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1  |  INTRODUC TION

Arguably the most significant breakthrough in the analysis of en-

vironmental DNA (eDNA) is the ability to recover DNA sequences 

(Haile et al., 2007; Hofreiter et al., 2003). The perspectives of 

harvesting eDNA are vast and include the possibility of using 

eDNA sources to recover biodiversity in a contemporary setting 

or across time and space (Giguet-Covex et al., 2019; Pedersen 

et al., 2016). In situations where fossils are absent, eDNA from 

sedimentary sources has, for example, been employed to detect 

the presence of archaic humans (Slon et al., 2017), record animal 

processing (Seersholm et al., 2016) and establish past ecosys-

tems (Kjær et al., 2022). While DNA suspended in the water col-

umn degrades within a few weeks (Dejean et al., 2011; Thomsen 

et al., 2012), eDNA associated with sediments can persist for up 

to 2 Ma (Kjær et al., 2022). Current research efforts aim to identify 

promising sediments and locations for sedimentary ancient DNA 

(sedaDNA) studies, taking into account degradation from dynamic 

biological, physical, and chemical factors (Levy-Booth et al., 2007). 

However, the potential of mineral surfaces to retain and preserve 

DNA is often overlooked. Despite the role minerals can play in 

DNA preservation, very little is known about how DNA associates 
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Abstract
The extraction of environmental DNA (eDNA) from sediments is providing ground-

breaking views of past ecosystems and biodiversity. Despite this rich source of infor-

mation, it is still unclear which sediments favor preservation and why. Here, we used 

atomic force microscopy and molecular dynamics simulations to explore the DNA-

mineral interaction to assess how mineralogy and interfacial geochemistry play a role 

in the preservation of environmental DNA on mineral substrates. We demonstrate 

that mineral composition, surface topography, and surface charge influence DNA ad-

sorption behavior as well as preservation. Modeling and experimental data show that 
DNA damage can be induced by mineral binding if there is a strong driving force for 

adsorption. The study shows that knowledge of the mineralogical composition of a 

sediment and the environmental conditions can be useful for assessing if a deposit 

is capable of storing extracellular DNA and to what extent the DNA would be pre-

served. Our data adds to the understanding of eDNA taphonomy and highlights that, 

for some mineral systems, fragmented DNA may not represent old DNA.

K E Y W O R D S
atomic force microscopy, calcite, DNA preservation, eDNA, interfacial geochemistry, MD 
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with mineral surfaces, which mineral species are most prone to 

preserving DNA, and the reasons behind such interactions. The 

amount of preserved organic material in a particular sediment is 

instead used as a qualitative indicator for DNA preservation, and 

hence organic-rich sediments are often the focus of sedaDNA 

studies. If we have a better understanding of the role minerals 

play in DNA retention, transport, and preservation (here: tapho-

nomy), we can broaden the range of sediments and environments 

studied and achieve biodiversity estimates at higher spatial reso-

lutions. By gaining a deeper understanding of how minerals affect 

DNA retention, transport, and preservation (referred to here as 

taphonomy), researchers can expand the variety of sediments and 

environments under study, leading to biodiversity estimates with 

greater spatial resolution. A comprehensive knowledge of factors 

influencing taphonomy can also enhance the reach of modern-day 

sedaDNA studies, facilitating more strategic sediment sampling to 

glean information about specific catchments.

Sediments exhibit a diverse mineralogical composition. 

Grounded in interfacial geochemical principles, this diversity can 

significantly impact DNA–mineral associations, especially when 

combined with varying environmental conditions. The compo-

sition and structure of minerals give rise to variations in surface 

charges and densities. These, in turn, influence the bond strength 

of adsorbed DNA, its adsorption behavior, and its capacity. Most 
mineral surfaces undergo changes in surface charge based on 

pH. For instance, silicates typically carry a negative charge, while 

oxides, carbonates, and hydroxides are predominantly positive 

across a broad pH range (Kosmulski, 2009). DNA, particularly its 

phosphate backbone, which is negatively charged above a pH of 

5, has been observed to primarily interact through this compo-

nent (Vuillemin et al., 2017; Yu et al., 2013) This backbone can 

engage directly with positively charged surfaces due to elec-

trostatic forces. However, the presence of polyvalent cations is 

a determining factor when it binds to a negatively charged sur-

face (Feuillie et al., 2015; Greaves & Wilson, 1969; Lu et al., 2010; 

Maity et al., 2015; Michalkova et al., 2011; Nguyen & Chen, 2007; 

Saeki et al., 2010). A high charge density on mineral surfaces can 

lead to the adsorption of closely bound water molecule layers 

(Geissbühler et al., 2004; Lee et al., 2010) Such layers have been 

theorized to enhance DNA hydrolysis (Ye et al., 2011). The DNA 

molecule can adsorb to the mineral via water layers or penetrate 

the water layers and interact with the mineral directly, where 

the latter is expected to form a stronger bond than the former. 

The consistency of water layers cannot be predicted from a bulk 

measure of surface charge. Instead, the structure of the water 

layer is dependent on local topography and local charge distribu-

tions on a mineral surface. Generally, it's difficult for molecules 

to navigate through tightly bound surface water layers (Cooke 

et al., 2010; Sparks et al., 2015; Yang et al., 2008; Zhu et al., 2013). 

Surface irregularities, such as steps or defect sites, are vital since 

they disrupt the water's structure, creating a more receptive 

binding site (Aschauer et al., 2010; Cooke et al., 2010; Freeman 

et al., 2012; Sand et al., 2010; Spagnoli et al., 2006). Similarly, 

naturally occurring features like step edges or etch pits on a min-

eral surface present varied charge interactions compared to the 

flatter areas, leading to different adsorption affinities (De Yoreo 

& Vekilov, 2003).

Many studies that explore DNA adsorption to mineral surfaces 
typically employ bulk methods, relying on bulk values such as sur-

face charge, adsorption capacity, and active sites. However, our 

mechanistic understanding of DNA–mineral associations remains 

limited. Specifically, we are yet to fully understand which mineral 

surface group the DNA molecule bonds to across a surface, how 

strongly the DNA is bonded, which sites at the surface the DNA 

bonds to, and how the local adsorption behavior and subsequent 

preservation are influenced by solution chemistry? According to 

interfacial geochemical principles, the answer to those questions 

varies with mineral characteristics and the solution chemistry. By 

acquiring a deeper, mechanistic comprehension of the interplay be-

tween mineralogy, DNA, and solution composition, we stand a much 

better chance of understanding the processes driving eDNA tapho-

nomy. Additionally, we can assess whether variations in mineralogy 

across different environments impact the DNA preserved in eDNA 

reservoirs. Beyond this, grasping DNA–mineral interactions at a 

foundational level might also open avenues for leveraging sediment 

provenance data to enrich our interpretations of retrieved DNA. 

Obtaining mechanistic information is inherently challenging, and in 

the case of eDNA taphonomy, the many parameters and variables 

involved in DNA taphonomy essentially comprise a little explored 

research field. Here we study the DNA adsorption dynamics and 

mechanisms in two distinct mineralogical systems as a function of 

solution composition. We use two novel approaches: Atomic force 

microscopy (AFM) and molecular dynamics (MD) simulations, and 
focus on the basal planes of mica and the (10.4) surface of calcite.

