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Introduction

DNA compaction and decompaction are essential for numerous
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DNA aggregation and resolubilization in the
presence of polyamines probed at the single
molecule level using nanopores

Yuhua Cai,? Benjamin Cressiot, ©2° Sébastien Balme, & € Eric Raspaud,®
Laurent Bacri©® *2 and Juan Pelta @ *

The compaction and decompaction of double-stranded DNA play a crucial role in regulating gene
expression. We use solid-state nanopores to study, at the single-molecule level, the translocation of
DNA chains in relation to the macroscopic phase transition induced by polyamines. To prevent
nonspecific interactions between the nanopore surface and DNA, nanopores were passivated, and
experiments were performed in high salt conditions. We first determine the translocation dynamics of
DNA. The event frequency varies exponentially with the applied voltage and linearly with the
polyelectrolyte concentration. The translocation time decreases exponentially with applied voltage.
Addition of polyamine to a DNA solution leads to DNA aggregation and subsequent phase separation;
a macroscopic DNA-rich and dense phase coexists with a poor-DNA (diluted) phase. We pipetted part of
the diluted phase and studied chain translocation. We observe a progressively decreasing event
frequency of DNA in the solution at the nanopore entry as a function of polyamine concentration,
approaching zero Hertz. At this point, no DNA remained in the poor phase, and all the DNA was found in
the precipitated rich phase. If we increase the polyamine concentration even further, the event
frequency increases progressively until it reaches a plateau value due to the solubilization of DNA
aggregates. At high salt concentrations in NaCl, we observe that the event frequency of DNA in solution
remains constant as a function of polyamine concentrations. We compare DNA phase transitions using
nanopore and UV bulk experiments, and we find the same charge-to-molar ratio for DNA precipitation
and solubilization. We interpret these results through polyelectrolyte behavior.

phospholipids. These polycations are involved in numerous
physiological processes and biological functions, including cell
division and proliferation, cell-cell communication, cell

cellular processes, including gene regulation, chromatin orga-
nization, and viral genome packaging.'” Genome organization
is also implicated in human disease, and chromatin organiza-
tion plays a crucial role in the efficiency of DNA repair and the
aging process.* It is really important to study and understand
the compaction and decompaction of DNA. Polyamines are
polycationic molecules that contain amino groups (2 to 4), and
these aliphatic amines are present in all eukaryotic and
prokaryotic cells.® Polyamines can interact with negatively
charged biological molecules, including DNA, RNA, and
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survival, DNA and protein synthesis, apoptosis, oxidative stress,
and angiogenesis. Polyamines are also involved in human
diseases such as cancer.*” DNA phase transitions are strongly
influenced by natural multivalent cations, such as spermidine
(3") and spermine (4"),® or by basic proteins, including histone
H1 or protamines,” which can induce DNA condensation.™
These mechanisms are explained by the molecular theory of
polyelectrolytes in solution with applications to the electrostatic
properties of DNA. In the presence of these electrically positively
charged molecules, collapse or aggregation of DNA occurs as
a function of the polyelectrolyte chain length and concentra-
tion."* Different techniques, such as UV absorbance, electronic
microscopy, and laser light scattering, have been widely used to
monitor DNA aggregation or collapse in the presence of poly-
amines or other multivalent cations.”™® Depending on the
concentration, a diluted DNA phase coexists with a rich and
dense, usually liquid-crystalline phase.® Here, we are interested
in the diluted chains and wonder if these chains can be further
counted and analyzed individually. It is possible to probe DNA
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phase separation, aggregation, and solubilization using elec-
trical measurements. Will the threshold polycation concentra-
tions, spermidine and spermine, for DNA phase separation be
the same or different for single-molecule and volume
experiments?

