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ble-stranded ribonucleic acids
(dsRNA) and deoxyribonucleic acids (DNA) in sand
and iron oxide-coated sand columns under varying
solution chemistries†

Katharina Sodnikar, a Ralf Kaegi, b Iso Christl, a Martin Herbert Schroth *a

and Michael Sander *a

Assessing ecological risks associated with the use of genetically modified RNA interference crops demands

an understanding of the fate of crop-released insecticidal double-stranded RNA (dsRNA) molecules in soils.

We studied the adsorption of one dsRNA and two double-strandedDNA asmodel nucleic acids (NAs) during

transport through sand- and iron oxide-coated sand (IOCS)-filled columns over a range of solution pH and

ionic compositions. Consistent with NA-sand electrostatic repulsion, we observed only slight retention of

NAs in sand columns. Conversely, pronounced NA retention in IOCS columns is consistent with strong

and irreversible NA adsorption involving electrostatic attraction to and inner-sphere complex formation

of NAs with iron oxide coatings. Adsorption of NAs to iron oxides revealed a fast and a slow kinetic

adsorption regime, possibly caused by the excluded-area effect. Adsorption of NAs to sand and IOCS

increased in the presence of dissolved Mg2+ and with increasing ionic strength, reflecting cation-

bridging and screening of repulsive electrostatics, respectively. The co-solute phosphate and a pre-

adsorbed dissolved organic matter isolate competitively suppressed dsRNA adsorption to IOCS. Similar

adsorption characteristics of dsRNA and similarly sized DNA suggest that existing information on DNA

adsorption to soil particles helps in predicting adsorption and fate of dsRNA molecules in soils.
Environmental signicance

Double-stranded RNA (dsRNA) molecules are novel plant-incorporated protectants expressed in genetically modied crops and released into agricultural soils
upon use. Ecological risk assessment (ERA) of dsRNA demands understanding dsRNA adsorption to soil particles, which affects its fate. We systematically
studied adsorption of model dsRNA and DNA molecules during transport through sand and iron oxide-coated sand (IOCS) columns over a range of solution pH,
ionic strengths and compositions. We show that adsorption is governed by nucleic acid (NA)-sorbent electrostatic interactions and NA-IOCS inner-sphere
complex formation, and has a slow kinetic component. The presence of phosphate and dissolved organic matter suppress NA adsorption to IOCS. Our nd-
ings indicate that existing knowledge on DNA adsorption in soils applies to dsRNA and thereby informs ERA of dsRNA.
Introduction

Modern agriculture relies on using genetically modied RNA
interference (RNAi) crops that express insecticidal double-
stranded RNA (dsRNA) molecules as plant-incorporated
protectants targeting specic pest insects.1,2 When feeding on
RNAi crops, the targeted insects co-ingest the dsRNAmolecules,
which subsequently trigger the breakdown of sequence-
complementary insect mRNA3–6 that codes for the
t Dynamics, ETH Zurich, 8092 Zurich,

thz.ch; Tel: +41-44 632 8314

Science and Technology, Überlandstrasse

tion (ESI) available. See DOI:

f Chemistry 2023
biosynthesis of a protein essential to the insects. As a conse-
quence, the insects suffer from retarded development or die.4,7–9

Planting RNAi crops is expected to result in the release of dsRNA
molecules to agricultural soils,10 therefore requiring an assess-
ment of potential release-associated ecological risks, including
possible dsRNA effects on non-targeted soil-dwelling organ-
isms.11 Adsorption of dsRNA to soil mineral surfaces is a key
process determining exposure of such organisms to dsRNA as
well as overall dsRNA fate. On the one hand, dsRNA adsorption
would decrease its mobility and exposure of soil organisms. On
the other hand, dsRNA adsorption may protect it from hydro-
lytic enzymes in the soil pore water and, thereby, increase
dsRNA stability in agricultural soils, as demonstrated previously
for DNA molecules.12–15 However, a recent study suggests that
adsorbed dsRNA molecules may also be destabilized due to
mineral-catalyzed dsRNA hydrolysis over the timescale of days.16
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Adsorption of dsRNA molecules to mineral soil particle
surfaces has been assessed only in a few previous studies.16–19 By
comparison, DNA adsorption to soil particles and soil organic
matter has been extensively studied and is well
understood.12,13,15,20–47 This raises the question if the extensive
information on DNA adsorption in soils is transferrable to
dsRNA adsorption. In an effort to answer this question, we
recently demonstrated comparable adsorption characteristics
of similarly sized dsRNA and DNA molecules to iron oxide
surfaces in a batch equilibration study.18 Similarities in the
adsorption characteristics can be rationalized based on
a central structural resemblance of these NAs: both are poly-
electrolytes with negatively charged phosphodiester backbones.
The same interaction forces thus likely control dsRNA and DNA
adsorption to soil particle surfaces: electrostatic attraction and
repulsion between the negatively charged NA and net positively
and negatively charged soil particle surfaces, respectively.
Similarly, inner-sphere complex formation between the phos-
phodiester groups in both dsRNA and DNA backbones with
surface hydroxyl group on specic minerals, such as iron
oxides,18,20,21,26,27,48–53 may lead to irreversible adsorption. Finally,
polyelectrolyte adsorption theory may explain effects of solution
chemistry on both dsRNA and DNA adsorption:54–62 increased
NA adsorption with increasing solution ionic strength and in
the presence of dissolved divalent cations likely resulted from
NAs adopting more compact conformations and thus smaller
footprints in adsorbed state, allowing for a larger number of
adsorbed NA molecules at sorbent surface saturation.18,54,63–68