Mica is a clay mineral with atomically flat, uniform, and nega-

tively charged basal planes and positively charged edge sites. This 

mineral essentially serves as a representative model for most clay 

basal planes that terminate with silica tetrahedrons. Bulk DNA ad-

sorption to a wide range of clay minerals has been widely studied, 

and a few studies have studied DNA adsorption to mica using AFM 
(Murugesapillai et al., 2017; Pastré et al., 2006). In this study, we 

focus on the basal plane (we elaborate on the consequences of the 

edge sites in the discussion), where, because of the negative charge, 

the DNA is expected to need charge-dense cations to facilitate a 

bridge between the negatively charged DNA backbone and the clay 

basal surface. Calcite, in contrast to mica, remains predominantly 

positively charged under most environmental conditions and fea-

tures a diverse distribution of charges and topography. The (10.4) 

face, which is both commonly expressed and energetically stable 

in natural calcite, consists of atomically flat terraces intersected by 

step edges (Figure 1d). Calcite's unique orthorhombic and rhombo-

hedral structures result in two distinct step edges: obtuse and acute. 

These edges can be terminated either by carbonate or calcium ions, 

bestowing locally positive or negative charges toward the solution. 

Overall, the mica basal plane represents the adsorption behavior of 

silicates in general, and calcite conceptually represents positively 
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charged mineral surfaces and illustrates how topography, charge 

density, and water layer disruption can change the adsorption af-

finity of biomolecules. Calcite is directly relevant for eDNA studies 

from carbonates (e.g., speleothems (Baker et al., 1996; Brennan & 

White, 2013; Dhami et al., 2018; Mendoza et al., 2016; Stahlschmidt 

et al., 2019) and corals (Selkoe et al., 1829)) and can be used as a 

guide for expected DNA-mineral behavior for oxides as well.

In this study, we utilize mica and calcite surfaces to emphasize 

the diverse effects mineral surfaces can have on eDNA taphonomy 

and their relationship with solution chemistry. We further discuss 

the implications of retained and preserved eDNA and underscore 

that the accuracy of stored biodiversity estimates is contingent 

upon an understanding of mineralogy, environmental chemistry, 

and dominant taphonomic processes. Our approach employs Atomic 

Force Microscopy (AFM) to scrutinize DNA adsorption behavior and 
binding affinity to both calcite and mica surfaces in the presence 

of three environmentally relevant ions (Na+, Ca2+ and Mg2+) with 

distinct ionic potentials (charge/radii). The different solution chem-

istries are chosen to illustrate the importance of the depositional 

environment for the retention of eDNA in sediments. For our study, 

we used plasmid DNA, which precludes interaction from the base 

pairs in an open strand, ensuring compatibility with our modeling ap-

proach that begins with a closed strand configuration. We generated 

etch pits on the calcite surface to increase the amount of step edges 

on the calcite crystals during adsorption to understand if there was a 

preference of DNA for adsorbing to terrace or edge sites, and acute 

or obtuse steps. We used chemical force microscopy to establish if 

solution composition and mineralogy would change the strength of 

the DNA-mineral binding affinity subsequently. Results from our 

MD simulations support the observed binding preferences as seen 
with the AFM and help to understand the reason for them. Finally, 
we used in-situ AFM imaging to monitor the adsorption behavior of 
the adsorbed DNA.

2  |  MATERIAL S AND METHODS

2.1  |  Minerals

Single crystals of optical quality Iceland spar calcite (purchased from 

Ward's Natural Science). The mica were grade V1, had a diameter of 

1 cm and were purchased from Ted Pella Inc.

2.2  |  Chemicals

The salts (NaCl, MgCl2, and NiCl2) were reagent grade and pur-

chased from Sigma-Aldrich, and used without purification. The Poly-

l-Lysine was purchased from Boster Biological Technology and used 

as received. The DNA was the double-stranded plasmid: pUC19. It is 

composed of 2686 base pairs and is approximately 910 nm long. The 
plasmid was purchased from Integrated DNA Technologies IDT. For 

imaging and sample preparation, we used a nuclease-free Tris buffer 

at pH 7.5 purchased from Sigma Aldrich. All solutions were prepared 

F I G U R E  1  Atomic force microscopy 
images of mica showing the conformation 
of adsorbed plasmid DNA with different 
background ions The DNA is visible as 
white (highest points in the image) lines. 
(a) Mica-DNA in NaCl; (b) Mica-DNA in 
MgCl2; and (c) Mica-DNA in NiCl2. (d) 
Calcite only. Freshly cleaved and after 
2 min. Exposure to the buffer solution 
used when adding the DNA to the 
surfaces. The image show step edges on 
steps and etch pits. (e) Calcite-DNA in 
buffer. The surface displays etch pits and 
adsorbed DNA. The etch pit morphology 
is determined by the underlaying 
orthorhombic structure of the calcite 
crystal, which is oriented such that the 
obtuse corners are oriented south-west 
and the acute corner is oriented toward 
north-east. (f) Calcite-DNA in NaCl. (g) 
Calcite-DNA in MgCl2. (h) Calcite-DNA 
in NiCl2. (i) Adsorbed plasmid DNA on 
a Poly-l-lysine substrate. The DNA is 
supercoiled and was deposited with 
10 mM NaCl as a background electrolyte.
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using ultrapure water from a MilliQ deionizing column (resistivity 
>18 MΩ cm; Millipore Corporation). The artificial seawater solution 
was prepared following the protocol by Kester et al. (1967).

2.3  |  Substrate preparation

Calcite samples were cleaved in air, and the calcite dust was imme-

diately removed with a firm stream of N2(g). The mica was cleaved 

with a piece of tape. The Poly-l-Lysine film was prepared on freshly 

cleaved mica by using a 10 μL droplet of Poly-l-Lysine at a concen-

tration of 0.01 w/v in MilliQ water. After 30 s, the surface was rinsed 
with plenty of MilliQ and blow dried with N2(g).

2.4  |  Preparation of DNA on the minerals

A 10 μL droplet of plasmid DNA pUC19 at a concentration of 0.4 ng/
μL and 10 mM electrolyte was placed on a freshly cleaved mica or 
calcite. The droplet was left for 2 min before being rinsed with 400 μL 

of MilliQ. The mineral was dried with a soft blow of N2(g) for 30 s.

2.5  |  AFM imaging

For scanning in air and liquids, we used a Cypher and a Cypher VRS 

from Oxford Instruments. Both were running in tapping mode. For 

the imaging in air, we used aluminum-coated AC240TS silicon tips 

from Olympus with spring constants between 0.6 and 3.5 N/m and a 
resonance frequency approximating 70 kHz. For tapping in liquid, we 
used BL-AC10DS from Asylum Research, Oxford Instruments. We 

used a spring constant of 107 pN/nm and a resonance frequency of 

1500 kHz. The spring constants were determined using the Sader 
method (Sader et al., 2012). For both instruments, the force between 

the tip and the sample was varied to minimize the force exerted by 

the tip on the surface. Scan angle, scan rate, and set point were sys-

tematically varied. We measured multiple sites on every sample, and 

the experiments were repeated several times. For the fragmenta-

tion experiments, we prepared the sample as for the experiments 

performed in air and imaged the surface in air to confirm that we had 

intact plasmids. Subsequently, we introduced the calcite-saturated 

buffer to the surface and began the approach process.