To the best of our knowledge, the translocation and counting
of DNA chains at the single molecular level, using a solid-state
nanopore, has never been studied in relation to the phase
transition of DNA. In this technique, two compartments with an
electrolyte solution are separated by a nanohole. A constant
potential difference applied between the two electrodes leads to
an ionic current due to the flow of ions through the nanopore.
Under the driving force, a molecule passing through the
nanopore or interacting with it partially blocks ion transport,
leading to a decrease in ionic current. The resulting ionic
current blockades provide information on the size, conforma-
tion, chemical modifications, sequence, and enantiomers of the
species.'”*

Previously, nanopore works have shown the great potential
of this single-molecular technique to probe protein phase
transitions, from native to unfolded states. Unfolding curves of
proteins have been obtained using chemical denaturing
agents,”>** temperature,” under applied voltage,>** or with the
aid of a molecular motor.”” The unfolding transition does not
depend on the nanopore structure.”® Still, the denaturation
transition is affected, respectively, by the stability or instability
of the protein, whether wild type or mutant. The melting tran-
sition remains the same at both the bulk and single molecular
levels.”* A glassy behavior is experimentally demonstrated using
a chaotropic agent during the unfolding process.*® Notably,
chaotropic agents have been shown experimentally not only to
mediate the glassy behavior during protein unfolding but also
to play a key role in nanopore stoichiometry, while stabilized
nanopores enable precise discrimination of biopolymers at the
single-molecule level.* Beyond protein unfolding, nanopores
have also been employed to probe protein self-assembly and
aggregation processes, such as those mediated by heparin
reagents or chiral residue introduction,* further expanding the
application of nanopore technology in studying biomolecular
phase transitions. Some previous papers show the ability of
nanopores to probe amyloid detection.**-** Another example of
polymer transition as a function of temperature has been
described. An increase in temperature leads to an extension of
the size discrimination range of a polymer (polyethylene glycol,
PEG) by a protein channel. This increase in temperature leads to
the collapse of this long polymer chain into a globule, after
which the molecule explores the confined medium and restores
resolution in terms of size discrimination.*

Solid-state nanopores provide a platform for investigating
DNA transport and interactions as a function of applied
voltage,* salt gradient,* or chain length.>” Other studies char-
acterize different configurations with or without a hairpin
structure,** including several topological states, such as
knots*® (linear, circular, relaxed, or supercoiled forms*'). Single
nucleotides** and amino acids* have also been identified.

Understanding DNA phase transition at the single-molecular
level remains challenging. Is it possible to count each chain,
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with a nanopore approach, in relation to the transition? As
a prospect, is it possible to detect its DNA conformational
change dynamics? How fast should the dynamics of a collapsing
DNA be due to the polyamine-induced attractive interactions?
In the first attempt, we study here the translocation of chains in
1.2 M NaCl, where electrostatic interactions (both attractive and
repulsive) are strongly attenuated. At 1.2 M NaCl, the high ionic
conductivity of the solution stabilizes the baseline ionic current
through the nanopores, reducing fluctuations (noise) and
enhancing the signal-to-noise ratio. We utilize passivated solid-
state nanopores to prevent interaction between the DNA and the
nanopore surface. We compare the fraction of diluted chains as
detected by a single molecular approach and by conventional
UV bulk experiments at the end.

Results and discussion
Dynamics of DNA through a solid-state nanopore

Solid-state nanopores are fabricated using a controlled break-
down approach®* and characterized by current-voltage (I-V)
curves (Fig. S1). To prevent interaction between DNA and the
nanopore surface, we functionalized the surface with L-Dopa*
(Fig. S1). We observe a linear dependency of the current as
a function of voltage, both before and after functionalization,
exhibiting ohmic behavior (Fig. Sic). The ionic conductance is
due to ion transport through the nanopore, a phenomenon
previously observed with solid-state nanopores.*® The I-V curve
slope of the linear fit represents the ionic conductance of the
nanopore (G) and decreases with 1-Dopa. We obtain, respectively,
Graw = 12.1 £ 0.4 nS without functionalization and G,.popa = 6.3
+ 0.3 nS with functionalization. We deduce a reduction in
nanopore diameter from 4.4 + 0.4 nm to 3.5 + 0.2 nm, which is
higher than the double helix diameter (2 nm). The number of
DNA spikes is lower without functionalization (Fig. S2).

We study the dynamics of DNA as a function of poly-
electrolyte concentration and applied voltage. We work at
a fixed NaCl concentration of 1.2 M. Current data values are
recorded over time at a sampling time of 5 microseconds, as
illustrated in Fig. 1B; spikes are observed and increase with
DNA concentration. In our experimental conditions, the mean
dwell time (Fig. S3) is independent of the DNA concentration
(Fig. 1c), yielding a value of <¢> = 143 £ 10 ps. The event
frequency is defined as the number of events per second
detected by the nanopore (Hz). As the characteristic time t is
similar to the period of a periodic signal, it is relevant to
consider that the inverse of this time is a frequency in Hz (s~ ).