While our batch equilibration study supports similar
adsorption characteristics of dsRNA and DNA,18 additional
experimental verication is required given the nature of batch
experiments. First and foremost, NA amounts ‘adsorbed’ to iron
oxide particles in agitated batch reactors may be affected by NA-
particle hetero-coagulation, a process not occurring to the same
extent in soils. One possibility to exclude potential hetero-
coagulation effects is to immobilize the iron oxide on a larger
carrier material that is not itself suspended in solution. Second,
continuous stirring of iron oxide-NA suspensions in batch
reactors18 potentially results in iron oxide-particle abrasion69

and thus higher available surface area, leading to increased
adsorbed NA concentrations. Third, batch reactors are well
mixed, ensuring rapid transfer of NAs to particle surface and
thereby fast adsorption kinetics. Conversely, NAs transported
through soils may show more complex kinetics of adsorption to
particle surfaces, including slow NA diffusion to iron oxide
surfaces that are in contact with immobile water, e.g., in dead-
end pores without advective water movement. These consider-
ations jointly call for systematic transport studies on dsRNA and
DNA through packed columns to evaluate if these NAs behave
similar also under ow conditions commonly encountered in
soils. To link to the results of batch experiments18 and to allow
for a mechanistic interpretation of transport data, experiments
in columns packed with minerals of dened surfaces are
desirable before advancing to whole soil experiments.

The goal of this work was to systematically assess similarities
in the transport (and hence adsorption) characteristics of
dsRNA and DNA in columns lled with silica sand (hereaer
2068 | Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080
referred to as sand) and iron oxide-coated (silica) sand (IOCS)
over a range of solution conditions (i.e., solution pH, ionic
strength, and composition) under steady-state ow. We selected
a model dsRNA and two model DNA molecules of different sizes
to also assess the size dependence of NA adsorption.18 Both
dsRNA and DNA are negatively charged across the entire tested
pH range from pH 5 to 9 as inferred from the low reported
acidity constant of the phosphodiester group in the backbone of
DNA of pKa ∼ 1.70 Sand as well as iron oxides are ubiquitous
mineral phases in agricultural soils. Adsorption to IOCS
surfaces in column transport experiments has routinely been
used as a model system for transport studies in soils and
sediments for bacteria,71–74 parasites,75,76 viruses,76 dissolved
organic matter,77,78 low molecular weight organic acids,79–81 and
DNA.82 For a quantitative understanding of NA adsorption to
IOCS, we described the experimental column breakthrough
data by a kinetic adsorption–desorption model83,84 imple-
mented in a one-dimensional advection–dispersion transport
model. Finally, to further approach conditions typically
encountered in whole soils, we assessed potential competition
of dsRNA with both dissolved organic matter (DOM) and
phosphate for adsorption to IOCS. The obtained insights on NA
adsorption during transport in sand and IOCS columns provide
a better understanding of dsRNA adsorption in soils and further
elucidate the applicability of existing information on DNA
adsorption in soils to dsRNA.
Materials and methods
Chemicals

All chemicals were of high purity (>98%) and used as received.
Detailed information is provided in the ESI, Section S1.†
Solutions

All solutions were prepared using DI water (resistivity > 18
MU cm; Milli-Q IQ 7000, Millipore, USA) unless specied
differently. Lyophilized, synthetic dsRNA (polyadenylic–poly-
uridylic acid) (hereaer dsRNA) from InvivoGen (USA) was dis-
solved in the supplied physiological water (containing 154 mM
NaCl) to yield a 1 mg dsRNA mL−1 stock solution. UltraPure™
DNA stock solution (hereaer upDNA, 1 mg DNA mL−1) from
salmon sperm was purchased from Invitrogen (USA). Stock
solutions of dsRNA and upDNA were stored at −21 °C until use.
The DNA sodium salt from salmon testes (hereaer genomic
DNA (gDNA)) was purchased from Sigma-Aldrich (USA). Stock
solutions were prepared by dissolving gDNA in buffer (3 mM of
respective pH buffer, described below) containing 10 mM NaCl
to prevent denaturing of gDNA.18 Stock solutions of gDNA were
stored at 4 °C. The median size of dsRNA was 1367 base pairs
(bp) (approximately equal to an extended length of 0.46 mm,
estimated assuming that 1 bp has a length of 0.34 nm;85 and
a molecular weight of approximately MW = 960 000 g mol−1),
588 bp (0.22 mm length;MW = 380 000 g mol−1) for upDNA, and
21.37 kbp (7.27 mm length;MW = 14 000 000 g mol−1) for gDNA,
as previously reported (Section S2, ESI†).18 We calculated MW

from the number of bp as described in Section S2, ESI.†
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3em00294b


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

3/
10

/2
02

4 
15

:2
6:

44
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Phosphate stock solutions (1 mM) from NaH2PO4 and
Na2HPO4 were buffered to pH 7 and contained 10 mM NaCl as
background electrolyte and 3 mM N-(2-hydroxyethyl)piperazine-
N′-2-ethanesulfonic acid (HEPES). DOM stock solutions were
prepared by dissolving 10 mg Pahokee peat humic acid (PPHA,
used as model DOM) (International Humic Substances Society,
USA) in 100 mL pH 7 buffer (3 mM HEPES and 10 mM NaCl)
under vigorous stirring for at least 12 hours. Both phosphate
and DOM stock solutions were ltered through 0.2 mm nominal
cutoff polyethersulfone membranes (syringe lters, Pall Life
Sciences) and stored at 4 °C. Stock solutions were used to
prepare experimental solutions as detailed below.

Sorbents

Silica sand (silicon dioxide, acid washed and calcined,$99.7%;
Sigma Aldrich (Switzerland), hereaer referred to as ‘sand’) was
sieved using stainless steel sieves (Retsch GmbH, Germany) to
obtain particle sizes from 0.2 to 0.4 mm and acid-cleaned74

(Section S3, ESI†). The sand was net negatively charged at all
studied solution pH based on published point of zero net
charge (pHPZC) values of silica sand of about 2.86 We coated iron
oxides onto the sand using the method of Mills et al.74 with
slight modications (Section S3, ESI†).