2.6  |  Chemical force microscopy (CFM)—surface 
chemical analysis

After the tips were checked under a microscope, they were cleaned 

with water for molecular biology, ethanol, and finally ultraviolet 

ozone cleaner for 20 min. Subsequently, the tips were functionalized 
overnight with a self-assembled monolayer (SAM) solution terminat-
ing in a phosphate (PO3−

4
) end group (Sigma-Aldrich, 754269). Then, 

the tips were washed in ethanol (3×), and allowed to dry on glass 

slides in a petri dish at room temperature. Like AFM imaging, we 
used a Cypher and a Cypher VRS from Oxford Instruments and BL-

AC10DS from Asylum Research from Oxford Instruments for tapping 

in liquid. For these measurements, we used OBL-10 silicon nitride 

tips from Bruker with spring constants between 0.03 and 0.009 N/m 
and a resonance frequency approximating 70 kHz. A constant trig-

ger force of 80 pN was used, and the spring constants of the levers 

were determined by thermal noise method (Butt & Jaschke, 1995; 

Hutter & Bechhoefer, 1993). We recorded force-distance cycles at a 

3 μm scan size, 300 nm force distance, and 1 Hz scan rate, and both 
approach and retract velocities are approximating 1 μm/s. For the 

CFM force map, force lines and points are constant at 14 N, and the 
scan angle is zero degree. We performed the measurements in liq-

uid at concentrations of 10 mM (NaCl and MgCl2) and 100 mM (NaCl 
and MgCl2), pH 7. For each solution parameter, the experiment was 
repeated several times, and the average was calculated. A single tip 

of each type was used for tapping mode on the surfaces of freshly 

cleaved mica and calcite to ensure that the spring constant and 

tip radius were constant. At least we carried out two independent 

measurements to check the uniformity of our analysis.

2.7  |  MD simulations

All molecular dynamics simulations were performed using DL_POLY 

classic (Smith & Forester, 1996). Simulations were carried out in the 

NVT ensemble with a temperature of 300 K and a thermostat re-

laxation time of 0.1 ps. The leapfrog verlet algorithm was used with 
a timestep of 0.5 fs. Coulombic interactions were modeled with the 
Ewald method (precision 1 × 10−6). Periodic boundary conditions 

were used for all the simulations.

The calcite forcefield was taken from (Raiteri & Gale, 2010) 

using SPC/E water. The DNA forcefield was taken from the AMBER 
forcefield (Cornell et al., 1995). Water-DNA interactions were calcu-

lated using the standard Lorentz-Berthelot mixing rules. The Ca-N 

interactions were taken from Freeman et al. (2009), Ca-O (in DNA) 

were fitted using the Schröder method as described in (Freeman 

et al., 2007). The terms are listed in the supplementary material.

The DNA molecule was a random double helix with the sequence 

C(G)-A(T)-A(T)-G(C)-T(A)-T(A)-T(A)-A(A)-G(C)-C(G)-T(A)-, where A is 

adenine, T is Thymine, G is guanine, and C is cytosine. The comple-

mentary base is listed in brackets. The periodic simulation cell was 

constructed such that the z cell parameter size matched the chain 

length of the 11 base pair chain (39.5 Å). This meant the DNA chain 
periodically spanned the boundary conditions (i.e., the end C(G) 

connected with the other end T(A)). The calcite slab was built in 

Metadise (Watson et al., 1996) from a geometry optimized cell in 

GULP (Gale, 1997). The slab was cut to express the (10.4) surface 

of calcite. Steps were added by removing Ca and CO3 ions from one 

surface and placing them on the other surface in the appropriate 

lattice positions. After all surface cuts and reorganizations the cal-

cite slab was relaxed in vacuum. The final cells consisted of 8 CaCO3 

layers with 768 formula units with surface vectors 47.8 Å × 39.5 Å.
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For the adsorption studies, the DNA was placed parallel to the 

surface with the center of mass ~ 11 Å from the calcite surface. One 
thousand two hundred and sixty-eight water molecules and 11 Ca2+ 

cations (so-called free Ca for charge compensation of the nega-

tively charged DNA) were then randomly placed ~6 Å from the sur-
face using the Packmol package (Gale, 1997). By placing the water 

molecules further from the surface, this ensured the DNA was able 

to initially interact with the surface and not be automatically dis-

placed by the smaller and more mobile water molecules and cations. 

Perpendicular to the surface, a large vacuum gap of ~60 Å separated 
the DNA/water from the unsolvated Ca surface. Across this gap, 

a repulsive barrier was added to ensure water molecules were un-

able to desolvate from one calcite surface and move to the vacuum 

surface.

2.8  |  DNA fragmentation in bulk experiments

2.8.1  |  DNA adsorption

Two hundred microliters of elution buffer EB (Qiagen) were added 
to 20 mg of calcite powder (Sigma) and after sonication for 15 min. 
One ug of 1000 bp DNA fragment (Thermo Scientific™) was added 
in 300 μL EB buffer to the calcite samples (C1, C2, and C3). The 

samples and two negative controls containing only calcite powder 

with no added DNA (samples 5 and 6) were incubated on a rotor for 

4 h. To mimic the AFM experiments, we added 250 μL of molecu-

lar biology-grade water (BioNordika) to disequilibrate the system, 

allowing for slight DNA desorption and re-adsorption. After 1 h of 
equilibration, we added another 250 μL of water and incubated them 

overnight. The samples were centrifuged for 1 min at 13,000 g, and 

the supernatant was extracted and used to measure the equilibrium 

concentration on a Qubit dsDNA High-Sensitivity assay (HS; Thermo 
Fisher Scientific). None of the extracted supernatants had measur-

able DNA. Finally, we washed the samples with 1 mL of EB buffer 
and centrifuged the samples for 1 min at 13,000 g. We retained the 

supernatant and measured the DNA concentration of the wash solu-

tion on Qubit. Only the wash solution from sample C2 had a measur-
able amount of DNA, which was 0.0134 ng/μL (13.4 ng total).

2.8.2  |  DNA extraction

After adsorption, samples were incubated overnight in 1 mL of 
0.5 M, pH 8 EDTA buffer (Invitrogen™) to release the DNA bound to 
calcite. In this step, we added a positive control (samples 6, 7) where 

one ug 1000 bp DNA fragment was added to 1 mL of EDTA and incu-

bated overnight. All calcite-DNA samples (Giguet-Covex et al., 2019; 

Haile et al., 2007; Hofreiter et al., 2003) and negative controls (just 

calcite; Pedersen et al., 2016; Slon et al., 2017) dissolved in EDTA 

during the incubation time. To purify the released DNA from EDTA, 

we desalted the samples using 10kDA Amicon® Ultra-4 Centrifugal 

Filter Unit (Millipore). We used a centrifuge with a swinging-bucket 

rotor at 4000 g for ~35 min until ~100 μL were left. Then we added 

3 mL of molecular biology-grade water and centrifuged the samples 
until ~100 μL were left. We repeated this step twice. Afterward, 

we measured the DNA concentration on the Qubit dsDNA Broad-
Range assay (HS; Thermo Fisher Scientific) and sent the samples for 

the fragment analysis on Fragment Analyzer (5300; Agilent) at the 

GeoGenetics sequencing core, University of Copenhagen.

