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ABSTRACT: Environmental DNA (eDNA), i.e., DNA found in the environment, can
interact with various geochemical surfaces, yet little is known about these interactions.
Mineral surfaces may alter the structure, stability, and reactivity of eDNA, impacting
the cycling of genetic information and the reliability of eDNA-based detection tools.
Understanding how eDNA interacts with surfaces is crucial for predicting its fate in the
environment. In this study, we examined the surface interaction and stability of herring
testes DNA, a model system for eDNA, on two common iron oxide phases present in
the environment: α-FeOOH (goethite) and α-Fe2O3 (hematite). Utilizing spectro-
scopic probes, including attenuated total reflection Fourier-transform infrared (ATR-
FTIR) and UV−vis spectroscopy, we quantified the DNA adsorption capacity at pH 5 and determined its secondary structure. DNA
adsorbed irreversibly at pH 5 and 25 °C, primarily through its phosphate groups, and retained the solution-phase B-form structure.
However, the infrared data also indicated some distortion of the B-form likely due to additional interactions between nitrogenous
bases when adsorbed on the α-Fe2O3 particle surfaces. The distortion in the double helical structure of adsorbed DNA on α-Fe2O3
led to a lower melting temperature (Tm) of 60 °C compared to 70 °C for DNA in solution. In contrast, DNA adsorbed on α-
FeOOH melted at higher temperatures relative to solution-phase DNA and in two distinct phases. Upon testing adsorbed DNA
stability at higher pH values, there were distinct differences between the two iron oxide phases. For α-FeOOH, nearly 50% of the
DNA desorbed from the surface when the solution pH changed from 5 to 8, while less than 5% desorbed from α-Fe2O3 under the
same conditions. Overall, these findings underscore the importance of mineral-specific eDNA−surface interactions and their role in
adsorbed eDNA stability, in terms of DNA melting and the impact of solution-phase pH changes.

■ INTRODUCTION
Environmental DNA (eDNA) refers to the total DNA pool
found in the environment.1−4 This includes DNA found in
waterbodies, sediments, soil, rocks and minerals, air, and
organismal DNA present at the collection of the environmental
samples.2,4,5 In recent years, eDNA-based species detection
and monitoring techniques have become appealing due to
being noninvasive, rapid, and cost-effective and requiring no
physical observation to extract biodiversity informa-
tion.1−3,6−10 For example, eDNA-based detection methods
are used to identify the species profile of the locale, presence of
invasive and pathogenic species, and species migration through
environments.2,3,10,11 Additionally, eDNA-based research is
conducted in paleobiology and paleontology in order to
understand paleospecies profiles and past biodiversity.12

However, these eDNA-based detection and monitoring tools
rely on our understanding of DNA chemistry and retention
time in various environmental conditions and on our ability to
design more method-diverse monitoring tools.6,8

Once a species sheds DNA into a water system, it is known
as extraorganismal eDNA.1,13 Extraorganismal eDNA can stay
in the environment as dissolved eDNA, eDNA bound to the
surfaces of suspended and sedimented particles, and eDNA still
encapsulated in cells or organelles.1,10,13 In many environ-
mental samples, eDNA is separated out as particles. Several
studies show the size range of eDNA particles can vary across a
wide range of sizes from 0.2 to 180 μm indicating a large range
of eDNA fragment sizes.14−18

When eDNA is adsorbed on mineral surfaces, it has been
suggested that it may be stabilized on the surface by lowering
kinetic decay rates and that surfaces may protect adsorbed
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eDNA molecules by rendering specific moieties unavailable for
reactivity within DNA, including from hydrolysis, photo-
chemistry, and oxidation.10,19−21 However, it is also possible
that some mineral surfaces can act as catalysts and promote
degradation of adsorbed eDNA.10,20,22−25 Thus, the effects
associated with DNA−mineral surface interactions may vary
widely and depend on specific mineral surface properties as
well as the nature of the aquatic environment, such as the pH,
temperature, other chemical and biological species present, and
the availability of solar radition.1,2,10,26

The adsorption/desorption, reactivity, and retention of
eDNA on different mineral surfaces are therefore of great
interest because of the persistence of possibly mutated/
degraded DNA in the environment and cycling of genetic
information.27,28 Moreover, migration of eDNA from one
locale to another in bound forms can affect the accuracy of
eDNA monitoring techniques.27 The latter is more concerning
in marine and brine environments, where the elevated pH
(∼8) may cause desorption of eDNA adsorbed on suspended
particles in freshwater systems at lower pH (∼5−6).
Additionally, nucleic acid interactions on mineral surfaces are
an important aspect of the prebiotic origin of an RNA world, as
well as in the search of extraterrestrial life.21,24,25,27 Thus,
understanding specific details of eDNA−mineral interactions
in various natural environments is paramount to broaden our
knowledge and to strengthen our capacity of eDNA-based
environmental detection and monitoring tools for both present
and past particle-bound eDNA systems. For example, under-
standing these mineral-specific differences and similarities in
various environments may provide insights into designing
improved eDNA recovery and extraction protocols to be used
in species profiling.

There have been several studies conducted on the
adsorption of nucleic acid components, such as nucleotides.
These include guanine (G), adenine (A), cytosine (C), and
thymine (T) on minerals such as goethite (α-FeOOH),
hematite (α-Fe2O3), rutile (TiO2), and ceria (CeO2).

29−33

These studies show that the primary interaction site of these
molecules is the negatively charged phosphate groups, via both
inner and outer sphere complexation.29−33 In an earlier study,
we reported that nucleotides with purine bases (G and A)
preferentially adsorbed on TiO2 over their pyrimidine
counterparts (C and T), indicating a higher affinity of G and
A bases toward the surface.30 In another study following the
adsorption of DNA on α-FeOOH particle surfaces, it was
determined that adsorption through phosphate groups
occurred with no degradation or disruption to the helical
structure.28 Additionally, DNA adsorption on clay minerals
suggests the involvement of electrostatic forces, cation
bridging, and ligand exchange.20,23 One simulated study on
DNA taphonomy, however, shows the possibility of nitro-
genous bases interacting with these surfaces upon adsorption,
particularly G residues.34 Despite their importance, our
understanding of eDNA adsorption pathways on these
environmentally relevant interfaces and their impact on
reactivity and retention of adsorbed eDNA in the environment
remain largely unexplored.