Specic surface areas of sand and IOCS were 0.043 ± 0.002
and 0.312 ± 0.001 m2 g−1, respectively, determined by duplicate
N2-BET analyses (Nova 3200e instrument, Quantachrome, USA)
aer 18–20 h of drying the materials under vacuum at 40 °C.
Scanning electron microscopy (Magellan m400, FEI, USA)
showed acicular particles on IOCS surfaces, typical for goethite
(Section S4, ESI†). The coated mass of iron oxide on the sand
was 0.86 ± 0.04 wt%, as determined from triplicate iron
measurements using the phenanthroline assay87 and assuming
that goethite had formed (Section S4, ESI†). Using a computer-
controlled potentiometric acid–base titration system,88 we
determined the point of zero charge (pHPZC) at 7.8 ± 0.1 for
IOCS at different ionic strengths (I = 0.01 M and 0.1 M NaCl)
(Section S4, ESI†).

Column experiments

Overview of experimental sets. We conducted four sets of
column breakthrough experiments in sand and IOCS columns
(an overview is provided in Section S5, ESI†). First, we determined
pH-dependent transport of NAs in solutions containing 10 mM
NaCl as background electrolyte and 3 mM of a pH-buffering
species (i.e., acetate for pH 5, HEPES for pH 7, and
N-cyclohexyl-2-aminoethanesulfonic acid (CHES) for pH 9).
These buffers were previously shown not to affect NA adsorption
to iron oxides goethite, lepidocrocite, and hematite.18 Second,
we determined the ionic strength dependence on NA
adsorption by including experiments at a higher ionic strength
of I = 100 mM, set by NaCl, at pH 7 (3 mM HEPES). Third, we
assessed the effect of dissolved Mg2+ (3 mM; added as MgCl2) on
NA adsorption at a constant total I = 10 mM (adjusted by NaCl)
at pH 7 (3 mM HEPES). Fourth, we assessed dsRNA competitive
adsorption at pH 7 with either phosphate or PPHA (10 mM
NaCl; 3 mM HEPES). We note that for dsRNA solutions,
This journal is © The Royal Society of Chemistry 2023
I= 10mM and 100mM are nominal ionic strengths because the
dsRNA stock solution contained 154 mM Na+ and therefore,
upon dilution, contributed an additional I = 1 mM to the nal
experimental solution. Furthermore, the reported ionic
strength is based on NaCl and MgCl2 concentrations and
excludes minor contributions from the pH buffering species.

Experimental NA, phosphate and PPHA solutions were
prepared by diluting the respective stock solution in buffers of
matching I and pH to desired concentrations (e.g., 5.1–7.4 mg NA
mL−1 for the NAs). Experimental solutions were stored in pre-
cleaned glassware at 4 °C and, before use, were sterile ltered
through 0.2 mm nominal-cutoff lters.

Experimental design and procedures.We delivered solutions
from 25 mL syringes at a constant volumetric ow rate of 0.21
mL min−1 from computer-controlled syringe pumps (Cetoni
GmbH, Germany) to the bottom of vertically positioned, boro-
silicate glass columns (Omnit, Cole-Parmer GmbH, Germany)
packed with sand or IOCS. The columns had an inner diameter
of 0.66 cm and inner lengths of either 7.0 cm (used for
pH-dependent experiments in set 1) or 2.2 cm (used for all other
experiments in sets 2–4; Section S5, ESI†). Smaller columns
were used for the second sets of experiments to decrease the
pore water volume in the column and thereby allow for larger
nal pore volumes to be attained when delivering a total solu-
tion volume of approximately 50 mL to the columns (i.e., the
combined capacity of two 25 mL syringes that we loaded into
the syringe pump of the experimental setup). Flow through the
columns was in the upward direction, and column end pieces
containing PTFE frits (pore size: 50 mm, Diba Industries, USA)
were used to retain the sorbent in the columns. Column outow
concentrations of the conservative tracer nitrate (hereaer
referred to as nitrate) or of NAs were continuously quantied by
solution absorbance measurements in a spectrophotometric
ow-through cell (wavelengths of 212 nm for nitrate and 260 nm
for NAs; UV Flow cell, 1/16”; Knauer, Germany) with a UV light
source and spectrophotometer (HL2000 and Maya 2000 Pro,
Ocean Optics, USA; operated by OceanView Spectroscopy So-
ware). The spectrophotometer was calibrated using concentra-
tion standards of nitrate and NA (Section S5, ESI†).

The columns were wet-packed (Section S5, ESI†), and the
pore volume (PV) of each packing was calculated by subtracting
the volume of packed sorbent (calculated from packed sorbent
mass and assuming a solid-phase density (rs) of 2.65 g cm−3 for
sand and IOCS) from the internal volume of the empty column
(Vi,7cm = 2.40 cm3, Vi,2.2cm = 0.75 cm3). The calculated averaged
porosity q = PV/Vi over all columns was q7cm = 0.488 ± 0.008
(average ± 1 SD, n = 18 packings) and q2.2cm = 0.532 ± 0.013
(n = 46 packings). Sand or IOCS were initially equilibrated to
experimental conditions by pumping at least 5 PVs of buffer
solution through each packed column prior to collecting
breakthrough curves.

Each experiment in sets 1–3 was run in duplicate in freshly
packed columns. In each column, we rst determined nitrate
breakthrough curves (i.e., injection of 0.1 mM nitrate for 2.4 PVs
followed by rinsing with nitrate-free solution for >2 PVs). The
resulting breakthrough curve was subsequently modeled to
Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080 | 2069
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Fig. 1 Effect of solution pH on transport of double-stranded RNA (dsRNA) and ultrapure DNA (upDNA) through sand columns (panels a and b)
and of dsRNA, upDNA, and genomic DNA (gDNA) through iron oxide-coated sand (IOCS) columns (panels c–e). Panels a–e also show a selected
breakthrough curve of the conservative tracer nitrate at pH 7 (only one representative breakthrough curve is shown in each panel). (f) Effect of
solution pH on final adsorbed concentrations of dsRNA and upDNA to sand surfaces, and of dsRNA, upDNA, and gDNA to IOCS surfaces
determined by mass balance calculations (see Materials and methods). Data points and error bars in panel f represent the mean and absolute
deviation from the mean of the results of duplicate breakthrough experiments.