3  |  RESULTS

3.1  |  DNA adsorption behavior as a function of 
solution composition

We applied the same experimental procedure to both mica (nega-

tively charged) and calcite (positively charged) surfaces to compare 

the DNA conformation and adsorption behavior between the two 

types of surfaces using AFM. We applied three different 10 mM 
solutions of NaCl, MgCl2, and NiCl2, leading to two different ionic 

strengths: 10, 30, and 30 mM, and three distinct ionic potentials: 
1, 12.5, and 16, respectively. Adsorbing the DNA on the negatively 

charged mica was, as expected, sensitive to cationic composition. 

When NaCl was used as the background electrolyte, the DNA, seen 

as thin white lines on the surface, did not adsorb to the mica surface 

(Figure 1a). With MgCl2, the full plasmid is adsorbed, and generally 

in a ring form or with one or two coils (Figure 1b). When NiCl2 was 

used, the DNA adsorbed as supercoils and the circular rings were not 

observed (Figure 1c), indicating the stronger adsorption is prevent-

ing relaxation of the structure. Our results on DNA adsorption on 

mica agree with previously reported data (Zhai et al., 2019). Calcite 

is slightly water soluble and during the adsorption process, the DNA 

was added to calcite using a solution undersaturated with respect 

to calcite. This procedure causes a slight dissolution of the calcite 

surface resulting in the formation of etch pits (Figure 1d). The occur-

rence of edge sites surrounding the etch pits enabled us to assess 

if the DNA prefers such sites or accompanying terraces. The DNA 

adsorbs predominantly at the step edges, with a clear preference for 

the acute step edges (Figure 1e). A part of the plasmid ring reaches 

across terraces to bridge adjacent steps in order to maximize the 

plasmid's interaction with step edges. The adsorption behavior high-

lights that the interaction between DNA and the step edges is more 

favorable than between the terrace sites. A plasmid that showed 

preference toward adsorption on a terrace was not observed. No 

electrolytes were added to the experiment, but in contrast to the 

solutions used in the mica study above (Figure 1a–c), there is always 

calcium present in the calcite system as calcite is a sparingly solu-

ble salt and its surface will dissolve in calcite-undersaturated solu-

tions. Although the resulting calcium concentration is much less than 

the 10 mM used for the background electrolyte, we cannot, from 
Figure 1e, rule out any effects that calcium ions in the solution have 

on DNA adsorption.

Applying the same range of background electrolytes as for mica 

(Figure 1f,g), we do see plasmid adsorption to calcite with the NaCl 
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electrolyte (Figure 1f). We were not, however, able to discern any 

differences in DNA adsorption to calcite with either the added NaCl 

or MgCl2 background electrolytes (Figure 1f,g). In the experiments 

where NiCl2 was used, we observed twisting of the helix (Figure 1h) 

but the plasmid was still confined to the step edges and hence, prob-

ably did not have the freedom to coil as seen on the mica surface. 

Similar to Figure 1e, we observed no adsorption where the majority 

of the DNA was bound to the terraces. This indicates that the steps, 

and hence the mineral surface charge density, is the determining 

factor controlling DNA adsorption to calcite and that the ionic po-

tential of cations does not play as important a role as seen for DNA 

adsorption to mica.

Surface charge density plays an important role in the behavior of 

electrolytes and polymers near surfaces (Israelachvili, 2011; Jelavić 
et al., 2018). As highlighted in Figure 1a–c,f,g, the ionic potential of 

the background ion plays a large role for the adsorbed confirmation 

of the DNA on the negatively charged surface and much less so for 

the positively charged surface. For mica the higher the charge den-

sity the more supercoiling, for calcite an effect was only seen for 

Ni, both systems indicate that the charge densities available at the 

surface play a role for how much the DNA coils during adsorption. 

To test if the high surface charge density would lead to supercoil-

ing (Figure 1i), we fixed a positively, densely charged polymer (po-

ly-l-Lysine) on a flat mica substrate. According to our predictions, 

the DNA supercoiled without the presence of charge dense back-

ground cations.

3.2  |  Role of solution composition on DNA-mineral 
interaction strength

Although AFM images offer a visual representation, they do 
not reveal whether the strength of DNA-mineral interactions 

is influenced by distinct ions or whether DNA inherently binds 

more robustly to calcite compared to mica. To investigate this, 

we used chemical force microscopy (CFM) to probe the depend-

ence between the overall surface charge, the ionic potential of 

cations, and the ionic strength of the solution. Utilizing both 

phosphate and amine-terminated AFM tips representing the in-

teraction between the phosphate backbone and the basepairs, 

we quantified the adhesion forces between calcite and mica sur-

faces, as illustrated in Figure 2. The adhesion forces between 

the phosphate group and the calcite surface were, in general, 

higher than the forces between the phosphate tip and the mica 

surface. Across the applied sequence of solutions (10 mM NaCl, 
100 mM NaCl, 10 mM MgCl2, 100 mM MgCl2, and 10 mM NaCl) 
both minerals had the strongest interaction with 100 mM MgCl2, 

i.e., with a high concentration and a high ionic strength. The 

phosphate–mineral adhesion strength, however, showed differ-

ent relative dependencies between the specific solutions. For 

mica, the adhesion forces were largest when adding 10 mM Mg 
and far larger than 100 mM NaCl, indicating that at lower ionic 
strengths, charge density at the surface is more important than 

high salinity and the screening of the surface charge. For calcite, 

the adhesion strength was highest in the two high-concentration 

solutions, indicating that the thickness of the electrical double 

layer has a dominating role in DNA binding. Interestingly, exam-

ining calcite forces for 10 mM reveals that the surface retains a 
“historical” imprint of prior solutions. This is evident from the 

augmented adhesion force for the 10 mM NaCl observed post the 
100 mM MgCl2 solution, suggesting an incomplete exchange of 
Mg ions with Na ions. It should be highlighted that this “memory” 
was not observed with mica, given it was re-cleaved before each 

force measurement, eliminating the possibility of retaining pre-

adsorbed Mg ions. Finally, it is worth noting that the adhesion 
forces measured for calcite represent an average over both the 

steps and terraces. In general, the force distribution for calcite 

was broader than for mica, which is expected as the calcite sur-

face contains binding sites (steps and terraces) with different af-

finities for binding. For the amine functionalized tip, we, similar 

to the case of phosphate and calcite, saw a strong dependence on 

adhesion strength with ionic strength.