In the current study, we employed herring testes DNA, a
well understood fish DNA, as a model system to investigate
eDNA interactions and adsorption pathways with two
common iron oxide mineral phases, α-FeOOH and α-Fe2O3,
under environmentally relevant conditions, using ATR-FTIR
and UV−vis spectroscopy. Herring fish is a type of fish that

lives in both freshwater and saltwater systems and is abundant
in natural environment.35,36 Fresh water systems are within the
pH range of 5−6, so in this study we kept the solutions at pH 5
so as to be within the appropriate pH range. Our study aims to
address several questions. First, does the DNA structure
change upon adsorption? Second, once adsorbed, how do
changes in pH affect DNA adsorption and stability? Third,
how does surface adsorption impact DNA thermal stability?
Fourth, do different minerals impact surface DNA adsorption
and DNA stability with respect to the pH and temperature
differently? Overall, this study seeks to further our under-
standing of eDNA interactions with environmentally relevant
geochemical interfaces and mineral specific eDNA surface
interactions.

■ MATERIALS AND METHODS
Materials. Double-stranded herring testes DNA (B-form, type

XIV, Sigma-Aldrich, product no. D6898, maximum length ∼1000 base
pairs) was used as received in all experiments. Sodium chloride
(NaCl, Fisher Scientific) was used for ionic strength adjustments.
Hydrochloric acid (HCl, 1 N, Fisher Scientific) and sodium hydroxide
(NaOH, 1 N, Fisher Scientific) were used as received for pH
adjustments. Deionized water (Milli-Q, 18.2 MΩ) was used in all
solution preparations. Iron(III) oxide (hematite, α-Fe2O3, nano
powder, Thermo Scientific, 30−50 nm, APS, BET surface area 123 ±
5 m2 g−1) and iron(III) hydroxide (goethite, α-FeOOH, nanopowder,
Alfa Aesar, 320 ± 140 and 21 ± 9 nm,37 BET surface area 17 ± 1 m2

g−1) were used in thin film preparation.
Point of Zero Charge (pzc) Determination via pH Drift

Method. The pzc of the different iron oxide particles in 30 mM NaCl
solutions was estimated via pH drift method.38 Briefly, a pH series of
30 mM NaCl solutions (10 mL) were prepared between pH 3 and pH
12. Then 50 mg of either α-FeOOH or α-Fe2O3 was added to these
solutions and slowly mixed for 2 h and the final pH was recorded. The
pzc is where pHinitial − pHfinal = 0. For these samples, the pzc was
determined to be 8.4 and 7.0 for α-FeOOH or α-Fe2O3, respectively,
which agrees with previously published studies.39

Preparation of DNA Solutions in B-Form Double Stranded
DNA (dsDNA) and Single Stranded DNA (ssDNA). For solution
phase and adsorption infrared measurements, 5 mg mL−1 and 0.5 mg
mL−1, respectively, of DNA solutions in 30 mM NaCl were prepared
via vortex mixing. Previous research has shown the effect of ionic
strength on the kinetics of DNA adsorption.40 Here 30 mM NaCl was
chosen to maintain a constant ionic strength and to mimic the low salt
concentrations in freshwater systems. For the B-form double stranded
DNA (dsDNA), the desired mass of DNA threads was dissolved in 30
mM NaCl solutions and then the pH was adjusted to 5. For the single
stranded DNA (ssDNA) a 10 mL of B-form DNA solution in 30 mM
NaCl at pH 5 from above was heated at 95 °C for 3 min in an
Erlenmeyer flask to induce the formation of ssDNA through thermal
denaturation of dsDNA. This is enough thermal energy to break the
H-bonds holding the two DNA strands together, a process known as
DNA melting.41

Surface Coverage Measurements Using UV−visible Spec-
troscopy. DNA surface coverages at pH 5 on the two iron oxide
phases were determined by using UV−vis absorption spectroscopy. 10
mg of α-FeOOH or α-Fe2O3 was added to a 2 mL of 0.5 mg mL−1

DNA solution at pH 5 and slowly mixed in a rotor for 2 h at 3.4 rpm.
Then, the mixture was centrifuged to separate the supernatant from
the solid residue which contains the oxide particles and adsorbed
DNA, using a Thermo Fisher Scientific Sorvall biofuge stratos
centrifuge at 10k revolutions per minute (RPM) for 2 min and with a
relative centrifugal force (RCF) of 1.118 × 104. The solid residue was
mixed with another fresh 2 mL of 0.5 mg mL−1 DNA solution sample,
and the process was repeated until the DNA concentrations in the
final supernatants were constant, indicating the surface concentration
was in equilibrium with the solution. The UV absorbance at 260 nm
of supernatants was measured, and the DNA concentrations were
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determined using a calibration curve. The initial DNA concentration
was also determined through the same process. The amount of
adsorbed DNA was calculated by taking the difference of initial DNA
concentration and supernatant DNA concentration. The experiments
were done in triplicate.
Attenuated Total Reflection Fourier Transform Infrared

Spectroscopy (ATR-FTIR) for DNA Interactions on Iron Oxide
Particle Surfaces. A detailed description of the setup and
fundamentals of ATR-FTIR measurements have been described
previously.42 A horizontal flow cell ATR accessory from PIKE Tech
with either zinc selenide (ZnSe) or an amorphous material
transmitting IR radiation (AMTIR) crystal was placed inside the
internal compartment of the FTIR spectrometer (Nicolet iS10).
Infrared spectra were collected with a mercury cadmium telluride
detector (MCT/A), at a resolution of 4 cm−1 and averaged over 100
scans.

Solution-phase spectra of DNA solutions on the ZnSe crystal were
taken to observe any spectral changes compared to adsorbed DNA
onto α-FeOOH and α-Fe2O3. ZnSe crystal gave better solution phase
spectra in terms of signal-to-noise in the spectral region analyzed,
whereas AMTIR crystal showed higher quality spectra for adsorbed
DNA. For these experiments, a background spectrum of bare ZnSe
crystal was collected. Second, a background spectrum of 30 mM NaCl
(800 μL) at pH 5 was taken after purging atmospheric gases out of
the sample chamber for approximately 30 min. Then, 800 μL of the 5
mg mL−1 DNA solution was pipetted onto the crystal, and a spectrum
was collected after purging for an additional 10 min. Additionally,
DNA was allowed to dry onto the ZnSe crystal by purging the
chamber with dry air (free of CO2 and H2O) and another spectrum
was collected to get the dried A-form spectrum of the DNA (vide
infra).