We find a linear behaviour of event frequency (Fig. S4) as
a function of DNA concentration (Fig. 1d). The DNA does not
strongly interact with the nanopore. We observe a threefold
increase in the slope of the linear fit with nanopore function-
alization compared to without functionalization (Fig. S2). This
indicates that the entry of DNA molecules into the nanopore is
facilitated by functionalization. The number of blockade events
and the current through the empty nanopore increase with the
applied voltage (Fig. 1e). The mean dwell time (Fig. S5)
decreases exponentially with the electrical force, indicating that
the DNA molecule is well transported through the nanopore

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 DNA translocation dynamics through L-Dopa-modified solid-state nanopores under varying concentrations and voltages. (a) Dynamics of
DNA through solid-state nanopores with L-Dopa. (b) Part of current traces as a function of DNA concentrations (0.15-2.5 mM). (c) Dwell time
versus DNA concentrations. (d) Event frequency evolution as a function of DNA concentration. (e) Part of the current traces of DNA at different
voltages. Event frequency (f) or dwell time (g) as a function of applied voltage. The fits correspond to f = fy-exp(V/V(), where fo = 1.4 Hz + 0.2 Hz
et Vo =200 mV and f = A-exp(—V/V.) where A = 338 us and V. = 384.6 mV. Experimental conditions are: 1.2 M NaCl, 10 mM Tris-HC|, pH 7.6,
1 mM EDTA, and DNA of 1 kbp. The error bars represent data collected from at least 3 independent samples prepared and by the nanopore
device. And for each experimental condition, the error is derived from the standard deviation of the measurements.

(Fig. 1f). We also observe that event frequency (Fig. S6) increases
exponentially with voltage (Fig. 1g). The DNA entry into
a confined medium under an electrical force can be described
by an activated process associated with an energy barrier.*”*
The exponential function, f = fy-exp(V/V,), where f, =
p-v-exp(—UlkgT) is the frequency in the absence of applied
voltage, p is a probability factor, v a frequency factor, U is the
activation energy, kg7 is the thermal agitation, and V is the
applied voltage. We find f, = 1.4 Hz 4+ 0.2 Hz and estimate » at
3817 Hz. The calculated energy barrier U is equal to 8.0 £+ 1.1
kgT. The diameter of the double-strand DNA of one 1 kbp, with
a persistence length of 50 nm, is larger by a factor of 30
compared to the nanopore diameter. The main contribution of
the energy barrier is due to chain confinement within the
confined medium. This process of chain entry is therefore

© 2025 The Author(s). Published by the Royal Society of Chemistry

entropically unfavorable because it restricts the number of
conformations of a DNA molecule that can be found during
translocation.® A high energy barrier of 12 kgT was previously
deduced from an Arrhenius plot*® when DNA translocated
through a pore of similar diameter, and for a surface-oxidized
SiN pore (i.e., negatively charged) then passivated with a zwit-
terion (DOPA). Through larger conical quartz nanopores, 15 nm
in diameter, the energy decreased to 4 kg7 at a high salt
concentration (4 M LiCl),”* an ionic condition that also strongly
reduced the effective diameter of the DNA double helix itself.

DNA aggregation and resolubilization induced by polyamines
and the effect of salts

We studied DNA stability in the presence of spermidine (3") or
spermine (4") using solid-state nanopores at both low and high