2070 | Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080 This journal is © The Royal Society of Chemistry 2023
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determine the hydrodynamic dispersion coefficient (D) for each
column packing (see details in Numerical model section below).

We subsequently delivered between 24 and 77 PVs of NA-
containing solution to each column. At the end of this NA
‘loading’ step, we quantied the NA inow concentration (Cinow)
by activating a column bypass to deliver NA solution from the
syringe pumps directly to the spectrophotometric ow-through
cell. The resulting short ow interruption inside the column
led to a small decrease in NA column effluent concentration
(Coutow) when we re-initiated ow through the column (see
Fig. 1c–e as an example). The slight concentration decreases
likely reected kinetic NA adsorption during the short time of
interrupted ow in the column. Finally, we rinsed each column
with NA-free buffer solution for >3 PVs. Between all experiments,
we extensively cleaned the column system (Section S5, ESI†).

We quantied NA retention in each column by determining
the NA retardation factor (R), which is dened as the PV during
the column loading step at which Coutow/Cinow reached 0.5.
Moreover, we calculated nal adsorbed NA concentrations [mg
NA (g sorbent)−1] at the end of the loading step by subtracting
the cumulative mass of NA measured in the column outow
from the total NA mass delivered to the column, divided by the
mass of either sand or IOCS packed into the respective column.

We studied competitive adsorption between dsRNA and
phosphate to IOCS in column experiments as described above
except for co-delivering phosphate to the columns at varying
inow concentrations (0.025, 0.05, 0.15, and 0.5 mM phosphate;
set 4; run in single experiments each) while maintaining
approximately the same dsRNA inow concentration (i.e.,
5.0–6.3 mg dsRNA mL−1).

Competition between dsRNA and PPHA was studied as
follows: prior to packing the columns, we pre-adsorbed varying
amounts of PPHA onto IOCS in stirred batch-equilibration
reactors (1.5 g IOCS in 20 mL solutions with initial PPHA
concentrations of 0.88, 1.76, 3.52, and 7.02 mg mL−1; equili-
bration time: 18 hours; set 4; run in single experiments each).
We estimated that these PPHA concentrations resulted in IOCS
surface coverages of approximately 12.5, 25, 50, and 100% (i.e.,
11.7, 23.4, 46.8, and 93.6 mg PPHA (g IOCS)−1), assuming
a maximum adsorbed PPHA concentration of 30 ng cm−2 as
previously reported for PPHA on a positively charged model
surface.89 We subsequently washed the PPHA pre-adsorbed
IOCS twice with 10 mL of pH 7 buffer solution (3 mM HEPES,
10 mM NaCl), individually packed them into columns, followed
by determination of nitrate and dsRNA breakthrough curves, as
described above. No PPHA desorption was detected during the
experiments based on stable baseline absorbance readings at
425 nm (data not shown).
Numerical model

For pH-dependent experiments in IOCS columns, we modeled
nitrate and NA breakthrough curves using an expanded form of
the classical advection–dispersion equation (eqn (1)), which
describes one-dimensional solute transport and adsorption and
desorption under steady-state ow in a saturated, packed
column:
This journal is © The Royal Society of Chemistry 2023
vCaq

vt
¼ D� v2Caq

vx2
� q

A� q
� vCaq

vx
þ rb

q
� vS

vt
(1)

where Caq [mg mL−1] is aqueous solute (solution) concentration,
t [min] is time, D [cm2 min−1] is the hydrodynamic dispersion
coefficient, x [cm] is distance along the column length, q
[mL min−1] is volumetric ow rate; q [-] is porosity of the packed
column, A [cm2] is column cross-sectional area, rb [g cm−3] is
bulk density (computed as rb = [rs × (1 − q)]/q; with rs =

2.65 g cm−3), and S [mg g−1] is the adsorbed NA concentration.
First, we tted eqn (1) to breakthrough curves of nitrate with

S set to zero (Aquasim soware package; 2.1g, Eawag)90 (Section
S6, ESI†) to estimate the hydrodynamic dispersion coefficient
(D) for each column (D = 0.047 ± 0.006 cm2 min−1 for n = 18
columns; average ± 1 SD). We used the D value for each column
as a constant when tting the NA breakthrough curve subse-
quently collected in that column.

Second, we tted eqn (1) to NA breakthrough curves using
two kinetic versions of the Langmuir sorption model,83,84

featuring either single (n = 1) or dual (n = 2) adsorption
kinetics:

vS

vt
¼
Xn

i¼1

vSi

vt
¼
Xn

i¼1

�
ki;ads � Caq � q

rb
�
�
1� Si

Si;max

�
� ki;des � Si

�

(2)

where ki,ads [min−1] and ki,des [min−1] are adsorption and
desorption rate constants, and Si and Si,max [mg g−1] are adsor-
bed NA concentration and maximum adsorbed NA concentra-
tion (i.e., adsorption capacity) for type i kinetics, respectively.
We implemented the kinetic adsorption models in Aquasim90

and tted NA breakthrough curves for ki,ads, ki,des, Si, and Si,max

(Section S6, ESI†). We note that accurate tting required
a comparable number of data points during the loading and
rising steps. We achieved this by extending the experimental
Coutow/Cinow = 0 values at the end of the rinsing phase by
setting additional data points to Coutow/Cinow = 0 (details in
Section S6, ESI†). We rst tted NA breakthrough curves using
single kinetics (n = 1) and subsequently dual kinetics (n = 2).
For the latter model, the nal adsorbed NA concentration (S1,2)
at the end of the loading step was computed as S1,2 = S1 + S2.
Results and discussion
Transport of NAs through sand and IOCS columns

