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Synthetic oligonucleotides used:
Name DNA Sequences & Modifications
DNA anchor strand for | 5’-(Ak)-gctacctcgtgagcagtcagtacgttttt/(C11-SS)-3°
CuAAC click chemistry
DNA anchor strand for | 5’-gtgagtgatggcaagtatggatgattttt/(C11-SS)-3’
hydrazone crosslinking
Forward primer for 5’-
CuAAC click chemistry | (Az)/cgtactgactgctcacgaggtage/(C3)/tctgaactgtttaaagcatttgaggg-
3
Reverse primer for 5’-acagcttgataccgatagttgcg-3’
CuAAC click chemistry
Forward primer for 5’-tcatccatact/(dU)/accatcactcac/(C3)/tctgaactgtttaaagcatttgaggg-
hydrazone crosslinking | 3’
Reverse primer for 5’-acagcttgataccgatagttgcg-3’
hydrazone crosslinking

Abbreviations used above: (Ak) = alkyne; (Az) = azide; (dU) = deoxyuracil; (C3) = propyl spacer;
(C11-SS) = undecyl disulfide. The disulfide-modified DFNA anchor strand was purchased from

Biosearch technologies (Novato, California, USA) and all other synthetic oligonucleotides were

purchased from Integrated DNA Technologies (Coralville, lowa, USA). The purity of the

commercial oligonucleotides was verified by the manufacturers using mass spectrometry, and the

DNA was used without further purification unless otherwise stated.

S2



Tethering anchor DNA to the AFM tip:

Au-coated Si3N4s AFM tips (Model NPG-10, Bruker, Santa Barbara, CA, USA) with a nominal
spring constant of ~0.06-0.12 N/m were cleaned by first exposing the tips to the ultraviolet (UV)
radiation for 20 min to remove organic contaminants and then immersing them in hot ethanol
(~75°C) for 20 min to reduce oxidized Au that may have formed during UV exposure. The cleaned
Au tips were incubated with a 1 mM ethanolic solution of MUDA (Millipore-Sigma, St. Louis,
MO, USA) for 30 min to form a SAM, followed by rinsing 3 times with the 1 x TAE solution. To
insert the DNA anchor strands, Au tips with preassembled SAM were immersed overnight in a
solution of 50 nM purified, thiolated DNA anchor strand purified using a QIAquick Nucleotide
Removal Kit (QIAGEN, Germantown, MD, USA), 1 x TAE, 2 mM TCEP, 2 mM MgAc; and 50
mM NaAc in a Teflon beaker.! The Teflon beaker was sealed with parafilm and backfilled with

nitrogen.

Generation of target DNA:

To linearize the phage vector, a 10 ng/uL circular M13mp18 RF I (New England Biolabs, Ipswich,
MA, USA) was mixed with 200 pg/uL. BSA, 20 units of EcoRI enzyme, and 1% EcoRI buffer and
incubated at 37 °C for 2 h. To denature the enzymes, the mixture was heated up to 65 °C for 20 min
and cooled down at 4 °C in a thermal cycler. For PCR amplification, a solution of 50 pg/uL of
linearized M13mp18 RF I dsDNA template, 200 nM of forward/reverse primers (Figure S1) and
OneTaq 1 x master mixed with the standard buffer was first heat up to 95 °C for 3 min, followed
by 34 cycles of 3 s at 95 °C, 45 s at 53 °C, and 2 min 30 s at 72 °C, finishing with 10 min at 72 °C.
The PCR products were held at 4 °C and purified with the QIAquick PCR Purification Kit
(QIAGEN, Germantown, MD, USA).

Hybridization of anchor and target DNA:

The Au tips were rinsed 3 times with the 1 x TAE solution prior to hybridization step. The Au tips
were then immersed in a solution containing 80 nM dsDNA with a 24-base single stranded sticky
end, I x TAE, I mM SDS, 2 mM MgAc; and 1 M NaAc in a Teflon beaker for 1 h. The dsDNA
used here was 1031 bp in length and PCR-amplified from the linearized M13mp18 RF I dsDNA
template. After hybridization, the tips were then rinsed three times with the 1 X STAE buftfer.
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DNA functionalization of AFM cantilever:

Figure S2 illustrates how a dsDNA molecule is covalently tethered to an AFM tip using DNA
templated crosslinking. Thiolated anchor strand DNA molecules with a reactive group were
inserted into surface defects of a host SAM of MUDA on a gold-coated AFM tip (B1), allowing
the anchor DNA to capture the long target DNA with a complementary sequence (B2), and then
covalently crosslinking the strands (B3). Two different conjugation methods were used: Cu(l)-
catalyzed azide-alkyne cycloaddition (CuAAC) click chemistry? and hydrazone crosslinking
chemistry.