Chem. Sci., 2025, 16, 19981-19989 | 19983
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Fig.2 Effect of polyamine concentration on DNA stability. (a) DNA stability as a function of polyamine concentrations (between 0.5 mM and 300
mM). After centrifugation, the supernantant is diluted in 1.2 M NaCl and transferred into the nanopore detection system. (b) Evolution of the part
of current traces as a function of different polyamine concentrations used. (c) The dwell time of DNA as a function of spermidine or spermine
concentrations. (d) Event frequency evolution as a function of spermidine or spermine concentrations. The applied voltage is fixed at =300 mV.
Experimental conditions are: 1.2 M NaCl, prepared in a TE buffer consisting of 10 mM Tris—HCL, pH 7.6, and 1 mM EDTA. The error bars represent
data collected from at least 3 independent samples prepared and by the nanopore device. And for each experimental condition, the error is
derived from the standard deviation of the measurements.
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NaCl concentrations. In our experiments, the 1 kbp DNA
concentration is fixed at 0.75 mM, and the concentration of
polyamines is varied between 0.5 mM and 300 mM. The NaCl
concentration is initially kept constant at 25 mM. At this NaCl
concentration, addition of a low concentration of polyamine to
a DNA solution results in the formation of large and dense DNA
aggregates. To precisely probe this DNA phase transition, the
sample is centrifuged immediately after polyamine addition,
and only the supernatant is pipetted and brought into contact
with nanopores in 1.2 M NaCl (Fig. 2a). The large amount of Na*
cations is expected to compete with polyamine counterions
initially condensed onto DNA. This competition leads to the
presence of Na' counterions, which suppress attractive elec-
trostatic interactions. As a consequence, pipetted chains in
contact with nanopores are expected to behave mostly like DNA
chains without polyamines.
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At low concentrations of spermidine or spermine, we observe
some spikes in the current traces, which are attributed to the
presence of DNA in the solution. The increase in polycation
concentration leads to a decrease in spikes. If we increase the
polycation concentration even further, the number of spikes
increases (Fig. 2a). We have plotted the dwell time of current
blockade (Fig. S7 and S8) as a function of polyamine concen-
tration (Fig. 3c). We show that this mean dwell time is inde-
pendent of spermine (3%) or spermidine (4%) concentration
used. We find, respectively, <¢> = 125 + 8 us and <¢> =117 + 6
ps for the trivalent and tetravalent polycations. These events
correspond to the same DNA conformation detected by the
nanopore. These values are slightly lower than <¢> = 143 £+ 10
us, the dwell time measured in the absence of polyamines. We
suspect that this is due to the effective charge modification of
the DNA. Condensation of z-valent counterions onto DNA is
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Fig. 3 Suppression of DNA precipitation in high salt conditions. (a) Part of the current trace of 0.75 mM DNA as a function of polyamine
concentration at high salt concentration. (b) Event frequency of DNA at different spermidine and spermine concentrations (0.5-300 mM)in1.2 M
NaCl, 10 mM Tris HCL, pH 7.6, 1 mM EDTA. (c) The dwell time of DNA at different spermidine and spermine concentrations (0.5-300 mM) in1.2 M
NaCl, 10 mM Tris HCL, pH 7.6, 1 mM EDTA. The applied voltage is fixed at —300 mV. The error bars represent data collected from at least 3
independent samples prepared and by the nanopore device. And for each experimental condition, the error is derived from the standard

deviation of the measurements.
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known to reduce its effective charge: from 76% (z = 1, sodium
cations) to 92% (z = 3, spermidine) and 94% (z = 4, spermine)
according to Manning's model.* In this model, the fraction of
“condensed” counterions along the polyelectrolyte is given by f.
=1 — 1/|¢ziz|, where £ represents the linear charge density of
the polyelectrolyte equal to 4.2 for double-strand DNA, z;
represents the ion valence and z, the polyelectrolyte valence.
Here, pre-dilution in 1.2 M NaCl before translocation experi-
ments is expected, on the one hand, to release the initial z-
valent counterions from the DNA and increase the effective DNA
charge, and, on the other hand, to strongly reduce any electro-
static effects. Therefore, we suspect that the small difference
measured in dwell time results from the presence of residual
polyamine counterions.

In Fig. 2a, we plot the event frequency as a function of
polyamine concentration. Between 0.5 mM and 10 mM of
spermidine or spermine, the event frequency (Fig. S9 and S10)
decreases from 3.1 4+ 0.2 Hz to 0.2 £ 0.1 Hz, and then the DNA is
precipitated. Higher concentrations of spermine or spermidine
progressively increase the event frequency, and the amount of
DNA precipitated decreases. At a polyamine concentration of
90 mM, the event frequency reaches a plateau value of around
3 Hz. In the same experimental conditions without polyamine
addition, the frequency is also around 3 Hz, indicating that DNA
aggregation is completely suppressed.