3.3  |  Mechanism of DNA-calcite interaction using 
MD simulations

MD simulations provide a detailed view of how the DNA molecule 
orientates itself relative to a mineral surface, the binding stability 

F I G U R E  2  Adhesion force between a phosphate and an 
amine terminated AFM probe and a calcite and a mica surface 
in a sequence of different concentrations of NaCl and MgCl2 
solutions. The corresponding ionic strength is stated under the 
concentrations of each solution. The first measured point is 
placed at 0 pN for easier comparison of the force changes. The 
transparent points at 10 mM NaCl show the force measured. Insert 
show the AFM tip and the functionalization where R represent the 
phosphate or amine functional group. Insert modified from Jelavić 
et al. (2020).
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    |  7FREEMAN et al.

and the type and numbers of bonds involved. The DNA molecules 

show distinct behavior between the flat terraces (10.4) and the step 

edges.

3.3.1  |  Terraces

At the beginning of the simulations of DNA with the terrace (10.4 

surface labeled configurations 1–6), the separation between the 

center of mass of the DNA (i.e., the approximate center of the cy-

lindrical DNA) and the calcite surface is ~11 Å. Given the radius of 
the DNA cylinder is ~9 Å, this relates to parts of the DNA molecule 
being in close or direct contact with the surface. As the simulations 

progress, the DNA moves perpendicularly away from the surface by 

an average of 1.96 Å as evidenced by the change in the center of 
mass to surface separation (Figure 3a). The final distance between 

the surface and the center of the DNA molecule shows that the DNA 

moved above the tightly bound water layer on the calcite surface. 

The change in distance leaves a few direct interactions between the 

DNA and the calcite surface. Table 1 lists the direct interactions be-

tween the calcite surface and DNA molecule during the simulation 

and in only three of the six configurations, the DNA is able to pen-

etrate the water layer and make direct interactions with the (10.4) 

surface. In two such cases (configurations 2 and 5), oxygen atoms 

from the phosphate groups bind to calcium cations on the surface, 

and in one case (configuration 3), part of the adenine base interacts 

with the carbonates on the surface. Examples of these interactions 

(for other cases) can be seen in Figure 3b,c and the interactions are 

generally present throughout the simulation, implying they are sta-

ble. Configurations 2 and 5 show the least perpendicular movement 

away from the surface.

There are a total of 26 unique H-bonds normally present be-

tween the two strands in the double helix. Over the course of the 

simulation, those H-bonds will break and reform due to structural 

fluctuations related to normal thermal motion. When the DNA is 

run in a neutralized waterbox with no surface present, an average of 

21.8 H-bonds (with a standard deviation of 1.95) are present at any 

one time in the simulation. When placed in contact with the surface, 

we generally see small changes in the number of H-bonds, and the 

DNA structure is largely unaffected by the surface (see Table 1). The 

changes are small shifts in the lifetime of the H-bonds (full details are 

found in the supporting Information), giving an overall reduction in 

the number of H-bonds.

The structure of the two chains still resembles the entwined 

double helix, and the disruption is considered minor. Only in con-

figuration 3 are more significant changes observed. In this configu-

ration, an adenine base comes out of the backbone and H-bonds to 

a carbonate group on the calcite surface. The loss of the base from 

the chain does not lead to a complete breakdown of the DNA struc-

ture but does significantly disrupt three of the base interactions (2 

between cytosine number 10-guanine number 2 and 1 between thy-

mine 11-adenine1), which leads to a net loss of ~3 H-bonds (Table 1, 

configuration 3). The net loss is within 2 SD of the mean, and hence 

could be described as a small disruption to the structure.

The charge-neutralizing calcium that is free in the solution does 

not get involved in the binding process, and none of them form inter-

actions with the DNA (Table 1). Direct interactions between free cal-

cium cations and oxygen atoms in the DNA molecule would break up 

the tightly bound solvation shells around the cations and are there-

fore unlikely to be energetically favorable. This suggests that the 

free ions are not key to the binding, which agrees with our AFM ex-

periments, as the choice of electrolyte did not dictate whether bind-

ing occurred or not. The general, infrequent interactions between 

the free Ca and the DNA agree with our AFM where we observed 
little evidence of clumping or aggregation of the DNA molecules, 

which are normally reported in liquids with divalent cations (Duguid 

& Bloomfield, 1995).

Between the six different helix configurations at the flat ter-

races, the average energies vary by only 75 kJ/mol, and we do 
not find any correlation with the number of interactions with the 

F I G U R E  3  DNA-surface separation and example images of the direct interactions between the calcite surface and the DNA molecule. 
The interactions are highlighted to make them more visible. (a) Separation perpendicular to the surface between the center of mass of 
the DNA molecule and the calcite surface. Initial position (green) vs final position (red). DNA has a radius of 9 Å. (b). showing an example 
interaction of the O of the phosphate group and the Ca of the calcite as seen in configurations 2 and 5. (c) Showing an example of the H of 
a NH2 group with O of the carbonate as seen in configuration 3. Key: O (red), H (white), C (cyan), Ca (cyan), N (blue), and P (gold). Figure (b) 
taken from obtuse calcium step (configuration 7) and (c) taken from acute calcium step (configuration 17) acute step.
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surface. Configuration 3 displays the highest energy and is where 

the adenine base has twisted out of the helix, suggesting that the 

energy gain associated with the surface binding does not outweigh 

the energy loss from the structural changes in the DNA molecule.

3.3.2  |  (10.4) steps

The step structures used are shown in Figure S2. As observed in the 

AFM images, the stepped surfaces show different adsorption be-

havior than the terrace. The DNA strand started parallel to the edge 

of the periodic steps, enabling us to measure the separation parallel 

to the surface from the center of the DNA chain to the calcium-and 

carbonate-exposed step edges. At both surfaces we see a ten-

dency for the DNA molecule to move toward the calcium-exposed 

step (Figure 4a). Due to the geometry of the calcite, the calcium-

exposed step edges have a block of positive charge, which attracts 

the negatively charged DNA backbone. The migration observed in 

the simulations demonstrates that the DNA will diffuse across the 

flat terraces and stop at the step edges. Examining Figure 4a, we 

can also notice that the DNA generally ends far closer to the acute 

calcium step edge than to the obtuse step edge. Both of these obser-

vations are in agreement with our experimental results in Figure 1e 

showing the DNA molecules adsorb at the step edges with a prefer-

ence to the acute sites.

As also observed for the (10.4) terrace, the bulk of the DNA 

strand resides above the organized water layers on the step sur-

faces. In half of the step-based simulations, there are no direct in-

teractions between the DNA and the calcite surface. On the acute 

carbonate step surface, we observe two cases of the phosphate O 

backbone interacting with the Ca in the surface (configurations 7 

and 9). On the acute calcium step, we also see two cases of the back-

bone O phosphate with the surface (configurations 16 and 17). The 

remaining four direct interactions (configurations 14–17) come from 

the DNA bases that fold out of the helix on the acute calcium+ob-

tuse carbonate step (Table 2). Of the bases that fold out of the DNA 

the same cytosine base is observed in all cases and the same adenine 

base is observed in three of the four cases suggesting that these are 

a particularly vulnerable part of the DNA sequence to folding out of 

the chain and binding. Two guanine bases are observed to interact 

directly with the surface in configuration 17. We never observe any 

thymine bases in contact with the surface which may be due to the 

random sequence and particular structure rather than their lack of 

NH2 amine groups. The NH2 group appears to be the major driver to 

the binding in the cases where the bases interact with the surfaces 

(Table 1) and remain relatively stable throughout the simulation.