CuAAC click chemistry: The anchor strand bearing an alkyne group was purchased from Biosearch
technologies. The target stand with a terminal azide group was generated via PCR with a forward
primer bearing an azide group. After hybridization, the DNA was cross-linked by immersing the
AFM tips in a solution containing 200 uM CuSOs4, 200 pM Tris(3-hydroxypropyltriazolylmethyl)
Amine (THPTA, Sigma Aldrich, St. Lois, MO, USA), 2 mM sodium ascorbate (Sigma Aldrich, St.
Lois, MO, USA), PBS (pH 7), 10% DMSO for 15 min in a Teflon beaker. The Teflon beaker was
sealed with parafilm and backfilled with nitrogen. The AFM tips were then stored in STAE buffer.

Hydrazone crosslinking: To generate an abasic site on target strand, enzymatic cleavage of the
deoxyuracil (dU) base was performed according to a previously published protocol.? A solution of
dU-containing DNA target, 2.5 units of Uracil DNA Glycosylase enzyme (UDG, New England
Biolabs, Ipswich, MA, USA), and 1 x UDG reaction buffer (20 mM Tris-HCI, 1 mM EDTA, 1 mM
DTT, pH 8) was held at 37°C for 1 hr. The target DNA solution was then purified using a QIAquick
PCR Purification Kit and used immediately after purification. The addition of an N*-amino group
to the deoxycytosine (dC) base in the anchor DNA was performed following a previously published
protocol.? A solution of 20 uM dC-containing DNA anchor, 4 M hydrazine monohydrochloride, 0.3
M sodium bisulfite, and 100 mM sodium phosphate buffer (pH 5) was held at 50°C for 3 hr and
then stopped by addition of 3 vol of TET buffer (1 x TET = 100 mM Tris-HCI, I mM EDTA, 10
mM triethylamine, pH 10). The anchor DNA solution was then purified using Illustra NAP-5
columns (GE Healthcare Life Sciences, Pittsburgh, PA, USA) and used immediately after
purification. After hybridization, the DNA was cross-linked by immersing the AFM tips in PBS
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(pH 5) and heating to 50°C for 10 min. After heating, the AFM tips were cooled down to room
temperature (~22°C) and stored in PBS (pH 5).

Speciation of Ni2*
One potential complication is that acetate weakly binds to Ni?*, obscuring the analysis. Assuming

the stability constant of [NiAc]* to be 10,* about ~26% of Ni*" cations were expected to complex
with acetate with 100 mM Tris-Acetate added. Therefore, the decline of the adhesion force may
originate from not only increasing electrostatic screening but also a lower availability of free Ni%*.
Despite the complication, these results nevertheless showed that Ni** mediates stronger DNA
binding even with potentially lower availability of free Ni**. Another complication is that the
addition of Ni(Ac); slightly decreases the pH of the TAE buffer solution, which has a pH of 8.3.
The pHs of the Ni** solutions are 8.15, 8.01, 7.83, 7.78, 7.68, 7.57 at 2.5 mM, 5 mM, 10 mM, 12.5
mM, 15 mM, and 20 mM, respectively. The reduced pH, in combination with the salt effect, ensures
that nickel cations do not precipitate. Despite the pH reduction, the pH is well above the pKa of the
MUDA SAM in divalent cations. Therefore, we assume near complete ionization of the carboxyl

groups.