Effect of solution pH on NA adsorption. At all tested pH,
outow concentrations of dsRNA from sand columns increased
sharply to values of Coutow/Cinow z 0.95 within two PVs of
starting to deliver dsRNA (Fig. 1a), implying only minor dsRNA
adsorption to the sand. Subsequent increases in effluent NA
concentrations were slow, reaching Coutow/Cinow values close
to unity only aer about 25 PVs. This retention at high dsRNA
concentration indicates minor dsRNA adsorption. Column
rinsing resulted in sharp decreases in Coutow/Cinow values to
zero within approximately two PVs, as expected for volumetric
displacement of the dsRNA-containing solution in the column
pore space.
Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080 | 2071
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The breakthrough of upDNA in sand columns at pH 6.95 and
8.63 occurred over similar PVs as those of dsRNA with negligible
upDNA adsorption to the sand (i.e., Coutow/Cinow z 0.98 aer
3.5 PVs) (Fig. 1b). By comparison, Coutow/Cinow of upDNA at pH
5.06 increased slowly and showed slight retardation (retarda-
tion factor R = 2.13 ± 0.07), indicative of minor upDNA
adsorption at this pH. Yet, like dsRNA, upDNA adsorption to
sand over the tested pH range was only weak. Based on the weak
adsorption of both dsRNA and upDNA, we did not assess
adsorption of larger gDNA in the sand columns.

In contrast to sand columns, dsRNA transport was substan-
tially retarded in IOCS columns (Fig. 1c). With decreasing pH,
retardation factors increased from R = 6.42 ± 0.55 at pH 8.90 to
13.01 ± 0.15 at pH 7.0, and 21.31 ± 0.01 at pH 5.03. At all pH,
dsRNA breakthrough occurred in two distinct phases: in the
rst phase, dsRNA breakthrough was initially delayed relative to
nitrate, followed by dsRNA outow concentrations increasing
steadily to values of Coutow/Cinow z 0.70–0.80. In the subse-
quent second phase, dsRNA breakthrough curves attened with
slower increases in Coutow/Cinow. The nal Coutow/Cinow were
z0.90 at pH 5.03 and pH 7.00, andz0.95 at pH 8.90 aer about
34 PVs, when we terminated the loading step and initiated
rinsing. Breakthrough of dsRNA was therefore incomplete (i.e.,
Coutow/Cinow remained below 1). Retarded and incomplete
breakthrough implied signicant dsRNA adsorption to IOCS
surfaces. Aer initiating rinsing with dsRNA-free buffer solu-
tion, Coutow/Cinow decreased to zero within approximately two
PVs, akin to sand columns, suggesting little if any dsRNA
desorption from the iron oxide coatings. The breakthrough
curves of upDNA (Fig. 1d) and gDNA (Fig. 1e) in IOCS columns
showed very similar features as those for dsRNA.

Fig. 1f shows pH-dependent calculated nal adsorbed
concentrations of all NAs on IOCS and of dsRNA and upDNA on
sand at the end of the loading steps (see Materials and methods
for calculation). Overall low NA adsorption to sand is consistent
with electrostatic repulsion of negatively charged NAs from
likewise-charged sand surfaces (pHPZC of silica z2 86), in
agreement with previous ndings for DNA and silica.24,45,91

Substantial retention of all NAs in IOCS columns implies
that NAs adsorbed largely to the iron oxide coatings on the sand.
The IOCS had a pHPZC of 7.8 ± 0.1, which we determined by
acid–base titrations (Section S4, ESI†). The decrease in adsor-
bed NA concentrations on IOCS with increasing pH (Fig. 1f) is
therefore consistent with weakening of electrostatic attraction
of NAs to the iron oxide given that its net positive surface charge
– and hence the number of adsorption sites – decreased with
increasing pH. In addition, decreasing NA adsorption with pH
can also be explained by a decrease in the number of inner-
sphere complexes formed between the phosphodiester groups
of NAs and surface-hydroxyl groups of the iron oxide
coating.18,20,21,48–52 However, the relative importance of inner-
sphere complex formation to overall NA adsorption may have
increased with increasing solution pH, particularly considering
that NA adsorbed to IOCS surfaces even at pH 8.90 at which the
IOCS was net negatively charged. Inner-sphere complexation of
NAs with surface-hydroxyl groups through ligand exchange
releases hydroxide ions. We separately tested for the latter in
2072 | Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080
batch reactors in which we added dsRNA to suspended IOCS
particles. We indeed observed solution pH increases from pH
6.1 to approximately pH 6.4 upon dsRNA addition, supporting
inner-sphere complex formation of dsRNA with IOCS (Section
S7, ESI†). Adding dsRNA to control batch reactors without IOCS
did not alter solution pH.

Rinsing of IOCS columns yielded no noticeable NA desorp-
tion, implying that NA adsorption to iron oxide-coatings was
irreversible under the applied experimental conditions. Irre-
versible polyelectrolyte adsorption is well established and
reects the low probability that all favorable NA-IOCS interac-
tions are broken simultaneously, a prerequisite for complete
detachment of NA molecules from the surface.54,92

Final adsorbed concentrations on IOCS at the end of the
loading steps were comparable for similarly sized dsRNA and
upDNA, but lower for the larger-sized gDNA (Fig. 1f). Higher
nal adsorbed concentrations of the shorter NAs likely reected
their smaller footprints in adsorbed states, allowing for a more
efficient packing on the iron oxide surface as compared to the
larger gDNA.18,24,34

We tted all breakthrough curves of pH-dependent NA
transport experiments in IOCS columns using a one-
dimensional solute transport model that accounted for
advective-dispersive transport coupled to kinetic, Langmuir-
type sorption83,84 (eqn (1) and (2)). All NA breakthrough curves
were described only poorly by models with a single kinetic
adsorption regime83,84 (n = 1, eqn (2)). As shown exemplarily for
one replicate of dsRNA breakthrough curves for each of the
tested pH in Fig. 2a, dsRNA adsorption was underestimated
(i.e., Coutow/Cinow was overestimated) both at the onset of
dsRNA breakthrough and towards the end of the loading step
when experimental Coutow/Cinow values increased more slowly
than values obtained by tting. An analysis of residuals between
model t and measured data for dsRNA breakthrough curves at
pH 5 to 9 is provided in Section S6, ESI.† Poor tting by a single
kinetic adsorption model is consistent with breakthrough
curves showing two distinct phases, suggesting that there were
at least two kinetic adsorption regimes.