For infrared measurements of adsorbed DNA, α-FeOOH or α-
Fe2O3 thin films were prepared by sonicating 2 mg of either α-
FeOOH or α-Fe2O3 in 1 mL of Milli-Q water and then drop-casted
these hydrosols containing the particles onto an AMTIR crystal. For
α-FeOOH, 200 μL of the hydrosol was determined to be the optimal
amount of particles needed without saturation of the infrared signal.

For both samples, the hydrosol was left to dry overnight, leaving a
thin film. To remove any loosely bound α-FeOOH or α-Fe2O3
particles, a flow of the 30 mM NaCl solution at pH 5 with a
peristaltic pump at 0.8 mL min−1 for 20 min over the thin film of
particles was initiated before a background scan was recorded.
Following background collection, a flow of 0.5 mg mL−1 DNA
solution (B-form) at pH 5 over the thin film at a rate of 0.8 mL min−1

was started. Infrared spectra were collected every 70 s for 1 h.
Following this, infrared spectra were then collected for a flow of a
solution of 30 mM NaCl solution at pH 5 without DNA for an
additional hour. These data were used to monitor both the adsorption
and desorption processes to determine if DNA stayed adsorbed onto
the particle surface. The thin film containing the particles with
adsorbed DNA was then exposed to 30 mM NaCl at pH 8 and 10 for
60 min each by flowing each solution at 0.8 mL min−1 over the film
while collecting spectra every 70 s. The particle thin film was then
allowed to dry by purging the chamber with dry air, and a spectrum
was collected. Additionally, in a different set of experiments, after
flowing 30 mM NaCl at pH 5 to remove loosely adsorbed DNA onto
the surface, the thin film was allowed to dry by purging the chamber
with dry air, and a spectrum of dried thin film with adsorbed DNA
was collected. Then, another cycle of 30 mM NaCl at pH 5 was
flowed over the dried thin film for 60 min while the spectra were
collected every 70 s to understand the regeneration capability of dried
adsorbed DNA to hydrated DNA at pH 5. It should be noted that
these thin films naturally contain particle aggregates, and there is no
obvious additional aggregation upon flowing solutions containing
DNA or NaCl.

DNA melting curves for both solution-phase and adsorbed-phase
DNA were determined using temperature-controlled ATR-FTIR
spectroscopy. In these experiments, a heated ATR flow-through cell
(HATR) with either ZnSe or AMTIR crystals coupled to PIKE Tech
TempPRO 7 software was used. For solution-phase experiments, 30
mM NaCl background and DNA (B-form) solution-phase spectra
were collected at temperatures between 25 and 100 °C. These spectra
were used to determine the melting temperature (Tm) of DNA (B-
form) in solution. On α-FeOOH and α-Fe2O3 surfaces, first, 30 mM

Figure 1. (a) Pictorial representation of different DNA forms including double stranded B- and A-forms and ssDNA; (b) ATR-FTIR spectra in the
spectral region extending from 900 to 1800 cm−1 of solution phase B-form, A-form (dried B-form), and solution phase ssDNA form.
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NaCl backgrounds at pH 5 were collected at different temperatures
between 25 and 100 °C. Once the HATR accessory is cooled to room
temperature, 0.8 mL min−1 flow rate of 0.5 mg mL−1 DNA (B-form)
solution began to flow and continued for 60 min. This was followed
by 30 mM NaCl at pH 5 so that only adsorbed DNA was on the
surface. Spectra were then collected as the temperature of the cell was
increased with a temperature ramp set to 5 °C increments (except for
including 87 °C) utilizing a heating rate of 1 °C/min and with an
equilibration time of 600 s. The ATR-FTIR spectra collected at
different temperatures were used to determine the Tm. Spectra were
analyzed utilizing single value decomposition (SVD) and principle
component analysis (PCA).43−46 Detailed information on this matrix
decomposition from SVD/PCA is provided elsewhere.43−46 SVD was
performed with Python programming, for a matrix n × m, where n/
rows represent the spectral region of interest, 900−1800 cm−1, and
m/columns represent the absorbance for each wavenumber at
different temperatures. The Python program was written and run
on Jupyter Notebooks47 and provided in the Supporting Information
(SI). The raw data were fit to a two-state Boltzmann formula to
generate the respective melting curve, as discussed in more detail
below and in the SI.

■ RESULTS AND DISCUSSION
Surface Coverages of DNA at pH 5 on α-FeOOH and

α-Fe2O3. Surface coverages of DNA adsorbed onto two
different mineral surfaces, α-FeOOH and α-Fe2O3, at pH 5
were determined. The maximum surface coverage of DNA on
α-FeOOH surfaces at pH 5 was 46 ± 2 mg of DNA per 1 g of
α-FeOOH (SI−Figure S1). Similarly, maximum surface
coverages were determined for α-Fe2O3 surfaces at pH 5 and
were 39 ± 1 mg of DNA per 1 g of α-Fe2O3, respectively.
Although these values are somewhat similar on a per mass
basis, the surface area normalized maximum surface coverage
for α-FeOOH and α-Fe2O3 is 2.7 ± 0.10 and 0.32 ± 0.04 mg
m−2

, respectively, differing by nearly 1 order of magnitude,
suggesting differences in DNA interactions. For these surface
coverage measurements, the masses used in thin film
preparation for ATR-FTIR experiments are different (2 mg
for α-Fe2O3 and 0.4 mg for α-FeOOH). The amount of DNA
adsorbed on each surface under these mass conditions at the

end of 1 h exposure is 0.11 ± 0.01 mg and 0.13 ± 0.01 mg for
α-Fe2O3 and α-FeOOH, respectively. Since the pzc is above
pH 5, α-FeOOH (∼8.4) and α-Fe2O3 (∼7.0), both surfaces
are positively charged, which facilitates electrostatic inter-
actions with negatively charged DNA. In addition, both
surfaces are fully protonated. At higher pH above the pzc, these
surfaces will become negatively charged and contain both
protonated and deprotonated surface sites.
Solution Phase ATR-FTIR Spectroscopy of Different

