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A B S T R A C T   

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 con-
centration. However, little is known about the effects of physio-chemical subsurface properties on the transport 
behavior 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.   

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 (Zhang et al., 2015), in a coarse- 
grained aquifer (Mikutis et al., 2018), in fractured crystalline rock 
(Kittilä et al., 2019), and at smaller scale for tomographic reservoir 
imaging (Kong et al., 2018). The use of silica colloids tagged with DNA is 

not limited to water and oil applications: examples include pesticide 
spraying (Mora et al., 2015), and waste water sludge (Grass et al., 2014). 
More recently, DNAcol were also used as a surrogate model to study the 
microbial transmission in healthcare (Scotoni et al., 2020), and in the 
setting up of a “DNA-of-things” as the storage material (Koch et al., 
2020). 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 
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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. Elimelech 
et al., 1995; Ryan and Elimelech, 1996; Molnar et al., 2015; Molnar 
et al., 2019), using a first-order kinetic retention parameter. This 
parameter can be correlated to colloid filtration theory using a mecha-
nistical model, including the use of a correlation equation (e.g. Yao 
et al., 1971; Ma et al., 2013; Long and Hilpert, 2009; Rajagopalan and 
Tien, 1976; Tufenkji and Elimelech, 2004; Nelson and Ginn, 2011), to 
estimate the trajectory of a colloid near a collector. More recently, the 
importance of colloid size dependent dispersion (Chrysikopoulos and 
Katzourakis, 2015), gravity effects of colloids (Chrysikopoulos and 
Syngouna, 2014), mechanical equilibrium and maximum retention 
function (Bedrikovetsky et al., 2011; Bedrikovetsky et al., 2012), frac-
tion of the collector surface area (Sf) contributing to colloid attachment, 
and importance of applied hydrodynamic and adhesive torques (Brad-
ford et al., 2009; Bradford et al., 2015), concentration dependent colloid 
transport (Bradford et al., 2009), and nanoscale heterogeneity (Bradford 
et al., 2015; Ron et al., 2019; Ron and Johnson, 2020) 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 (Liu et al., 2017; Kim et al., 2015; Wang et al., 2012; Zeng et al., 
2017; Saiers et al., 1994; Johnson et al., 1996; Vitorge et al., 2014, 
2014a), which is more or less depending on ionic strength (Liu et al., 
2019; Zeng et al., 2017; Kim et al., 2015), pH (Liu et al., 2019), pore 
water flow velocity (Kim et al., 2015, their exp. 5 and 9), composition of 
the collector surface (Johnson et al., 1996; Ryan et al., 1999; Ko and 
Chen, 2000; Li and Cathles, 2014; Liu et al., 2017) or presence of humics 
(Zhou et al., 2017; Zhang et al., 2020). Furthermore, size exclusion ef-
fects might play a role (e.g. Fig. 10a of Higgo et al., 1993; Mikutis et al., 
2018). Finally, silica colloids can enhance contaminant transport (Dai 
et al., 2020; Hou et al., 2021; Mendes de Oliveira et al., 2017; Qin et al., 
2020). In the subsurface, therefore, all of the aforementioned physico-
chemical factors can influence aggregation, deposition, and remobili-
zation 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 ap-
plications. Thereto, we carried out column experiments with DNAcol in 
which we varied solution chemistry, flow rate and grain size. In addi-
tion, we used HYDRUS-1D to quantify transport parameters and assist in 
analyzing colloid-grain surface interaction processes. 

2. Materials and methods 

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 (Paunescu et al., 2013). A 1 ml 10 mg 
ml− 1 DNAcol suspension, equal to ~4 × 1011 particles ml− 1 (Paunescu 
et al., 2013), 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 (Mora 
et al., 2015). 

The double-stranded DNA sequence, which was sandwiched between 
silica core and protective cover layer, was 80 nucleotides long (details in 
the Supporting Information). 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, 1000× diluted DNAcol batches 

(5 μl to 5 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 electropho-
retic 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), 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 
Supporting Information). 

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 4 N 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 ξ 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. 

2.3. Column experiments 

Soil column experiments were conducted with adjustable-height 
chromatography columns, made of borosilicate glass (Omnifit, Cam-
bridge, 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 pack-
ing the column, CO2 gas was flushed into the dry sand to increase 
wettability of the sand upon wet-packing. During wet-packing, the col-
umn 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 1 for an overview). First, 2–2.5 
pore volumes of NaCl solution was injected in order to determine dis-
persivity 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 a 
2–2.5 PV of a 10− 3 mg ml− 1 (~ 4 × 107 particles ml− 1) DNAcol sus-
pension in NaCl under continuous mixing was injected in the column, 
followed by at least 3 PV flushing with DNAcol-free solution. The col-
umn was flushed overnight with CaCl2, and then a 2–2.5 PV of a 10− 3 
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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 exper-
iments were carried out. The tubing pore volume was negligible. 

For a number of experiments (‘Extra Milli-Q water flush’ in see 
Table 1) at the end of the experiment we applied a 3 PV flush of dem-
ineralized 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. 