Additional discussion on DNA-surface interactions
While the lack of strong adhesion of DNA to neutral OH terminated SAM on gold shows that ICIs

are not the main contributor to adhesion, our observation that adhesion is much stronger in a
divalent cation buffer than a monovalent cation buffer is also inconsistent with ICIs being the main
contributor to adhesion as the energy of ICIs scales quadratically with the amount of charges>-¢ and
dsDNAs are half as charged in a divalent cation buffer as in a monovalent cation buffer according
to the Manning’s counterion condensation theory.” The lack of detectable contributions from ICIs
can be rationalized by two key factors. First, the ICI energy is inversely proportional to the distance
from the gold surface.’® Hence, the MUDA SAM significantly reduces ICIs by separating DNA
from the gold surface by more than 1 nm. Moreover, the ICIs are heavily screened by water
molecules. Son et al.’s MD simulation study of ion adsorption onto a metal electrode showed that
the ICIs are insignificant due to screening by water molecules.®

Another explanation of DNA-surface interaction is hydrogen bonding between the phosphate
groups of the dSDNA and the protonated carboxyl groups on the surface. A control experiment done

with 1 M NaAc and 2 M NaAc did not observe a plateau force (Figure S3). The lack of observable
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adhesion forces in the monovalent cation buffer under high ionic strength conditions rules out
hydrogen bonding as a major contributor to the adhesion force between DNA and the MUDA
surface. Moreover, in a Ni** or Co?* solution, the carboxyl groups are completely deprotonated and
unable to hydrogen bond with phosphate groups.®!! Yet, strong adhesion energies, up to 6-7 kg T/bp,
were observed. That the adhesion forces are the strongest when few, if any, hydrogen bonds can
form between DNA and deprotonated MUDA surface in Ni?* and weakest when hydrogen bonds
can readily form between DNA and protonated MUDA (in Na®) shows that hydrogen bonding is
not a main contributor to adhesion forces. Rather electrostatic interactions can readily account for

the magnitude of DNA-surface interactions.'2
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Figure S1. Schematic illustration of the generation of the double-stranded DNA targets via PCR

with modified primers (primers in red).
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Figure S2. Schematic illustration of modification of AFM tip with long dsDNA. (A) The gold
coated AFM tip is functionalized with 11-mercaptoundecanoic acid and thiolated DNA anchor
strands that are modified with a reaction group. (B) Hybridization between an anchor strand and
double stranded DNA with a single stranded tail bring two reactive groups together. (C) Reaction
between the reactive groups crosslinks the two DNA strands, covalently linking the long DNA to
the surface.
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Figure S3. Representative force-distance curve of an AFM tip that is not functionalized with
dsDNA.
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Figure S4. Representative force-distance curves of DNA tethered AFM tips in 1 M (purple) and
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Figure S5. Model of DNA being peeled off the surface. The portion on the surface is not
overstretched. And only one segment (like a single base-pair) is experiencing tension. After the
segment leaves the surface, it can then be overstretched.
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Figure S6. Effects of the buffer composition on the plateau force of dsDNA on MUDA SAM. (A)
Plateau force/binding energy as a function of the ionic strength. The concentration of Ni** was held
constant at 5 mM. The ionic strength was varied by adjusting the concentration of Tris-Ac. (B)
Plateau force/binding energy as a function of the concentration of Ni(Il) acetate. The concentration
of Tris-Ac buffer was held constant at 4 mM.
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Figure S7. (A) Calculated binding energies (kcal/mol) of [Mg(H20)s]*", [Ni(H.0)s]**, or
[Co(H20)6]*" indirectly and directly bound to carboxylate and phosphate or carboxylate and
guanine at the B3LYP/6-311+g(d,p) level of theory with GD3BJ empirical dispersion. (B-E)
Optimized geometries of the ternary Mg?" complexes at the same level of theory. Mg, P, O, N, C,
and H atoms are shown as yellow, orange, red, blue, grey, and white spheres, respectively.
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indirect and direct binding complexes, respectively. Direct binding at the N7 and O6 atoms of
guanine are shown as pattern-filled and solid-filled circles, respectively.
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Zeta Potential Measurements
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Figure S9. Effects of the divalent cation composition on the zeta potential (mV) of dsSDNA. The
concentration of Tris-Ac buffer was held constant at 4 mM.