Forms of DNA. ATR-FTIR spectroscopy of different
structural forms of DNA double stranded (ds) and single
stranded (ss) DNA was first measured. In particular, the
infrared spectra of the B- and A-forms of dsDNA and ssDNA
were collected. Figure 1a shows a pictorial representation of
the structures of these forms and the corresponding ATR-
FTIR spectra (Figure 1b). The B-form is stable in most natural
environments under circumneutral pH. Upon dehydration, the
B-form converts to the A-form.48−51 These infrared spectra
provide insights into the different structures of DNA. The
vibrational modes of interest include the phosphate vibrational
modes present in the lower wavenumber regions between 800
to 1250 cm−1. Vibration modes between 800 and 1000 cm−1

shift in frequency with conformations of the sugar moieties,
whereas modes between 1000 and 1250 cm−1 vary with the
backbone main chain (C−O−P) conformation. Spectral
features between 1250 and 1500 cm−1 are due to the sugar
and nitrogenous-base ring vibrations, the base-sugar vibrations,
and CH3 bond vibrations at 1374 cm−1.48 Dehydration of
DNA causes the major groove in the B-form to collapse,
transforming it into the A-form, and these changes can be seen
in the infrared spectrum.48,51,52 Additionally, the spectral
region between 1500 and 1800 cm−1 shows changes due to
base-pairing and base-stacking and peak intensities can
increase in this region, an indication of ssDNA.48−51

The solution-phase ATR-FTIR spectrum of the B-form
shown in Figure 1b is in agreement with what has been
previously observed for the different spectral features found for
DNA.28,49,50,53 A distinct peak at 1223 cm−1 due to the
asymmetric phosphate stretching and the symmetric phosphate

Table 1. Vibrational Frequencies in cm−1 and Peak Assignments for Herring Testes DNA in Solution, Dried, and Adsorbed on
Two Iron Oxide Phases

solution
phase
B-form

dehydrated
A-form

(dried solution)

solution
phase

ssDNA

B-form
adsorbed on
α-FeOOH

B-form
adsorbed on

α-Fe2O3 peak assignments (see refs 28, 49−51, 53, 54)

936 919 936a 936 AT base pairs in B-form
970 960 970 970 970 DNA backbone, main chain vibrations

1019 1020 1020 1023 1019 Furanose vibrations
1053 1070 1065 1054 1055
1085 1085 1085 1088 1090 Symmetric stretching of PO2

− marker
1223 1242 1219 1217 1222 Asymmetric stretching of PO2

− marker
1280 1280 1280a Thymidine (dT) in C2′-endo/anti conformation
1296 1301 1296 C4NH2 of C
1374 1368 1368 1374 1374 CH3 symmetric deformation of dT and purine in anti-conformation (C2′/C3′ endo)
1426 1416 1426 1421 C2′ endo deoxyribose puckering in B-form
1458 A bases in B-form
1489 1484 1489 1490 1492 Ring vibrations of A and G bases
1507 1507 In-plane vibrations of C in the rings
1578 1578 1580 1578 Ring C�N vibrations of G, enhanced in ssDNA
1608 1605 1603 1606 1609 C�O bond vibrations of different base pairs. For ssDNA, loss of 1715 (G*G-C/ts),

increase of 1690 C2�O2, T, 1659 C2�O2, C), 1580 (C�N ring vibration of G),
1603 (ring vib of purines)

1668 1648 1657 1653 1640
1715 1711 1715

aObserved as a shoulder.
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stretching motion at 1085 cm−1 are both observed (Figure 1).
Furanose vibrations occured at frequencies of 1019 and 1053
cm−1, whereas DNA backbone and main chain vibrations were
observed at 970 and 936 cm−1. Additionally, C�O vibrations
from nitrogenous bases (e.g., 1715 cm−1 for G) and ring C�N
vibrations around 1608 cm−1 were also observed in the
solution-phase B-form.51 Upon drying, the A-form becomes
apparent with the asymmetric phosphate stretching modes
shifting to 1242 cm−1, as well as changes observed in both peak
frequencies and relative peak intensities, all which are in good
agreement with previous studies.48,51 In particular, sugar
puckering modes of the C3′ endo confirmation in A-form
were observed as a shoulder at 1178 cm−1. Furanose vibrations
and the symmetric phosphate stretching at 1085 cm−1 in the A-
form appeared as a broad band with overlapping peaks instead
of distinct sharp peaks as observed in the B-form. Moreover, a
slight shift of backbone and main chain vibrations from 970
and 936 cm−1 in the B-form to 960 and 919 cm−1 in the A-
form were observed due to the structural changes for the
dehydrated form of DNA. Upon rehydration, the A-form
regenerates back to the B-form as shown in SI−Figure S2.

The general spectral features of solution-phase ssDNA
between 900 and 1300 cm−1 closely resemble many of the
features observed for the B-form. However, there are some
distinct differences in the spectra in the 1450−1800 cm−1

spectral range. For example, the intensities of the infrared
peaks at 1603 and 1580 cm−1 corresponding to C�N
vibrations of purines, particularly for G, were greatly enhanced
for ssDNA due to the lack of hydrogen bonding interactions
between G and C, and its impact on the vibrational mode
intensities as has been previously discussed.48,51 Therefore,
peak intensity increases as well as distinct peaks at 1580 and
1603 cm−1 can be used as an indicator for the formation of
ssDNA. Additionally, enhanced and overlapping bands in
ssDNA were observed at 1657 and 1690 cm−1 and were
assigned to the carbonyl C2�O2 vibration of T and C,
respectively.48,51

An overall summary of the different vibrational frequencies
and vibrational assignments for solution phase B-form, dried A-
form, and solution phase ss-DNA is provided in Table 1. The
table shows the vibrational frequencies associated with the
different moieties within DNA. These assignments are based
on the literature for solution phase DNA.
DNA Adsorption on α-FeOOH and α-Fe2O3 Surfaces.