The free calcium ions in the solution do not generally interact 

with the DNA (Table 1) but frequently cluster around the carbon-

ate-terminated step due to the block of negative charge there (from 

the carbonate anions). In the simulation, we observe two cases 

where the DNA does interact with the free Ca in solution (configura-

tions 10 and 11). In these cases, there is one loose Ca in the solution 

that interacts with the phosphate O. The interaction with the Ca 

ions does not operate as a bridge to the surface or similar feature.

Compared to binding at the (10.4) terrace, the DNA undergoes a 

more significant structural change at the step edge. Even though only 

half of the configurations are binding to the surface directly, we see a 

significant loss of H-bonding in most of the configurations at the steps, 

suggesting a general loss of inter-helix H-bonding rather than simple 

redistributions. This average loss of H-bonds is far larger at the steps 

(−0.62 on the (10.4) terrace, −3.32 at the acute carbonate, and −7.27 
at the acute calcium) and beyond a single standard deviation from the 

mean. Visual inspection shows a significant change in the DNA struc-

ture in some of the most affected configurations. From snapshots of 

the simulation progress, we can identify particular cases of the breakup 

and obtain a better understanding of the process. Figure 4b shows a 

snapshot of configuration 7, where several backbone phosphate O in-

teract with the surface, but there are no surface interactions from the 

bases. We have highlighted the double helix structure to show how 

the helix is largely retained during the simulation despite an average 

loss of 3.1 H-bonds, which can be partially observed in the twisting of 

two bases within the helix (see the area highlighted with the arrow). 

Figure 4c shows configuration 17 with a top-down view (effectively 

TA B L E  1  Change in H-bonding between residues in the two 
separate helices (from an average total of 21.8 ± 1.95) and list of the 
number of interactions between surface calcium with O in DNA, 
DNA NH2-O(carbonate) in the surface and solvated calcium with O 
in DNA.

Terrace (10.4)
H-bonds 
change

Surface 
Ca-O

NH2- 
O(carbonate)

Free 
Ca-O

1 −1.6 0.0 0.0 0.0

2 +0.7 5.0 0.0 0.0

3 −2.9 0.0 1.6 0.0

4 −0.1 0.0 0.0 0.0

5 +0.5 1.0 0.0 0.0

6 −0.3 0.0 0.0 0.0

Acute carbonate + obtuse calcium

7 −3.1 3.0 0.0 0.0

8 −1.9 0.0 0.0 0.0

9 −5.9 1.8 0.0 0.0

10 −3.5 0.0 0.0 0.99

11 −4.8 0.0 0.0 0.91

12 −0.7 0.0 0.0 0.0

Acute calcium + obtuse carbonate

13 −1.8 0.0 0.0 0.0

14 −9.4 0.0 4.2 0.0

15 −13.6 0.0 2.0 0.0

16 −6.1 0.8 4.1 0.0

17 −10.9 1.0 4.0 0.0

18 −1.8 0.0 0.0 0.0

Note: Averages calculated over the last 500 ps of simulation. An 
interaction between DNA and surface or ions is defined as a maximum 

separation of 3 Å. An H-bond is defined as occurring between H and 
either an N or O atom at maximum separation of 2.1 Å.
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looking at the plane of the calcite surface), it can be seen that one of 

the helix folds (the left and right-hand ends of the image) has effec-

tively opened and the bases moved apart (indicated by the arrows 

in Figure 4c). The side view in Figure 4d shows how several residues 

move out of the core of the DNA molecule to bind to the acute calci-

um-exposed step causing a major structural breakdown of the DNA 

(highlighted with the white arrows in Figure 4d). We can also see that 

several bases are free but not interacting with the surface (left-hand 

end of the image). Only in the central area of the DNA chain that can be 

seen more clearly in Figure 4c is the helix preserved. In configuration 

17 the DNA only has an average of 10.9 H-bonds left between its two 

helices, from the original 21.8 H-bonds. The results suggest that there 

is a strong attraction for the molecule at the step that is best achieved 

with the structural deterioration of the DNA molecule. The relatively 

low conformational freedom of the DNA molecule due to the periodic 

boundary conditions in the simulation likely prevents the full break-

down of the chain, which may occur in a real system.

The large positive charge at the calcium step edges will create a 

driving force to pull the DNA across the terraces toward the steps. It is 

likely that this positive charge build up may cause deformations in the 

negatively charged phosphate backbone. The loss of H-bonds is larger 

at the step edges than on the terraces, even when we see no evidence 

of the bases moving out of the helix (e.g., configuration 9 at the step). 

Once a base pair is separated from its opposite base pair, then it is free 

to twist out of the chain and interact with the surface, where it can 

make favorable interactions with both the step surface and terrace. 

The interactions between the DNA and the surface are most significant 

at the acute-calcium step edge. The acute step edge has previously 

F I G U R E  4  (a) Separation parallel to the surface of the center of the DNA molecule to the Ca-exposed step. Bars show starting separation 
(green) and final separation (red). Configurations 7–12 are the obtuse calcium step surface. Configurations 13–18 are the acute calcium step. 
(b) DNA on the acute carbonate surface in configuration 7. The double helix structure has been highlighted in green to aid the eye. (c and d) 
DNA on the acute calcium step edge in configuration 17 shows the break out of the bases. The double helix structure has been highlighted in 
green to aid the eye. (c) show the top view looking down onto the surface (calcite surface not shown for clarity) and (d) the side view. Arrows 
are added to images to highlight the breakdown of DNA structure in (c) and where bases bind to surfaces in (d). Key: O (red), N (dark blue), Ca 
(cyan), P (gold), C (cyan), H (white), water not shown for clarity.

TA B L E  2  Listing the specific DNA bases that directly interact 
with the calcite surface for the acute calcium step system.

Configuration Bases

14 Cytosine a1, adenine a3

15 Cytosine a1, adenine a3

16 Cytosine a1, adenine a3

17 Cytosine a1, guanine a9, guanine b2

Note: Bases are labeled with “a” for one helix and “b” for the other helix.
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been shown to have a more broken water structure compared to the 

obtuse step (Dhami et al., 2018; Mendoza et al., 2016) meaning that 

the binding of molecules is easier since there is less tightly bound water 

to displace. Binding of negative functional groups has also been high-

lighted in other molecular dynamics simulations.

In most cases, the DNA was observed to move toward and inter-

act with the calcium-exposed step edges while avoiding the negatively 

charged carbonate-exposed step edges. At the end of the simulation, 

some of the free calcium is often found in the vicinity of the carbon-

ate-exposed step edge, as would be expected due to electrostatic 

interactions between the two. We further explored if calcium ions as-

sociated with a carbonate step edge would facilitate DNA binding. We 

made a set of starting configurations with all the free calcium within ap-

proximately 6 Å of the acute carbonate exposed edge. In this situation, 
we observed that the DNA began ~13 Å from the calcium-exposed car-
bonate step and did not move any closer to the acute-calcium step and 

instead remained close to the carbonate edge with the exposed calcium 

ions. This highlights that the presence of solvated calcium around the 

edge can neutralize the negative charge around the step and create a 

positive field that attracts the DNA molecule and therefore both acute 

step edges may favorably bind the DNA. It is difficult to isolate this in-

teraction in the AFM experiments because we cannot know which step 
edges are terminated with carbonate versus calcium. There will be free 

calcium ions in the solution due to the dissolution of the calcite surface, 

which could interact with the carbonate-terminated step edge, so this 

is a possibility in the real system. We should stress that we cannot ob-

serve ion structuring around the steps in the AFM experiments and we 
only explored 1 pH value in the experiments, which will affect the step 

structure and ion concentrations. In the AFM experiments, however, 
we see DNA binding to the majority of the steps.

