then submitte@ t@nge of tests in
different environmental conditiongdescibed inSection2.2.

2.2 Tracerquality control and assessment

2.2.1 Characterization of different designs

In order to characterisand quantfy the success of theesteddesigrs, different laboratory
techniques angerformance tests were used

Haelixa analyses DNA tracer partidi@sunderground applicationgiaa quantitative PCR
(qPCRmethodology utilising Bio Molecular Systems machinery (Mic gPCR Cycler) and
software (Mic gPCR Software, v.2Bdlymerase chaireaction PCRis amethodology
used torapidlyamplify specifi®©NA sequencesf a sample A specific DNAequencecan be
detectedusingselectedprimers These primers, along with other PCR reagesnts,added
together with the sample being analysed. This mixture then undergoes a PCR cycle which
involves a series of temperature changesulting inDNA amplificationThe cycles
repeated nultiple timesto exponentiallyamplify the DNAo a point at which itan be
detectedusing fluorescent dyeg|PCRs asensitivetechniquethat not only detect and
amplifiesa specific DNA sequendeut alsoquantifiesthe amountof that DNAsequence
within a sampleThis is possibleia using a fluorescent reporter withthe process. The
fluorescence is measured throughout the cycliagd thisfluorescent reading is only
significantonce thethreshold cycle has been reached, indicating amplification of the
specific DNAequence andhence identifying the DNA&llowing one tarelativdy and/or
absolutdy) quantifythe concentration oDNAtracerspresentin the sample based on this
signal breakthroughAs the DNA is encapsulated within the particle, it is oftentimes
necessary to breakdown the encapsulationdrefthe DNAs amplified

To quantify the amount of ligand deposited on the surface of the silica patetEEmental
analysiswasperformed This method allowthe calculdion of the amouns of different
elements(H, CN, S)presenton the surface othe material By calculating theurface area,
based on the average diameter of the partidadligand packing densityhe average
monolayercoveragecan beestimated
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Zetasizer equipment was used to calculate tle¢a potentialandsize viadynamiclight
scattering(DLS. Further size measurements were conducted usicapning transmission
electron microscopy (EEM).

2.2.2 Stabilityin environmental samples

As application of th®NAbasedtracerparticles will be into natural water bodies which will
require subsequent sampling, it is important to understand the stability of the DNA tracers
in environmental samplesn the presence of microbiaktivity. Work was conducted with

the aim of understading 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:
1 Test mediumpondwater (collected from ETH Honggerberg, 17.01.2020)
o0 This was the tested condition to investigate the effect of storage temperature
on the degradation of a natural water sample.
1 Negative control mediuniQ filtered through sterile filters (Filtropur S 0.2hd TE
buffer
o Thismediumacted 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, aréofiews:

1 -20°C: Storage of samples in the freeZBrere should be no change between the
tested samples and their negative control conditions, as this temperature should
prevent any microbial activity from occurring

1 RT (i.e. 20C): Nosampledegradationat RT would remove the need for
temperature-specific storage.

1 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 atnicreased temperature, and significantly at this temperature.

Within this experiment, two particles of different sizes were tested At (small)and
1157nm (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,lsheking all of

the samples from lighfpor 7 days:20°C in the freezer, 28C in a drawer and 3T in an

oven. For analysis, all the samples were first brought to room temperatire samples
werethenanalysed using | St AEl Q& & ( lggORIpriigdl. 8 K2 NI Oé Of S
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2.3 Surfacefunctionality performance

2.3.1 Statictests

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 {ime t=0)

Particles were suspended at a concentration of 0.01 g/L in water and American Petroleum
Institute brine (API, 8% NaCl, 2% ca€l10 web salj with a final volume of 2 mL. Size
measurements were taken at time zero with.S2quipment.

2.3.1.2 Long term stabilitytest

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 6C under shaking. Size measurements, through DLS equipment,
were regularly taken for up to 100 days.

2.3.1.3 Accelerated aggregation st

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@Qvithout shakingSize
measurements with DL\8ere taken every 30 mutesfor up to 48 hours.

2.3.2 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 campaignesiting was carried out with the
simplest stationary and mobile phassand and waterespectively 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 diameteqstplaced 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 phhsepL of thetracerat a
concentration ofL00 ppmwas injectedand 1.5 mL of effluent liquid was then collectddue

to saltinhibition of gJPCR measuremenfsoncluded fronthe resultsin section3.4.1), the

final samples were diled 100-fold before g°PCR analysigach column experiment was

done in triplicate to have relevant statissic

2.3.2.2 Coreflooding experiments with Imperial College London

Coreflooding experiments were arrangedth S4CE partndmperial College LonddiCL,
Dr.Ronny Pinj)in which a column setueeFigure2.3-1.) allowedrecovery ofSMIP
transported in a liquid medium throughsmlidrock coresample to be analysed

A sandstone core (Bentheimeand a carbonate rock core (Kettomgre used as stationary
rock columrs, andeither KCI brine (2.3%) @ondon tap water as the mobile phase. The

core was firspressurisedo 30 atm with C@before flushing it through witb0 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 looRach of thehree factors were varied to investigate
the impact of each on overall tracer recovery. The flowrate dueiach run was 4 mL/min.
Between each sample run, the entire core was flushed through thvélmobile phasef
much larger flowrates and variations of pressure to clear the core of aryewmvered
particles.

In the first set of experiments, the dependenof the DNA particle recovery on the type of
rock (Bentheimer v&Ketton) and on the type of the mobile phase (KCI bringagswater)
was investigated. Effluent samples were thereafter shipped to Haelixa laboratories to
analyse for the DNA concentratisover time.

Figure2.3-1. Photograph of thenost recent iteratiorof the coreflooding experimental setup at Imperial College London.
On theleft, the inlet to thecore @rey cylinder in the centre) ontrolled via a pumgonnected to a bottle ofhe mobile
phase The injection loop isn the far left of the bench, followed by the inlet pulse senddter the core, the outlet pulse
sensor is found, followed by the effluent exit. At this effluent esdémples could beollectedfor further analysis

In the subsguent experiments, only tap water arflliorescent particles were used as a
substitute for the DNAracers in order toquantify the tracer concentration cfine using a
fluorescence detectorfThe qualitative resultavere assumed tde applicable to DN#acers
of the same sizes, concentrations and functionalitidsese fluorescent particles were
synthesisedased orthe Stobermethodologypublished by Panescu et al[17]. The initial
setup usedRhodamine B isothiocyana(BRBITC36877%69-7) as the dydo synthesise the
particles,andrequired collection of effluenevery 30 s for 20 mirto then be analysed after
the experimental rurwith a fluorescent plate readein the most recentteration of the
experimental setupfluorescein isothiocyanate isomgFITC3326-32-7) was used as the
dye to create the particlesapplying the methodology if17] and utilising themethodology
by [18],s0 that the particles could be detectable by tinéine reades present in the
modified core-flooding experimental equipment at ICL.
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