With this information from the solution phase spectra, the
infrared spectra of DNA adsorbed on α-FeOOH and α-Fe2O3
surfaces from the aqueous phase at pH 5 are analyzed. These
spectra are shown in Figure 2. In particular, Figure 2 shows
spectra collected at the highest surface coverage following 1 h
of DNA adsorption (vide inf ra) and compared to the spectrum
for the B-form. The comparison shows that for DNA adsorbed
on α-FeOOH, the adsorbed DNA spectrum closely resembles
the solution-phase B-form spectrum, in agreement with earlier
studies.28 Despite this close agreement, there are some
differences. These differences include an increase in intensity
of the peak at 1653 cm−1 relative to the peak at 1715 cm−1 for
DNA adsorbed on α-FeOOH. Both of these peaks correspond
to C�O vibrations in G-C base pair.28,49,50,53 Changes in the
relative peak intensities have been observed previously for
FTIR spectra of the B-form family, where the same structural
form of DNA (e.g., B-form) produces minor variations in IR
spectra in the base sensitive (∼1500 to 1800 cm−1) region.
These changes have been attributed to small changes in the

nitrogenous-base environment, and here these changes in the
nitrogenous-base environment would be due to the inter-
actions of DNA with the surface.51

For DNA adsorbed on α-Fe2O3, the spectrum shows notable
differences compared with the solution-phase B-form. In
particular, there is a broadening of the peaks as well as
changes in peak frequencies and intensities, especially in the
spectral region extending from 1350 to 1475 cm −1 (Figure 2).
The overall intensity increase in this region may indicate
possible interactions of nitrogenous bases with α-Fe2O3
surface.48 Previous studies have shown significant increases
in the intensity of peaks at 1362 and 1412 cm−1 for adsorbed
dGMP on oxide surfaces (e.g., TiO2), suggesting the reason for
the increase in intensity of these peaks on α-Fe2O3 is due to G
base surface interactions.30 In addition, nucleotide adsorption
has been suggested to occur through the phosphate group on
α-Fe2O3 via monodentate coordination whereas on α-FeOOH
surfaces, bidentate coordination was preferred.29 These
binding mode preferences can potentially affect the rigidity
of the adsorbed DNA on the surface. Assuming the initial
DNA binding onto α-Fe2O3 surfaces undergoes via mono-
dentate coordination, the mobility of adsorbed DNA on α-
Fe2O3 surfaces may be higher than that of on α-FeOOH
(Scheme 1). Higher mobility and spatial arrangements allow
adsorbed DNA to further interact with the α-Fe2O3. The
nitrogenous bases of DNA, particularly G and A (purines) can
interact with surface sites on α-Fe2O3 via the −NH2 group.
Amine groups are known to interact with iron oxide surfaces
through Lewis acid−base interactions.55 Indeed, it has been
shown that purines have a higher affinity on α-Fe2O3
surfaces.30 Additionally, interactions with the −NH2 groups
from the base pairs in DNA and surface atoms have been
computationally shown to be energetically feasible.34 While
these simulations were conducted for a very different mineral,
calcite, the simulations showed that base interactions with
surfaces were primarily driven by −NH2 group and involve G,

Figure 2. Comparison of normalized ATR-FTIR spectra of the B-
form in solution with its adsorbed forms on α-FeOOH and α-Fe2O3
in the spectral region from 900 to 1800 cm−1 at an equilibrium surface
coverage.
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C, and A bases but not T. Freeman et al. have shown that these
interactions induce both weak and massive helical structure
disruptions primarily due to a general loss of interhelical H-
bonds.34 Similar interactions of DNA on α-Fe2O3 surfaces are
plausible, thus giving rise to the changes in the infrared spectra
that are suggested to be a slightly distorted B-form on the
surface, as observed in ATR-FTIR spectra. Interestingly, DNA
adsorbed on α-FeOOH surfaces does not indicate such base
interactions with the surface.

To further examine the nature of these interactions, ATR-
FTIR spectra of DNA dehydration on these surfaces were
compared. Upon drying, adsorbed DNA on both surfaces
produced spectral features resembling and consistent with the
dehydrated A-form of DNA (Figure 3). The dried DNA
spectrum on α-FeOOH appears to be the same as that of the
dried A-form from solution. This suggests no difference in the
changes of the helical structure for a dried DNA thin film

compared to DNA adsorbed on α-FeOOH. However, the
spectrum for dried DNA when adsorbed on α-Fe2O3 shows
some differences in peak frequencies and intensities in the
spectral region from 1350 to 1550 cm−1 corresponding to
nitrogenous-base vibrations. These changes include the
appearance of two peaks at 1479 and 1489 cm−1 instead of a
single peak at 1484 cm−1 in the A-form and the appearance of
new peaks at 1384 and 1356 cm−1. These changes can be
attributed to changes in the nitrogenous-base ring vibrations
which suggests again possible interactions of DNA bases with
α-Fe2O3 surface.48 Apart from these interactions, the spectra
suggest that the double-helical structure remains intact on α-
Fe2O3. Furthermore, the adsorbed DNA A-form rehydrates to
the B-form when the aqueous solution is reintroduced into the
ATR-FTIR cell at pH 5 (SI−Figure S2). On both α-FeOOH
and α-Fe2O3 surfaces, adsorbed DNA did not significantly
desorb following adsorption upon flowing pH 5 aqueous
solution with no DNA (Figure 4, SI−Figure S3), indicating
that DNA was irreversibly adsorbed at pH 5.

As shown in Scheme 1 several types of interactions are
possible between DNA and α-Fe2O3 surfaces to further
understand changes from the B- and A-forms. (1) DNA
undergoes monodentate binding via phosphate group on α-
Fe2O3 surfaces, and (2) the available H of the −NH2 group
from G and possibly from A forms more H-bonds with surface
O atoms. (3) More H-bonds between carbonyl O of C and
surface hydroxyl groups are also possible. (4) Finally, the C�
N from purine ring of G can interact with positively charged
surface hydroxyl groups (adsorbed water), thereby forming a
N−O−Fe bond. Here, the complexity of the nature of
interactions between the surface and DNA may disrupt some
of the existing H-bonds in the double helix and induce
formation of new H-bonds between −NH2 and C�O groups
from DNA with the surface. Changes in spectral features in the
purine ring vibrations for DNA adsorbed on α-Fe2O3 (Figure
2) indicate additional interactions with the surface and N−O−
Fe bond formation. While DNA adsorbs primarily on α-
FeOOH and α-Fe2O3 in the B-form, there are differences in
how they interact with these surfaces, as determined by the
difference in the vibrational spectra and, as discussed below,
the impact of changes in solution phase pH and the thermal
stability of the double helix structure with respect to strand

Scheme 1. Conceptual Diagram Illustrating the Possible Interactions between DNA and α-Fe2O3 Surfaces
a

aDue to interactions of −NH2 of bases with α-Fe2O3 surfaces, some of the H-bonds keeping the double-helix intact are disrupted. The possible
interactions are (1) DNA undergoes monodentate binding via phosphate group on α-Fe2O3 surfaces and (2) the available H of −NH2 group from
G and possibly from A forms more H-bonds with surface O atoms. (3) More H-bonds between carbonyl O of C and surface hydroxyl groups are
also possible. (4) Finally, the C�N from the purine ring of G can interact with positively charged surface hydroxyl groups (adsorbed water),
thereby forming a N−O−Fe bonding interaction.