Fitting with two kinetic adsorption regimes83,84 (n = 2,
eqn (2)) substantially improved the quality of ts for dsRNA and
DNA breakthrough curves, again shown exemplarily for dsRNA
in Fig. 2a and in Section S6, ESI.† For all NAs, tted adsorption
rate constants for the fast kinetic regime, k1,ads, ranged from
1.06–4.94 min−1 and were more than one order of magnitude
higher than rate constants for the slow kinetic regime,
k2,ads, ranging from 0.034–0.147 min−1. Maximum adsorption
capacities associated with the fast regime, S1,max, ranged from
8.5–44.6 mg NA (g IOCS)−1 and were also higher than those of the
slow kinetic regime, S2,max, which ranged from 4.7–25.6 mg NA
(g IOCS)−1. All model parameters are summarized in Section S6,
ESI.† Rate constants for both kinetic adsorption regimes were
comparable for dsRNA and upDNA, which were higher than for
gDNA. This nding supports similar adsorption characteristics of
dsRNA and upDNA in terms of adsorption rates, in addition to
similar nal adsorbed amounts (Fig. 1d). Desorption rate
constants for all NAs were small from S1 (k1,des ranged from
0.32× 10−4 to 4.8× 10−4 min−1) and zero from S2, consistent with
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Fitting of a one-dimensional solute transport model coupled to double-stranded RNA (dsRNA) adsorption with either single or dual
kinetic adsorption regimes to the breakthrough curves of dsRNA in iron-oxide coated sand (IOCS) columns at nominal pH 5, 7, and 9 (actual
solution pH of shown data was 4.98, 6.98, and 8.97, respectively). The dsRNA breakthrough curves in panel a were replotted from Fig. 1c. (b)
Modeled final adsorbed concentrations S1 and S2 at the end of the loading steps and modeled maximum adsorption capacities S1,max and S2,max

for dsRNA, ultrapure DNA (upDNA), and genomic DNA (gDNA) in IOCS columns at nominal pH values of 5, 7, and 9. Values were obtained by
fitting with a model allowing for dual kinetic adsorption regimes (n = 2) with fixed pH-averaged rate constants for fast and slow adsorption
kinetics. For exact solution pH values please refer to Fig. 1c–e. Bars and error bars in panel b represent the means and absolutes deviations from
the means of fitted parameters from duplicate breakthrough experiments. Error bars for S1 for dsRNA at pH 5 and gDNA at pH 9 are too small to
be seen in the figure.
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the above qualitative assessment that NA adsorption to IOCS was
largely irreversible under the tested experimental conditions.

For each of the NAs, adsorption rate constants showed no
systematic variation with pH (post hoc Tukey test, p < 0.05).
Conversely, S1,max decreased signicantly for all NAs and S2,max

decreased signicantly only for dsRNA and upDNA (post hoc
Tukey test, p < 0.05) with increasing solution pH. The decrease
in NA adsorption with increasing pH (Fig. 1) therefore reected
decreases in adsorption capacities and not in adsorption rate
constants with pH.

To separately assess the effect of pH on S1,max and S2,max

without them being also affected by slight differences in ki,ads
and ki,des between the pH values, we re-tted NA breakthrough
curves using pH-averaged adsorption and desorption rate
constants for all pH values as xed model input parameters (see
Section S6, ESI† for values). Fixing the rate constants to values
averaged across the three experimental pH had little effect on
the quality of the t as compared to tting also the rate
constants, as shown by residual analysis in Section S6, ESI.†
This modeling revealed that increases in solution pH from 5.1
to 8.9 decreased S1,max almost fourfold for dsRNA and upDNA,
and threefold for gDNA (Fig. 2b), whereas S2,max decreased
approximately twofold for all NAs. The modeling further
showed that adsorption sites with fast kinetics were completely
lled at the end of the loading step (i.e., S1 attained S1,max),
whereas adsorption sites with slow kinetics only reached
This journal is © The Royal Society of Chemistry 2023
saturation (i.e., S2 attained S2,max) for gDNA at pH 7 and 9.
Therefore, the later phases of the breakthrough were dominated
by slow kinetic NA adsorption to S2, as expected by the slow
increase in Coutow/Cinow values towards unity.

Slow kinetic NA adsorption may have had several causes.
First, it may have resulted from adsorption to a subset of
adsorption sites in IOCS columns that were not in direct contact
with mobile pore water. In this case, slow diffusion of NAs from
mobile into the immobile pore water in the columns controlled
adsorption rates to these sites. Second, it is possible that slow
and fast adsorption occurred to the same iron oxide surfaces
but that the slow adsorption started only aer fast adsorption
was completed. For instance, dissolved NAs may have experi-
enced increasing electrostatic repulsion from the IOCS surface
as its surface became increasingly lled adsorbed NA mole-
cules, thereby causing remaining unoccupied adsorption sites
to ll more slowly (i.e., an effect also referred to as the ‘excluded-
area effect’93,94). It is also conceivable that beyond a certain
surface loading, a slow rearrangement of adsorbed NAs on IOCS
surfaces was needed to allow for additional NA adsorption. To
allow for the possibility that fast and slow adsorption did not co-
occur to two distinct sites but instead occurred to the same
surfaces, we modied the kinetic sorption model to allow for
slow kinetic adsorption only aer a signicant fraction of IOCS
surface was occupied by NAs (Section S6, ESI†). This modied
model also well-described the breakthrough curves and resulted
Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080 | 2073
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in only slight changes in tted parameters compared with the
original dual kinetic adsorption model (eqn (2)).

While the experimental design does not allow to elucidate
the exact causation of the slow kinetic adsorption, our results
highlight the need to consider non-equilibrium adsorption of
dsRNA (and DNA) during advective-dispersive transport in
porous media. Furthermore, the modeling revealed similar
adsorption kinetics of dsRNA and upDNA to IOCS. This nding
supports that existing information on DNA adsorption to
mineral surfaces can be leveraged to predict adsorption of
similarly sized dsRNA molecules to the same mineral surfaces
in soils.