To obtain zeta potential values from the target strand, we employed a previously reported diffusion
barrier method with optimized measurement settings'?> to experimentally investigate the
dependence of electrophoretic mobility/zeta potential on ionic strength, and the transition from low
to high ionic strength in common buffer solutions. This method was chosen due to its ability to
minimize sample volumes and isolate the dispersed phase from the electrode surface by filling the
cell with a diffusion barrier. Disposable folded capillary cells (DTS1070) were typically filled with
a mixture of 0.8 mL of the buffer being tested and a gel loading tip was then used to place a 20 pL
aliquot of the dispersed phase, containing 5 ng/uL of the target strand dispersed in the same buffer
solution under test. This mixture was then added exclusively to the optical detection volume at the
bottom of the cell, away from the electrode surfaces. All batch data were recorded using a Zetasizer
Pro instrument (Malvern Panalytical Ltd). Zeta potential values were measured using a monomodal
analysis model with an equilibration time of 180 s, with a minimum of 10 runs and a maximum of
100 runs. All voltages and optical attenuation were set to automatic unless otherwise stated. Sub-
runs were conducted at 25 °C with a 180 s pause between each measurement to allow for the
dissipation of joule heating in the sample. For all measurements, each cell was thoroughly rinsed
with methanol followed by generous amounts of deionized water. To prevent cross-contamination,

a unique cell was used for each aliquot.
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Computational Details

Charge transfer calculation:
The amount of charge transferred within each metal-ligand complex was calculated as the

absolute change in the sum of partial atomic charges for the metal ion and explicit water
molecules. Partial atomic charges were computed using the iterative Hirshfeld scheme;!+!> this
partial atomic charge method has been shown to accurately model both the dipole moment of

water clusters and the charge transfer between water molecules.!'®

Validation of computational methods:
The optimized structures of Mg?"(H20)e, Ni2*(H20)s, and Co**(H20)s reproduce experimental ion-

water oxygen distances (dion-0) within 0.10 A (Table S1). The experimental binding free energy of
Mg?* bound to surface-bound single-strand DNA (approximately 8 kcal/mol)!” is also reproduced
(Table S2). Although numerical agreement is improved by omitting empirical dispersion, the trends
in the relative binding energies are consistent with and without empirical dispersion (Table S2).

Table S1. Experimental and calculated ion-water oxygen distance (dion-0) values (A) for
Mg2+(H20)6, Ni2+(H20)6, and C02+(H20)6.

metal ion experiment calculated”
Mg? 2.066° 2.11+0.01
Niz* 2.05-2.065¢ 2.09 +0.01
Co* 2.08-2.09¢ 2.18 £0.01

a Average dion-o value with the largest absolute difference between calculated dion-0 values and the average
dion-o value.

b Reference 18.

¢ References 18-20.

Table S2. Calculated binding energies (kcal/mol) of Mg?*(H20)s indirectly and directly bound to
carboxylate, phosphate, or guanine with and without empirical dispersion.?

ligand binding motif with dispersion | without dispersion
carboxylate indirect -19.0 -14.4

direct -10.4 -7.9
phosphate indirect -19.6 -12.3
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direct —-11.5 —-6.5
guanine indirect -14.9 -9.2

direct (N7) -7.6 -2.5

direct (06) —-6.9 -2.8
average (phosphate and guanine)” | —12.8 + 4.7 —-6.7+3.8

a Single-point energies calculated at the B3LYP/6-311+g(d,p) level of theory with and without GD3BJ
empirical dispersion for molecular geometries optimized at the same level of theory with GD3BJ empirical
dispersion.
b Mean and standard deviation of calculated binding energies for all phosphate and guanine binding sites
and motifs.

Binary metal-ligand complexes:

The binding energies of Mg?*, Ni?*, and Co?" bound to carboxylate, phosphate, or guanine and the
optimized structures of these binary Mg?** complexes are shown in Figure 6. The molecular
structures of these complexes are similar for all ions studied. Indirect binding occurs through three
hydrogen bonds between water molecules within the first solvation shell of the metal ion and
carboxylate, phosphate, or guanine. Direct binding is monodentate and accompanied by two
hydrogen bonds for carboxylate and phosphate. Guanine has two binding sites, namely, the N7 and
the O6 atoms. Indirectly bound ions form two hydrogen bonds to O6 and one hydrogen bond to N7
simultaneously. Direct binding to guanine is also monodentate and may occur at either the O6 atom
with one hydrogen bond to N7 or the N7 atom with two hydrogen bonds to O6. Bidentate binding
structures are also stable for guanine with one direct contact to O6 and N7 and no hydrogen bonds,
but one water molecule moves to the second solvation shell of the metal ion and this binding motif

1s not considered further.