Figure 3. ATR-FTIR spectra in the spectral region from 900 to 1800
cm−1 of a DNA thin film dried onto ATR crystal (A-form), compared
to adsorbed DNA dried on α-FeOOH and α-Fe2O3.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c02501
Langmuir 2024, 40, 27194−27205

27199

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c02501/suppl_file/la4c02501_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c02501/suppl_file/la4c02501_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02501?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02501?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02501?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02501?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02501?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02501?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c02501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


separation for adsorbed DNA between these two surfaces and
compared to DNA in solution.
Effect of pH on the Stability of Adsorbed DNA. In

aqueous environments, since DNA has a high negative charge
density of 2 elementary charges per 3.4 Å along the DNA axis
due to its phosphates, they strongly interact with itself as well
as with surrounding positively charged species while different
segments of DNA repel from each other.56 As the surface
becomes more deprotonated, electrostatic interactions be-
tween DNA phosphate groups and the surface become weaker
at higher pH conditions, thus causing adsorbed DNA to

desorb. However, DNA may also exhibit much slower
desorption kinetics compared to mononucleotides with
increasing pH due to the multiple number of surface sites
per DNA molecule. Following DNA adsorption at pH 5, the
adsorbed DNA was then exposed to pH 8 and, subsequently,
to pH 10 to investigate the stability of adsorbed DNA at the
two higher pH values.

Figure 4 shows the normalized kinetics for DNA adsorption
on α-FeOOH and α-Fe2O3 at pH 5 for 60 min. The time
course ATR-FTIR spectra is shown in the SI−Figure S3. These
data can be fit to a kinetic model. For both α-FeOOH and α-
Fe2O3 surfaces, the initial DNA adsorption kinetics followed a
pseudo-second-order (PSO) kinetics indicating strongly
adsorbed DNA (see SI−Figure S4 and Eqs. S1 and S2 in
SI).57 Following 60 min of adsorption, a flow of saline solution
at pH 5 without DNA was then introduced and the integrated
peak area of the phosphate bands was plotted to determine if
DNA desorbed from these particle surfaces following 65 min of
flowing the saline solution over thin film of particles with
adsorbed DNA. It can be seen that there is no desorption from
the surface. Following this, at 125 min, the pH of the saline
solution was increased to 8 and the flow continued for 55 min.
It can be seen that changes in pH had no effect on DNA
adsorption on α-Fe2O3 whereas for α-FeOOH, nearly 50% of
the DNA desorbed from the surface as indicated by a decrease
in the integrated peak area of the asymmetric phosphate
stretching mode. Experiments involving DNA adsorption/
desorption at pH 5 plus a solution pH 8 change were also
conducted for an initial surface coverage of 50% on α-FeOOH.
This was done following adsorption under the same conditions
as shown in Figure 4 until time t = 7 min. At this time point
half the surface coverage was obtained. A saline solution, i.e.,
30 mM NaCl, at pH 5 was then introduced for 65 min
followed by a saline solution of pH 8. Under these conditions,
there was little desorption of DNA at this lower concentration

Figure 4. Normalized integrated peak area for the 1217 and 1222
cm−1 phosphate asymmetric stretching modes on α-FeOOH and α-
Fe2O3, respectively, as a function of time showing lack of desorption
of adsorbed DNA from α-FeOOH and α-Fe2O3 surfaces upon
exposure to pH 5 saline solution and clear desorption (∼55%) from
α-FeOOH surfaces once exposed to pH 8 saline solution. DNA
adsorbed on α-Fe2O3 shows minimal desorption (<5%) at pH 8.

Figure 5. ATR-FTIR spectra for melting kinetics of DNA in the spectral range extending from 1150 to 1800 cm−1 (a) in solution, adsorbed on (b)
α-FeOOH and (c) α-Fe2O3 at temperatures from 25 to 100 °C. Spectra were recorded continuously and reported at 5 °C increments starting at 25
°C, with the exception of including 87 °C. For solution phase, the topmost black spectrum was collected by DNA thermal denaturation in a flask
and used as the standard for comparing with DNA spectra collected on the HATR apparatus.
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(SI−Figure S5a). Therefore, roughly half of the adsorbed DNA
at equilibrium on α-FeOOH (Figure 4) surfaces is impacted by
pH and easily desorbs upon exposure to pH 8. However,
multilayer adsorption is unlikely due to the irreversible
adsorption observed at pH 5. In contrast to α-FeOOH
surfaces, on α-Fe2O3 surfaces, adsorbed DNA showed minimal
desorption (<5%) upon exposure to pH 8 or even going as
high as pH 10. As pzc values for α-FeOOH and α-Fe2O3 are
∼8.4 and ∼7.0, respectively, at pH 8, α-FeOOH surfaces are
transitioning from protonated to a deprotonated surface,
whereas α-Fe2O3 surfaces are fully deprotonated. The impact
of increasing the pH from 5 to 8 on adsorbed DNA differs
between the two surfaces. If only the pzc was considered, it
would be expected that DNA adsorbed on α-Fe2O3 would be
most impacted as the charge would be negative. Therefore, the
interactions between DNA and these surfaces are more
complex than those from electrostatics alone.
Effect of Temperature on Stability of Adsorbed DNA.