Effects of solution ionic composition on NA adsorption. We
constrained the assessment of solution ionic strength and ionic
composition to pH 7 and dsRNA and upDNA given the similar
adsorption characteristics of these two molecules as compared
with the larger gDNA over the above-studied pH range. In sand
columns, increasing I from 10 to 100 mM at pH 7 only slightly
increased nal adsorbed concentrations of dsRNA and upDNA
at the end of the loading steps (Fig. 3a; the corresponding
breakthrough curves are shown in Section S8, ESI†). This
nding suggests that the elevated I of 100 mM was insufficient
to attenuate NA-sand electrostatic repulsion to result in NA
adsorption by near-contact NA-sand attractive van der Waals
and H-bond interactions. It is likely that these near-contact
forces were only weakly attractive given the low Hamaker
constant for solvated polyelectrolytic NAs95 and strong compe-
tition of NAs with water molecules for H-bonding sites on the
sand surface. By comparison, the presence of 3 mMMg2+ (while
maintaining I = 10 mM) in solution resulted in signicant
dsRNA and upDNA retardation in sand columns (Section S8,
Fig. 3 Effect of (a) solution ionic strength (10 and 100 mM NaCl) and (
strength of 10 mM) on final adsorbed concentrations of double-strand
coated sand (IOCS) at the end of the loading steps, determined by mass
pH 6.89 ± 0.10 (averaged over all experiments shown). Data at I = 10 mM
represent the mean and absolute deviation from the mean of the results

2074 | Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080
ESI†) and thus NA adsorption to the sand surface (Fig. 3b). This
increased adsorption likely reected Mg2+-bridging between the
negatively charged NAs and sand surfaces, as previously sug-
gested for DNA adsorption to negatively charged
surfaces.41,43,96–99

In IOCS columns, increasing I from 10 to 100 mM approxi-
mately doubled nal adsorbed dsRNA and upDNA concentra-
tions at the end of the loading steps (Fig. 3a). By comparison,
3 mM Mg2+ (at a total I = 10 mM) resulted in 2.8- and 2.4-fold
increases in dsRNA and upDNA adsorption, respectively
(Fig. 3b). These ndings can be rationalized by three factors.
First, the ndings of increased adsorption with increasing I and
Mg2+ likely reected increasing charge screening of intra-NA
electrostatic repulsion with increasing I100–105 and, for Mg2+,
intra-NA cation-bridging18,54,63–67 between negatively charged
phosphodiester groups in the NA backbone. Both of these
effects are expected to result in NAs adopting more compact
conformations when adsorbed on the IOCS surfaces, allowing
for higher maximum sorbent surface loadings at saturation.
Consistent with our ndings, previous studies have reported
that divalent cations (here: Mg2+) are more effective in com-
pacting DNA conformations than monovalent cations
(here: Na+).18,54,63–67 Second, the higher I and presence of Mg2+

likely also resulted in increased charge screening and cation
bridging between neighboring adsorbed NA molecules,
respectively, and, thereby in denser packings of NA molecules
on the iron oxides.93,94 Third, we expect that Mg2+-cation
bridging also resulted in NA adsorption to potentially non-
coated sand surface between iron oxide coatings, as inferred
from the observation of increased NA adsorption in the sand
columns in the presence of Mg2+ (Fig. 3b). Since we could not
b) solution ionic composition (0 and 3 mM MgCl2 at a constant ionic
ed RNA (dsRNA) and ultrapure DNA (upDNA) to sand and iron oxide-
balance calculations (see Materials and methods). The solution pH was
in panels a and b were replotted from Fig. 1f. Each bar and error bars
of duplicate breakthrough experiments.

This journal is © The Royal Society of Chemistry 2023
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delineate the relative contributions of the non-coated sand and
of iron oxide surfaces to the total increased adsorption of NAs at
higher I and in the presence of Mg2+, we refrained from
modeling NA breakthrough in IOCS columns under these
solution conditions.

Effect of competitive adsorbates on NA adsorption. Aer
having established similar adsorption characteristics of dsRNA
and similarly sized upDNA, we additionally assessed competi-
tion of phosphate and DOM on dsRNA adsorption. Adsorptive
competition between DNA and these co-sorbates was previously
demonstrated,13,17,18,27,37,38,106 suggesting that they also affect
dsRNA adsorption.

Increasing concentrations of phosphate co-delivered with
dsRNA to IOCS columns at pH 7 and 10 mM NaCl increasingly
shied dsRNA breakthrough towards smaller PVs (Fig. 4a,
inset). Corresponding calculated nal adsorbed dsRNA
concentrations at the end of the loading steps decreased with
increasing phosphate co-solute concentrations (Fig. 4a). These
ndings show that phosphate competed with dsRNA for
adsorption sites on iron oxides, likely due to phosphate
adsorption inverting the iron oxide surface charge from net
positive to net negative,107–110 resulting in electrostatic repulsion
of dsRNA molecules from phosphate-coated IOCS surfaces. In
Fig. 4 Effects of the adsorptive competitors phosphate and Pahokee P
adsorption of double-stranded RNA (dsRNA) to iron oxide-coated sand (I
the loading steps as a function of phosphate concentrations co-delivere
breakthrough curves through IOCS columns at increasing concentration
Calculated final adsorbed dsRNA concentrations on IOCS at the end of th
IOCS in batch reactors. Adsorbed concentrations are expressed as mg PP
93.6 mg PPHA (g IOCS)−1, assuming complete adsorption of added PPH
through curves of dsRNA through IOCS columns that contained differen
concentrations in panel a and b are determined by mass balance calculat
concentrations in panel a and b in the absence of the competitor were rep
data points and serve to guide the eye. The dsRNA breakthrough curve
replotted from Section S8, ESI.†