2.4. 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., 2013). After this, 100 μl Tris-HCl buffer at pH 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) pro-
grammed to run 400 s at 95 ◦C and then 42 cycles of [14 s at 95 ◦C, 27 s 
at 58 ◦C, 25 s 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 (Supporting Information). 

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 attach-
ment and detachment (e.g. Saiers et al., 1994; Kim et al., 2015; Zhou 
et al., 2017; Zeng et al., 2017): 

∂C
∂t

+
ρb

θ
∂S
∂t

= λLv
∂2C
∂x2 − v

∂C
∂x

(1)  

ρb
∂S
∂t

= kattθC − kdetρbS (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 [LT− 1], x is the traveled distance (length) [L], and katt 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 (Selim et al., 1987; Van Genuchten and Wagenet, 1989; Van 
Genuchten et al., 2012; Katzourakis and Chrysikopoulos, 2017; Schijven 
and Šimůnek, 2002; Katzourakis and Chrysikopoulos, 2019). In this 
work, we used HYDRUS-1D (Šimůnek et al., 2013) to determine values 
of dispersivity, porosity, and attachment and detachment rate co-
efficients. 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 (katt), and detachment rate co-
efficients (kdet)) the DNAcol breakthrough data were used by invoking 
porosity and dispersivity values obtained from the NaCl tracer experi-
ment, 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 under-
estimated colloid dispersivity. Also, gravity effects were excluded, since 
the DNAcol was small resulting in negligible restricted settling velocity 
as a function of column orientation and flow direction (Chrysikopoulos 
and Syngouna, 2014). The model presented here (Eqs. (1) and (2)) is 
implemented in the HYDRUS-1D software package (Šimůnek and van 
Genuchten, 2008). 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 (Šimůnek et al., 1998), 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 (Marquardt, 1963). We used HYDRUS-1D 
because it is open source, widely-used and well documented, and it in-
cludes various colloid transport models, including the one we used. 

The dimensionless sticking efficiency, α, was then determined from 
(e.g. Wang et al., 2012; Lutterodt et al., 2021; Tufenkji and Elimelech, 
2004; Harvey and Garabedian, 1991; Ryan and Elimelech, 1996): 

α = katt HYDRUS
2dg

3(1 − ε)vη0
(3)  

where katt_HYDRUS 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) cor-
relation equation (Tufenkji and Elimelech, 2004). Thereto, 2.2 g cm− 3 

Table 1 
Overview of experimental conditions for column experiments with DNAcol.  

Solution 
chemistry1 

Sand2 Flow3 Data shown in 
fig1 

Remarks 

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. 
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was assumed for the DNAcol (Mora et al., 2015), while the Hamaker 
constant was assumed to be 0.7 × 10− 20 J for the combination of silica- 
water-silica (Rhodes, 2008). 

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 

λLv
d2C
dx2 − v

dC
dx

− kattC = 0 (4)  

C(0) = C0 and
dC
dx

(∞) = 0 (5)  

Eq. (4) can be solved analytically (Van Genuchten, 1981): 

C = C0exp

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(

v − v
(

4kattλLv
v2

)
1
2

)

x

2λLv

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(6)  

whereby 

katt =
3(1 − ε)

2dg
vη0α (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. (6) and (7) to predict DNAcol 
removal as a function of transport distance and to evaluate the useful-
ness of DNAcol in aquifer experiments at three different distances. 

3. Results 

3.1. Column breakthrough curves (BTCs) 

In case of NaCl, from 0 to 0.5 PV, the relative concentration (C/ 
C0)NaCl, whereby C is the effluent EC-value as a proxy for NaCl con-
centration and C0 the influent EC-value, was around 1 × 10− 3 (see 
Fig. 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)NaCl in all cases reached 0.5 and then continued 
to rise to 1. At PV 2–2.5 when (C/C0)NaCl was ~1, we stopped injection 
of NaCl tracer. We considered this to be of sufficient contrast to deter-
mine 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- 

Fig. 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− 1and 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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dominant transport), the dispersivity value of DNAcol was taken from 
the NaCl tracer experiments. 

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

In case of DNAcol in NaCl more specifically the coarse sand - high 
flow case (Fig. 1I), the moment of rise, rising limb, plateau phase, and 
declining limb of (C/C0)DNAcol were comparable to (C/C0)DNAcol 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)DNAcol during the plateau phase decreased from ~0.06 in Fig. 1J to 
~0.02 in case of Fig. 1K and L. During elution (after PV 3.5), (C/ 
C0)DNAcol in NaCl declined sharply, and, after PV 4, became constant at 
~1 × 10− 3 (Fig. 1K-L). In case of Fig. 1K and L, an extra Milli-Q water 
flush was passed through the columns, giving rise to a peak (C/C0)DNAcol 
at ~ PV 7 of ~200 times the maximum (C/C0)DNAcol during the plateau 
phase in Fig. 1L. 