The melting temperature, Tm, is defined as the temperature at
which half of the DNA molecules form ssDNA state.41 The
melting temperature width (ΔT) is the temperature range in
which melting occurs. Tm depends on several factors including
the length of DNA strand as shorter fragments will melt at
lower temperatures,58−60 the number of GC base pairs (i.e.,
number of H-bonds),41,59 the salt concentration,41 and overall
nucleotide composition and sequence.60−62 For most DNA, Tm
lies between 50 and 100 °C, and for herring testes DNA, it is
reported to be on average of 70 °C.63,64 These variations for
Tm can be attributed to differences in the experimental
conditions and the length of the DNA extracted.

Figure 5a shows the ATR-FTIR spectra of solution-phase
DNA at temperatures between 25 and 100 °C. The topmost
black spectrum shows the ssDNA spectrum of thermally
denatured DNA. Around 70 °C, the spectral features
corresponding to thermally denatured DNA, such as more
resolved peaks at 1580 and 1603 cm−1, can be observed
(Figure 5a and SI−Figure S6a). In comparison to the solution
phase, DNA adsorbed on α-FeOOH (Figure 5b and SI−Figure
S7) melting signatures starts to appear around 85 °C, and a
steep resolution of the peaks at 1580 and 1603 cm−1 was seen
during the equilibrium at 87 °C. Additionally, the peak at 1713
cm−1 corresponding to C�O of GC pairs remained resolved,
whereas for the solution phase, a gradual disappearance of this
peak was observed. Moreover, the adsorption of ssDNA shows
a strong peak at 1713 cm−1 (SI−Figure S6b). In contrast to α-
FeOOH, adsorbed DNA on α-Fe2O3 showed minimal melting
signatures upon heating (Figure 5c and SI−Figure S6c).
Instead of producing more resolved spectral features at 1580
and 1603 cm−1, these features were slightly enhanced.
Moreover, peak broadening in the spectral region from 1525
to 1725 cm−1 was seen, particularly ∼1705 cm−1 as early as 50
°C. Additionally, adsorption of ssDNA on α-Fe2O3 shows a
strong peak at 1705 cm−1 and enhanced peaks at 1603 and
1580 cm−1, in accordance with spectra of melted DNA
adsorbed on α-Fe2O3. Once more, these differences observed
in infrared spectra indicate the mineralogy-driven differences in
interactions between DNA and the iron oxide surface.

The DNA melting curves generated from the ATR-FTIR
spectra for solution phase and adsorbed on α-FeOOH and α-
Fe2O3 surfaces are provided in Figure 6. Two assumptions
were made when determining Tm. These are (i) all DNA are in
the dsDNA state at 25 °C and (ii) only two states exist, where
DNA is present as dsDNA or ssDNA.43 Normalized ATR-

FTIR spectral data extending from 900 to 1800 cm−1 were
used in the SVD and principle component analysis. The
determined Tm values for solution phase and DNA adsorbed
on α-FeOOH and α-Fe2O3 are 70, 76, and 60 °C, respectively.
Our solution phase data were best fit to Boltzmann two-state
model (R2 = 0.958), indicating DNA stays in dsDNA ⇌
2ssDNA equilibrium, and Tm is in good agreement with
previous Tm determinations of herring testes DNA.63,64 The
ΔT for solution phase was between ∼55 and 80 °C, 25 °C, and
is also in good agreement with the previous studies.63−65

Observed ΔT in these studies are ∼60−82 °C; 22 °C,63 ∼55−
85 °C; 30 °C,65 and ∼50−80 °C; 30 °C.64

Although the adsorbed DNA melting temperature started at
∼60 °C on α-FeOOH, a rapid transition at 87 °C completed
the melting. For all other holds of temperatures, such DNA
melting nature at a particular temperature during the 600 s
equilibrium was not observed. Moreover, DNA melting on α-
FeOOH was best fit to the biphase dose−response fit (dash
line in Figure 6) instead of the two-state Boltzmann fit,
indicating more complex two-phase/multistate melting behav-
ior. A presence of an intermediate state with both dsDNA and
ssDNA portions present in the same DNA molecule and
distinct DNA- α-FeOOH binding interactions as seen with
desorption studies at pH 8 (Figure 4) as well can contribute to
this two-phasic melting behavior. Although the Tm for DNA
adsorbed on α-FeOOH can be reported as 76 °C with a more
conventional approach, that is, according to two-state
Boltzmann fit, a multistate/two-phasic melting behavior
observed here can be analyzed as two distinct stages. From
our data, the Tm

I for the first phase is 70 °C which is consistent
with the solution phase, thus suggesting a more solution-like
melting behavior. The second phase of the melting has Tm

II of
87 °C, and a much sharper ΔT, reflecting the DNA-α-FeOOH
interactions similar to immobilized DNA on nanoparticle

Figure 6. Normalized DNA melting curves generated by SVD analysis
of normalized temperature dependent ATR-FTIR spectra for DNA in
solution, adsorbed on α-FeOOH and on α-Fe2O3. The singular values
from SVD analysis provide information about overall variations in the
matrix/spectral data, whereas the right singular vectors provide
temperature dependent variations corresponding to each singular
value. The raw data were fit to the two-state Boltzmann model (solid
lines), and Tm at which dsDNA fraction = ssDNA fraction = 0.5 was
recorded. For α-FeOOH, the dotted line represents a biphase dose−
response fit, suggesting that the DNA adsorbed on α-FeOOH deviates
from the two-state Boltzmann model and follows a two-phase/
multistate melting behavior. Formulas used and details of the
Boltzmann and biphase dose−response fit functions are provided in
the Supporting Information.
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systems.66 Therefore, the melting behavior of adsorbed DNA
on α-FeOOH suggests that DNA interacts with the surface in
such a manner, giving it two distinct characters: one that is
weakly adsorbed and the other more strongly adsorbed.
Moreover, the melting curve of the adsorbed DNA on α-
FeOOH with partial coverage of 50% showed a prominent
second melting phase at 85 °C (strongly bound DNA) with a
modest first melting phase at 69 °C (weakly adsorbed DNA)
(SI−Figure S5b). Thus, the adsorbed DNA on α-FeOOH
exhibits at least two distinct interactions (Scheme 2).