Ternary metal-ligand complexes:

The binding energies of Mg?*, Ni**, and Co** simultaneously bound to either carboxylate and
phosphate or carboxylate and guanine and the optimized structures of the ternary Mg?* complexes
are shown in Figure S7. The structures of the Ni** and Co?" ternary complexes are similar to those
of Mg?". The ternary metal-ligand complexes yield similar binding motifs and relative binding

energies as the binary complexes and are not considered further.
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Absolute energies of optimized structures:

Species Absolute energy
(hartree)
H,0 -76.4725953444
CH;COO" -228.722813507
(CH3),PO4 -722.492282676
2-amino-9H-purin-6(1H)-one -542.785419230
[Mg(H,0)s]** -658.853061207
[Ni(H20)6]* -1966.95704264
[Co(H:0)6]* -1841.43332049
[Mg(H,0)s CH;:COO]" -887.608140293
[Ni(H.0)s CH;COO]" -2195.71354929
[Co(H,0)s CH;COO]" -2070.18759745
[Mg(H,0)s (CH3),PO4]" -1381.38056318
[Ni(H,0)s (CH3),PO4]" -2689.48568071
[Co(H,0)s (CH3),PO4]" -2563.95952517

[Mg(H20)s 2-amino-9H-purin-6(1H)-one]*"

-1201.66446601

[Ni(H20)s 2-amino-9H-purin-6(1H)-one]*" -2509.77071651
[Co(H20)s 2-amino-9H-purin-6(1H)-one]** -2384.24383819
[Mg(H,0)s CH;COO]T" -811.122726708
[Ni(H,0)s CH3;COO]" -2119.2290979

[Co(H20)s CH3COO]" -1993.70382444
[Mg(H>0)s (CH3)2PO4]" -1304.89612356
[Ni(H.0)s (CH3)2PO4]" -2613.00015179
[Co(H20)s (CH3),PO4]" -2487.47396847

[Mg(H>0)s 2-amino-9H-purin-6(1H)-one]*"
[Ni(H,0)s 2-amino-9H-purin-6(1H)-one]*

[Co(H20)s 2-amino-9H-purin-6(1H)-one]*"

-1125.18139879¢
-1125.17973816°
-2433.29400425¢
-2433.28413954°
-2307.76363359°
-2307.75650164

a Metal cation is directly bound to the N7 atom of guanine.
b Metal cation is directly bound to the O6 atom of guanine.
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Structure  Binding  Species

Absolute energy

(hartree)

Trimer Indirect [Mg(H>0)s CH3COO (CH3),PO4] -1610.13485300
[Ni(H20)s CH3COO (CH3)2PO4] -2918.24015981
[Co(H20)s CH3COO (CH3),PO4] -2792.71163632
[Mg(H>0)s CH3;COO 2-amino-9H-purin-6(1H)-one]” -1430.41910385
[Ni(H20)s CH3;COO 2-amino-9H-purin-6(1H)-one]”  -2738.52621141
[Co(H20)s CH3COO 2-amino-9H-purin-6(1H)-one]”  -2612.99795142

Trimer Direct [Mg(H,0)s CH3COO (CH3),PO4] -1457.16404555
[Ni(H20)4 CH3COO (CH3)2PO4] -2765.27083689
[Co(H20)4 CH3COO (CH3)2PO4] -2639.74461654
[Mg(H>0)4 CH3COO 2-amino-9H-purin-6(1H)-one]” -1277.45134538¢
[Ni(H,0)s CH3COO 2-amino-9H-purin-6(1H)-one]"  -2585.56489939"
[Co(H20)s CH3COO 2-amino-9H-purin-6(1H)-one]”  -2460.03421097¢

a Metal cation is directly bound to the N7 atom of guanine.
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