Comparing the energetics of DNA binding across the systems is 

not trivial due to the changes in DNA conformation during the simula-

tion and the free ions in solution. Figure S3 shows the energy of each 

configuration with respect to the lowest energy configuration for that 

surface type (e.g., only comparing acute calcium and obtuse carbon-

ate to other configurations with acute calcium and obtuse carbonate) 

against the number of H-bonds present between the DNA helices. We 

can see a general trend is that as H-bonds are lost from the DNA, the 

energy of the total system increases. This implies that those systems 

with more direct DNA-surface interactions will be higher in energy as 

the DNA loses its structural integrity. The significant changes in the 

DNA structure between the configurations also mean that it is not 

possible to do a direct comparison of the adsorption energy between 

different surfaces as the DNA in the reference system is in a very dif-

ferent configuration (i.e., a perfect DNA molecule).

3.4  |  Dynamics of the adsorbed DNA on calcite

3.4.1  |  In-situ dynamics and fragmentation

The MD simulations are made in liquid, and to ensure compatibility 
between the MD simulation and AFM images we made in air, we 

used fast scan the AFM to observe the dynamics of the adsorbed 
DNA to calcite. The dynamic mode revealed that the DNA molecules 

were fragmenting, as predicted by the MD simulations. After the ini-
tial adsorption of the DNA, we slightly disrupted the equilibrium to 

induce dissolution of the calcite steps to initiate a desorption and 

re-adsorption process, forcing the DNA molecules to relocate to 

allow us to visualize any fragmentation as a result of binding. The 

fragmentation is evident in Figure 5, which shows a time-resolved 

sequence of the same area displaying ongoing dissolution of the sur-

face and DNA desorption and re-adsorption. The arrow in Figure 5a 

points to a DNA-free section of a step edge. In Figure 5b, the space 

is filled, the terrace geometry has changed, and there is a DNA-free 

side of the step (arrow). In Figure 5c, that space is beginning to fill, 

and the next step toward the left in the image (arrow) has a small 

amount of adsorbed DNA fragments. In Figure 5d, there seems to 

be a movement of the DNA to that step (arrow) meanwhile the ter-

race is getting smaller. In Figure 5e, only a small amount of DNA is 

left on the disappearing terrace edge, and an increasing amount of 

DNA is observed on the step edge to the left (arrows). In Figure 5f, 

the disappearing terrace is further dissolved and more than half of 

that step edge to the left is occupied by DNA. There is an empty sec-

tion on the step edge (arrow) that has not yet been filled with DNA. 

In Figure 5g, the empty section is filled up by a DNA fragment, and 

only the upper part of the step edge is empty. In Figure 5h the step 

edge is filling up and there is a small section of the edge still free of 

DNA. In Figure 5i, it is evident that the step is now dissolving and 

DNA is building up on the dissolving terrace edge (arrow). We cannot 

determine if the DNA is getting increasingly fragmented because the 

fragments line up on the steps, exploiting the available space for ad-

sorption. We observed no intact plasmids, even after exploring the 

surface after we disrupted the equilibrium, which supports that the 

binding does indeed facilitate fragmentation of the DNA.

3.4.2  |  Quantification of the fragmentation

We confirmed DNA fragmentation as a result of calcite binding via 

bulk DNA extraction experiments. In the AFM experiments, we had 
a high surface-to-water volume (~1 cm (Hofreiter et al., 2003) surface 

and 40 μL liquid, and 1 ng plasmid DNA, with a further disequilib-

rium step by introducing 10 μL buffer). To quantify DNA adsorption, 

handle the extraction, and ensure mixing, we had a significantly 

lower surface-to-volume ratio in the bulk experiments. We added 

a double-stranded 1000 bp DNA fragment to calcite powder, and 
fragment analyzer smear analysis (35–750 bp and 750–1000 bp) of 
the extract showed a DNA extraction efficiency for calcite samples 

of ~93%, 90%, and 29%, respectively (Table S3). The extraction ef-

ficiency for positive control was ~78% and 98%. Of the total amount 

of DNA extracted, short fragments (<750 bp) accounted for 13%, 
16%, and 10% for calcite samples (samples 1–3) and 0.2 and 0.8%, 

respectively, for the positive control (samples 6–7). These results 

suggest that most of the fragmentation happened on calcite, while 

only a small amount of fragmentation was caused by the extraction 
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process. In the AFM experiment, all the DNA images showed frag-

mentation. We ascribe the difference in fragmentation efficiency 

between the AFM and bulk experiments to the different solid-to-liq-

uid ratio in the two setups. It should also be noted that AFM imaging 
does not provide a quantitative overview of the DNA, as we did not 

attempt to quantify the DNA adsorption, nor is it possible to image 

the surface in its entirety.

3.5  |  Mobility of the adsorbed DNA on mica

The dynamics of DNA-mica interaction cannot be directly measured 

using AFM as the DNA is only weakly associated with the mica sur-
face and hence easily displaced by the AFM tip. In order to use AFM 
for imaging, DNA molecules need to complex with mica via cations 

with a strong ionic potential, such as Ni2+ (Hansma & Laney, 1996). 

Regardless of the solution composition, drying the surface has 

proven to provide information on the conformation of the DNA 

inherent to the adsorbing liquid composition (Zheng et al., 2003). We 

added plasmid DNA in artificial seawater (ASW) to a mica surface 

and imaged the DNA in air to confirm adsorption. The adsorbed plas-

mid molecules are arranged in a range of conformations (collapsed, 

circular, and coiled, Figure 6a). Adding ASW solution to the surface 

in Figure 6a and scanning the surface in the liquid, we were unable 

to detect circular plasmids (Figure 6b). Instead, we observe several 

small and mobile spots which highlight that the DNA is weekly as-

sociated with the mineral surface and the interaction strength is 

not high enough to draw the DNA to the surface allowing it to be 

imaged. Instead, the DNA is likely moved around by the AFM tip 
(as inferred by the striations observed in Figure 6b,c). Reducing the 

salinity and the cation charge density of the solution to 1 mM CaCl2, 

we are again unable to immobilize the DNA for imaging in the liquid 

and only observe mobile spots and striations (Figure 6c). Despite 

decreasing the ionic strength of the solutions as well as the charge 

density of the cations available, drying the surface and scanning it in 

the air revealed that the DNA did not fully desorb nor fragmented 

F I G U R E  5  Time sequence of 
desorption and re-adsorption of DNA 
fragments as the calcite surface dissolves. 
There is 10–30 s between each frame.