In case of DNAcol in CaCl2 (Fig. 1M-P), maximum (C/C0)DNAcol 
during the plateau phase was 0.5 (Fig. 1M), and this value decreased to 
0.015 for Fig. 1N and O, and to ~0.004 for Fig. 1P, respectively. After ~ 
PV 4, during elution, (C/C0)DNAcol of Fig. 1M remained rather high at 
~1 × 103, while for the other BTCs (Fig. 1N-P), (C/C0)DNAcol 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 
(Fig. 1O and P), gave rise to a peak (C/C0)DNAcol at ~ PV 7 of ~200 times 
the maximum (C/C0)DNAcol during the plateau phase (Fig. 1P). 

Finally, in some BTCs (e.g. Fig. 1I and J), from 0 to 0.5 PV the (C/ 
C0)DNAcol 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)DNAcol was ~1 × 10− 4 the detection limit of the qPCR analysis was 
reached. See Supporting Information 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. 

3.2. Modeling with HYDRUS and determining sticking efficiencies 

All DNAcol BTCs could be well fitted with an attachment rate (katt) 
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). Fitted curves 
overestimated (C/C0)DNAcol between PV 2 and 3, which gave rise to 
somewhat lowered R2-values. Attachment of DNAcol in DM water was 
lowest with katt ranging from 2.68 × 10− 4 to 9.37 × 10− 3, while in CaCl2 
katt 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 
(Foppen et al., 2013). Secondly, the use of the one-site kinetic model 
(Eqs. (1) and (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 katt values determined with HYDRUS, we calculated the stick-
ing efficiency values of the DNAcol per experiment by making use of Eq. 
(3) (Table 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 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. 

4. Discussion 

In this work, we aimed at investigating the sensitivity of DNA-tagged 
silica particles to solution chemistry, and studied mechanisms control-
ling 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 ki-
netic 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 

Table 2 
HYDRUS model parameters, statistics determined from curve fitting, and calculated sticking efficiencies.   

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 katt [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 katt [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 katt [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  
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scope of this work. 
In their 14.5 cm sand columns, Saiers et al. (1994) 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 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: Saiers et al., 1994), while in our case removal 
could be as high as 2–2.5 log-units or more than 90%. Johnson et al. 
(1996); their Fig. 2 used 10 cm columns of quartz sand (prolate sphe-
roidal 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 et al. (1994). 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 et al. (2017), Liu et al. (2017), and Wang et al. 
(2012). 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. (2015) 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. (2015) 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)DNAcol values, and was a few orders of 
magnitude lower than maximum (C/C0)DNAcol 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 (Liu et al., 2017; Kim et al., 
2015; Wang et al., 2012; Zeng et al., 2017; Saiers et al., 1994; Johnson 
et al., 1996; Vitorge et al., 2014, 2014a), 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 (Fig. 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 
et al. (2017) 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 (Zeng et al., 2017). Also, Liu et al. 
(2017), at the end of the column experiment after a flush of deminer-
alised 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. 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 et al. 
(2007) to be the lowest ratio for spherical grains at which straining 
would occur. In other words, in our case, we think straining was rela-
tively unimportant, and the observed reentrainment was due to elec-
trostatic 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 Supporting Information. 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 min-
imum appeared for both NaCl and CaCl2. However, in case of NaCl the 
energy barrier was higher (~600 KBT) than for CaCl2 (~100 KBT), 
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 sec-
ondary 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. Foppen and Schijven, 2006), 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) 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 indi-
vidual 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 

Fig. 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 Supporting Information. 
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iron (III) oxyhydroxide coatings around aquifer grains, not very realistic. 
In such cases, removal of DNAcol will likely be higher (Li and Cathles, 
2014; Johnson et al., 1996; Ryan et al., 1999). 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. 

For an aquifer composed of 1 mm silica grains, the maximum trav-
eled 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 mix-
tures) 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 reen-
trained. 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. (2020) 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 the formation of 
an eco-corona at the outer surface of each individual DNA silica colloid 
is allowed to take place (e.g. Xu et al., 2020; Galloway et al., 2017; 
Lynch et al., 2014), 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. 

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 physio-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, un-
derstand 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 pres-
ence of fine grains or low flow velocity. Despite such limitations, DNAcol 
showed potential to be used as colloidal tracer to study fate and trans-
port of biological and engineered colloidal particles (like pathogens or 

microplastics). 
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Kittilä, A., Jalali, M.R., Evans, K.F., Willmann, M., Saar, M.O., Kong, X.-Z., 2019. Field 
comparison of DNA-labeled nanoparticle and solute tracer transport in a fractured 
crystalline rock. Water Resour. Res. 55 (8), 6577–6595. https://doi.org/10.1029/ 
2019WR025021. 

Ko, C.-H., Chen, J.Y., 2000. Dynamics of silica colloid deposition and release in packed 
beds of aminosilane-modified glass beads. Langmuir 16 (17), 6906–6912. https:// 
doi.org/10.1021/la000415y. 

Koch, J., Gantenbein, S., Masania, K., Stark, W.J., Erlich, Y., Grass, R.N., 2020. A DNA-of- 
things storage architecture to create materials with embedded memory. Nat. 
Biotechnol. 38 (1), 39–43. https://doi.org/10.1038/s41587-019-0356-z. 
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