This journal is © The Royal Society of Chemistry 2023
addition, adsorbed phosphate is expected to also have blocked
potential sites for dsRNA inner-sphere complexation with the
IOCS surface (Section S7, ESI†). We note that the lowest tested
phosphate concentration of 0.025 mM was in the range of re-
ported phosphate concentrations in drainage waters of agri-
cultural soils (0.002–0.032 mM),111 suggesting that such
competition will also occur in agricultural soils. At the phos-
phate concentration of 0.025 mM, the phosphorous concen-
tration approximately equaled the concentration of
phosphorous in the diester groups in dsRNA at the used dsRNA
concentration of∼6 mgmL−1 (i.e., 0.018mM phosphodiesters in
the dsRNA backbone). This low phosphate concentration
decreased the adsorbed dsRNA concentration by approximately
30% as compared with dsRNA adsorption in the absence of
phosphate (i.e., from 32.2 ± 2.45 to 21.4 mg dsRNA (g IOCS)−1).
Interestingly, suppression of dsRNA adsorption by phosphate
remained incomplete even at the highest tested phosphate
concentration of 0.5 mM. Consistently, separately run batch
experiments showed that dsRNA adsorbed to IOCS to which we
had pre-adsorbed phosphate at such high phosphate concen-
trations that phosphate binding sites were saturated (Section
S9, ESI†). These ndings suggest that either dsRNA molecules
can displace a fraction of pre-adsorbed phosphate molecules
eat humic acid (PPHA, a model dissolved organic matter isolate) on
OCS). (a) Calculated final adsorbed dsRNA concentrations at the end of
d with dsRNA to IOCS columns. Inset of panel a: corresponding dsRNA
s of the co-solute phosphate (i.e., 0.025, 0.05, 0.15, and 0.5 mM). (b)
e loading steps as a function of PPHA concentrations pre-adsorbed to
HA added per g of suspended IOCS, corresponding to 11.7, 23.4, 46.8,
A in the batch pre-equilibration. Inset panel b: corresponding break-
t concentrations of pre-adsorbed PPHA. Calculated dsRNA adsorbed
ion, as detailed in the Materials and methods section. Adsorbed dsRNA
lotted from Fig. 3a. Lines are linear interpolations between consecutive
s without adsorptive competitor in the insets of panel a and b were

Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080 | 2075
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from the IOCS surfaces or that a fraction of adsorption sites is
not available to phosphate molecules. At the same time,
increasing competition with phosphate decreased the slow
kinetic component of dsRNA adsorption to IOCS: Coutow/Cinow

of dsRNA at the end of the loading step increased to unity at all
tested phosphate concentrations (i.e., dsRNA breakthrough was
complete; Fig. 4a, inset).

We also assessed competitive suppression of dsRNA
adsorption to IOCS by PPHA. With increasing amounts of PPHA
pre-adsorbed to IOCS, dsRNA breakthrough shied towards
smaller PVs (Fig. 4b, inset) and the corresponding calculated
nal adsorbed dsRNA concentrations at the end of the loading
steps decreased (Fig. 4b). At the highest tested PPHA concen-
tration (i.e., 93.6 mg PPHA (g IOCS)−1), dsRNA showed no
retardation in the column (R = 0.9) and breakthrough was
complete (Coutow/Cinow z 1) (Fig. 4b, inset). In fact, the
slightly lower retardation factor for dsRNA than for nitrate (R =

1, data not shown) suggests that dsRNA molecules were
excluded from a fraction of the column pore space, possibly due
to electrostatic repulsion of dsRNA from negatively charged
PPHA adsorbed onto the IOCS.

Environmental implications

This study demonstrates similar adsorption characteristics of
dsRNA and similarly sized DNA molecules during transport
through both sand and IOCS columns. Electrostatic repulsion
of NAs from sand surfaces resulted in high NA mobility in sand
columns and little retardation. Conversely, NA electrostatic
attraction and inner-sphere complex formation of NAs with iron
oxide coatings in IOCS columns resulted in signicant
adsorption and retarded transport. Similar transport charac-
teristics, including kinetic adsorption rate constants and nal
adsorbed amounts, of dsRNA and upDNA strongly support that
dsRNA and similarly sized DNA molecules have comparable
adsorption characteristics also in soils. Based on existing DNA
adsorption data, we therefore anticipate strong dsRNA adsorp-
tion to positively charged surfaces of minerals such as iron and
aluminum (oxyhydr-)oxide as well as edge sites of clay minerals,
but only weak adsorption to negatively charged surfaces of
solids including silicon dioxides, basal planes of many clay
minerals, and soil organic matter. At the same time, this work
highlights that dsRNA adsorptionmay be strongly modulated in
soils with elevated concentrations of dissolved divalent cations,
which facilitate adsorption to negatively charged surfaces by
cation bridging. Similarly, in soils with elevated ionic strengths,
increased dsRNA intramolecular charge screening may result in
adsorbed dsRNA molecules adopting compact conformations
and thus higher adsorbed concentrations. Adsorption of dsRNA
to positively charged mineral surfaces in soils may, however,
also be strongly suppressed in the presence of dissolved organic
matter and phosphate, resulting in enhanced mobility of
dsRNA.

Our work supports that fate and ecological risk assessment
of dsRNA from RNAi crops in soils may leverage known infor-
mation on DNA adsorption to soil particles. Future work is
needed, however, to elucidate overall dsRNA stability in soils by
2076 | Environ. Sci.: Processes Impacts, 2023, 25, 2067–2080
assessing potential biotic and abiotic degradation pathways of
dsRNA both in adsorbed states and in soil solution. Further-
more, irreversible dsRNA adsorption observed under the
experimental conditions used herein points at potential
analytical challenges in the development of extraction buffers
for dsRNA from soils in efforts to monitor dsRNA concentra-
tions in soils.19 Adsorption may largely contribute to measured
decreases in dissolved dsRNA concentrations in soils, therefore
calling for a clear delineation of dsRNA adsorption from dsRNA
(bio)degradation in future studies reporting dsRNA dissipation
in soils.
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