The melting temperature of DNA largely depends on the
length of the DNA and the base-stacking and hydrogen-
bonding interactions between strands, whereas ΔT is indicative
of DNA length as well as the interactions DNA has with its
sorrounding.41,59 The ΔT of adsorbed DNA on α-Fe2O3
surfaces was observed between ∼45 and 90 °C, which is
broader than the solution phase. DNA adsorbed on α-Fe2O3
surfaces also melts at a lower temperature, suggesting a
destabilized and disrupted helical structure due to reduced
number of H-bonds between the two strands and the
additional interactions with the surface. This observation
further confirms that during adsorption, DNA interacts with
the α-Fe2O3 surface in such a way that the H-bonds that are
keeping the double helix together are partially disrupted
(Scheme 1). Overall, our study reports that DNA interactions
with environmentally relevant interfaces are impacted by the
nature of the mineral itself and the environment that they are
present. Therefore, it underscores the importance of the
scrutinizing the DNA-environmental studies with a more focus
on mineralogy-driven DNA reactivity and retention pathways
to further our knowledge and to develop method-diverse
eDNA detection and monitoring tools.

■ CONCLUSION
DNA adsorption on mineral surfaces present in the environ-
ment can alter its structure and stability, as well as its reactivity.
Here, herring testes DNA (∼1000 base pairs) was used as a
model system to understand DNA adsorption and stability on
two commonly present iron oxides in natural environments, α-
FeOOH and α-Fe2O3. The ATR-FTIR spectra suggest that
DNA adsorbs on both α-FeOOH and α-Fe2O3 surfaces in the
B-form. DNA adsorbed on α-FeOOH surfaces, owing to
possible bidentate coordination through the phosphate groups,
shows the B-form structure remains intact. However, on α-

Fe2O3 there is some distortion, possibly due to monodentate
coordination through the phosphate groups and with nitrogen-
bases interacting with the surface as well. Adsorbed DNA did
not desorb upon exposure to pH 5 aqueous solutions,
indicating strongly adsorbed DNA on both surfaces. The
stability of adsorbed DNA on both iron oxide phases to higher
pH and temperature was determined. Once exposed to higher
pH (pH 8), adsorbed DNA readily desorbs from α-FeOOH
(∼55%), further confirming the importance of protonation
state, surface charge (electrostatics), and the nature of
adsorption interactions. Although increased Tm of adsorbed
DNA on α-FeOOH (76 °C) compared with that of solution
phase (70 °C), according to more conventional two-state
Boltzmann fit, was determined, the melting of adsorbed DNA
shows two-phase/multistate behavior with two distinct
characters, (i) weakly adsorbed (Tm

I = 70 °C) and (ii)
strongly adsorbed and immobilized (Tm

II = 87 °C), with the
latter showing a much sharper melting width (ΔT). This is
indicative that the DNA adsorption on α-FeOOH follows at
least two distinct interactions with the surface, and surface
coverage is higher on α-FeOOH when normalized to surface
area, compared to α-Fe2O3 surfaces. In contrast to α-FeOOH
surfaces, on α-Fe2O3 surfaces, possibly due to the preference
for monodentate binding via phosphate groups to the oxide
surface, a greater mobility for adsorbed DNA is available to
undergo further interactions with the surface. α-Fe2O3 surface
interactions with DNA through the −NH2 group is evident as
observed by the ATR-FTIR peak enhancements at 1421 and
1374 cm−1 upon adsorption. A minimal desorption (<5%) at
higher pH (8 and 10) was also observed, suggesting
interactions present beyond electrostatic. Moreover, a decrease
in Tm (60 °C) compared to that of solution phase was
observed, indicating the loss of interstrand H-bonds during the
surface adsorption. This is because the interactions between
−NH2 groups in the base pairs of DNA molecules with α-
Fe2O3 surface lead to the formation of Fe−O−N bonds and H-
bonds between the DNA and α-Fe2O3 surface at the cost of
disrupting H-bonds that held the DNA double helix together.
However, as all interstrand H-bonds are not disrupted, the
double helix structure remains in a distorted B-form in
adsorbed state.

Overall, our findings further confirm that eDNA interactions
are highly mineral-specific. Mineral-bound eDNA in particular
poses challenges in their detection and monitoring, causing

Scheme 2. Conceptualized Diagram of Showing Different Melting Behaviors of Adsorbed DNAa

a(a) On α-FeOOH there is a two-phase/multistate melting behavior with two distinct melting characteristics: (i) adsorbed DNA that melts at a
similar temperature to solution phase DNA and (ii) adsorbed DNA that melts at higher temperatures. (b) On α-Fe2O3 surfaces leading to a
singular melting behavior but at lower temperatures compared to solution phase.
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reduced accuracy and sensitivity, yet mineral-rich environ-
ments like sediments, soils, and aquatic habitats are effective at
accumulating eDNA. Current challenges in detection and
monitoring of mineral-bound eDNA include varying degrada-
tion rates upon adsorption, limitations in amplification due to
the unavailability of binding sites on DNA molecules, reduced
recovery, and coextraction of other substances/contaminants.
Understanding eDNA adsorption/desorption on specific
minerals allows us to optimize sampling parameters such as
season, time of day, pH, and temperature and to maximize
eDNA yield and improve data interpretation. Knowledge of
eDNA desorption and stability on different minerals helps us
to identify mineral systems contributing to legacy DNA: the
DNA of a past species adsorbed and retained on minerals,
increasing the accuracy of interpretation of the monitored data.
Additionally, such knowledge on DNA adsorption/desorption
on minerals can be extended to develop sequential extraction
methods to minimize the coextraction of inhibitors species
during eDNA amplification step of eDNA-based species
detection: e.g., determining the eDNA desorption pHs for
different minerals. Moreover, information on mineral-bound
eDNA degradation can be utilized to further analyze the
degraded products, which by extension can be used to design
primers targeting these DNA fragments during the detection.
Such approaches improve the sensitivity of existing eDNA-
based detection tools.

In summary, developing method-diverse eDNA detection
and monitoring tools for mineral-bound eDNA requires
tailored eDNA extraction protocols for specific mineral
systems to improve recovery and minimize DNA damage
and contamination. The current study set out to answer several
questions as it relates to changes to the DNA structure when
adsorbed, the impact of changes in solution pH on adsorbed
DNA stability, changes in thermal stability of adsorbed DNA
compared to solution phase, and whether these changes were
controlled by mineral specific interactions. Overall, this study
underscores the importance of further addressing mineral-
specific DNA interactions to better understand eDNA and how
surfaces impact its stability. As shown here, there are very
distinct differences between DNA and these two iron oxide
phases.
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