F I G U R E  6  (a) Plasmid DNA adsorbed in ASW and imaged in liquid. (b). ASW added to the surface in a and imaged in the solution. (c) ASW 
liquid was exchanged for 1 mM CaCl2 and imaged in the liquid. (d) The surface from c was dried and imaged in air.
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the DNA. The adsorption dynamics confirm that most of the mol-

ecule was associated with the solution rather than with the surface 

while in liquid.

4  |  DISCUSSION

Our results highlight that the adsorption process is an interplay 

between the adsorbed water layer, the charge density of the sur-

face, surface topography, and the DNA charge. For the negatively 

charged mica surface, the ionic potential of the background ions 

plays a large role for the adsorbed DNA conformation. For calcite, 

the local charge density plays a role for the structuring of the as-

sociated water layer and the charge dense edge sites become the 

dominant sites for adsorption regardless of background ions. This 

behavior is characteristic for outer sphere and inner sphere ad-

sorption, respectively. If, as in the case for mica, the DNA binds 

to the mineral through a cation bridge, the binding strength can 

be reduced by decreasing the concentration or the ionic po-

tential of the solution. Such a change in solution conditions has 

been argued to essentially lead to desorption (Pastré et al., 2006; 

Thomson et al., 1996), and is unlikely to lead to fragmentation as 

also shown in Figure 6. In contrast, direct interaction between 

the DNA and the surface of calcite can create a strong associa-

tion which becomes stronger with a decreased double layer (high 

ionic strength). For the specific case of the acute calcium step, the 

interaction is strong enough to break up the DNA helix and cause 

fragmentation of the molecule.

Through our experimental and simulation analyses, we de-

termined that DNA's affinity for adsorption differs substantially 

between minerals such as mica and calcite, a finding pivotal for un-

derstanding DNA retention in both contemporary and historic sed-

imentary contexts. Specifically, while mica's DNA-binding potential 

largely hinges on solution composition, calcite would be highly likely 

to tightly bind DNA in any environment. The strong association with 

calcite suggests that calcite-adsorbed DNA is less likely to desorb 

if the composition of the background electrolyte is changed. In an 

open system such as soil or sediment, however, a change in solu-

tion composition would likely be followed by a shift in the calcite 

saturation state in the solution, which could lead to desorption and 

re-adsorption with severe consequences for DNA preservation. The 

binding to calcite step edges is shown here to induce fragmenta-

tion, and successions of de- and re-adsorption events would accel-

erate the fragmentation. In a cave environment where the calcite 

equilibrium can be maintained within a speleothem, any free DNA 

from a solution would have a higher chance of binding to the mineral 

surface. Even though, the initial binding of DNA to calcite conjures 

some strand fragmentation, the long-term stabilization of the strand 

in a relatively closed system (such as some stalagmites) would in-

crease the potential for DNA preservation across timescales.

A holistic understanding of eDNA requires a synthesis of min-

eralogical and interfacial geochemical knowledge. Incorporating 

data from mineral-specific adsorption studies (mini-review in Sand 

& Jelavić, 2018), alongside the present study's mechanistic insights, 

equips researchers to predict and comprehend DNA taphonomy 

more comprehensively. It becomes apparent that positively charged 

mineral surfaces will generally exhibit a higher affinity for DNA, 

while negatively charged surfaces, like nonclay silicates, might only 

weakly interact with DNA. When DNA molecules are weakly bound, 

most of the DNA molecule will be associated with the solution, likely 

leading to faster degradation by enzymatic activity, hydrolyses, and 

UV radiation, in contrast to a DNA molecule immobilized on a min-

eral surface through strong adsorption via numerous binding sites. 

Extrapolation to minerals such as clay minerals, which, in addition 

to the mica-like basal planes, can also contain positively charged 

edge sites. Adsorption to clay edge sites is very hard to investigate 

experimentally, and it is currently unclear if clay edge sites would 

induce fragmentation as seen for calcite. However, several studies 

have modeled the adsorption of nucleotides to clay edges (Mignon 
et al., 2019; Pedreira-Segade et al., 2016, 2018; Sand & Jelavić, 2018) 

and overall, for the purposes of estimating taphonomy, the edge 

sites can be expected to behave in a similar manner as the calcite 

edge sites in terms of binding affinity.

The variability in DNA preservation across diverse minerals and 

chemical contexts underscores the need for careful interpretation in 

any sedimentary DNA studies. For instance, comparing biodiversity 

measures from sedimentary profiles with alternating layers of mica 

and calcite (or minerals with varying degrees of DNA adsorption af-

finity) necessitates a nuanced understanding of DNA preservation 

dynamics in each layer. This complexity extends to interpreting DNA 

from various sedimentary sources, where the sediment's origin, 

travel path, and depositional environment all intertwine to influence 

DNA preservation and representation. As the field of eDNA pro-

gresses, new questions and challenges emerge. A comprehensive 

grasp of DNA preservation in sediments demands deeper insights 

into DNA-mineral associations across scales and DNA states (whole 

vs. fragmented). The research community must address significant 

knowledge gaps, including understanding the influence of other 

organic components on DNA preservation, discerning the thermo-

dynamics and kinetics of DNA adsorption/desorption, and com-

prehending the degradation mechanisms of mineral-bound DNA. 

Regardless of these challenges, embracing mineralogy, interfacial 

geochemistry, and depositional environments will undoubtedly pro-

pel the eDNA field forward, refining our interpretations and broad-

ening our scope of study.

5  |  CONCLUSION AND 
RECOMMENDATIONS

Our results highlight that local mineral surface charge affects DNA 

adsorption. The interplay between DNA and background electro-

lyte becomes increasingly important for adsorption as the mineral 

surface charge decreases, such as for mica, suggesting ion bridging 

as an important adsorption mechanism. Additionally, a high posi-

tive surface charge density (calcite edges) facilitates the interaction 
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with the DNA molecule but also causes fragmentation of the double 

strand. Overall, the adsorbed conformation of the DNA is affected 

by both the adsorption process and the ionic potential of the back-

ground ions, in particular if the molecule adsorption is not confined 

to topographical or charge-dense sites but instead more freely to 

move on the surface.

Set in an environmental and depositional perspective, our data 

show that, (a) for negatively charged minerals such as mica, the 

environmental setting is vital for both the adsorption process and 

also for understanding (post)-depositional leakage and an import-

ant factor to take into account for determining DNA preservation 

in sediments and (b) for positively charged minerals such as calcite, 

DNA tends to be readily adsorbed and stably preserved over time 

and across diverse conditions, but only if the calcite maintains its 

equilibrium. Frequent disturbances in this equilibrium can lead to in-

creased DNA fragmentation. Hence, fragmentation patterns offer 

more than just a glimpse of DNA's age; they can also indicate events 

that disrupt mineral solubility.

This research underscores the intertwined relationship between 

sediment mineralogy and both the prevailing and subsequent en-

vironmental conditions. Such intersections provide invaluable in-

sights into the potential for DNA preservation in specific locales. It 

prompts us to reflect: Does the eDNA we extract mirror the miner-

alogical composition and environmental history of its deposit? And 

are we sufficiently informed about these interdependencies to inter-

pret, for instance, historical biodiversity patterns?
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