In our experimental conditions, we demonstrate the resolu-
bilization of DNA (the re-entrant phase transition) in the pres-
ence of polyamines. These results on DNA phase separation by
polyamines are in good agreement with bulk experiments per-
formed previously using a short DNA double strand of 146 bp in
length.'*¢

To investigate the effect of ionic strength on DNA stability
and aggregation, we conducted a new set of DNA-polyamines
mixing at a high salt concentration, with NaCl equal to 1.2 M.
At this salt concentration, the Debye length is equal to 0.88 nm,
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and in the same order as the Bjerrum length, 0.71 nm, then the
electrostatic interactions in solution are expected to be
screened.

For different concentrations of polyamines used, we observe,
from the current traces, that the number of spikes is the same
(Fig. 3a), indicating that the DNA remains in solution. We
verified that the dwell time (Fig. S11 and S12) of the DNA
molecule is independent of the polycation concentration
(Fig. 3b). We find respectively <t > 123 &+ 5 ps and <¢> =120 + 6
pus for the spermidine and the spermine. The polyamine
concentration does not affect the frequency of events (Fig. S13
and S14), as we find respective frequencies of 3.0 £+ 0.3 Hz and
3.0 £+ 0.4 Hz for spermidine and spermine (Fig. 3c) and 3.1 Hz
for DNA alone. These results show that DNA precipitation is
completely prevented, regardless of the polyamine concentra-
tion used (up to 300 mM). The phenomenon of DNA precipi-
tation suppression, as observed in bulk experiments, has been
previously reported, starting with 100% short DNA precipitation
(with 25 mM spermidine), which leads to a sigmoidal curve of
DNA in solution (0%) as a function of NaCl concentration
(mM).

The next step is to compare nanopore experiments to clas-
sical bulk experiments to study the DNA phase transition (Fig.
4). After the addition of polyamine, the amount of DNA
remaining in the supernatant (diluted fraction) or the
percentage of DNA in solution was determined by measuring
the absorbance at 260 nm. To compare all the results, we have
normalized the maximum event frequency to 100% of the DNA
in solution for spermidine (Fig. 4a) and spermine (Fig. 4b). We
have obtained the same behavior for the evolution of DNA in
solution as a function of polycation concentration in both
single-molecule and bulk experiments. The experimental data
are superimposed on a single curve for each type of polycation.
We show a precipitation phase of DNA solution at low poly-
amine concentration, followed by a progressive resolubilization
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(a) Concentration of spermidine versus normalized number of events (%) and DNA in solution (%). (b) Concentration of spermine versus

normalized number of events (%) and DNA in solution (%). The UV absorption at 260 nm. The voltage for nanopore detection is —300 mV. Buffer:
1.2 M NaCl, 10 mM Tris HCL, pH 7.6, 1 mM EDTA; DNA: 0.75 mM. The error bars represent data collected from at least 3 independent samples
prepared and by the nanopore device. And for each experimental condition, the error is derived from the standard deviation of the

measurements.
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of DNA aggregates at higher polyamine concentration. We
observe a quantitative difference in the precipitation and
resolubilization phase. The amount of multivalent cations
required to precipitate DNA changes; tetravalent spermine is
more efficient than the trivalent spermidine. The amount of
multivalent cations required to resolubilize DNA varies by
a factor of 4 between spermidine and spermine (Fig. 2d). We
have plotted the DNA in solution (%) as a function of molecular
ratio (+) (Fig. S15). We find the same charge-to-molar ratio for
DNA precipitation and solubilization using these two analytical
methods.

Towards a translocation of a condensing DNA

DNA condensation induced by multivalent cations has been
intensively studied for many decades, motivated by the emer-
gence of attractive interactions mediated by multivalent coun-
terions condensing onto DNA. For example, the phase diagram
was previously explained using an ion-bridging model based on
short-range electrostatic attractions.'®* Other approaches
based on ionic correlations were also developed at that time.
DNA is one of the highly charged polyelectrolytes where trans-
location can be modulated by electrostatic potential interac-
tions within the solid-state pore.* In addition, under an applied
voltage, the electrostatic force exerted on the bare charged DNA
drives its translocation through a pore. However, the electro-
phoretic motion of the counterions in the opposite direction
also leads to the emergence of an opposed drag force.** The
present experiments may serve as a basis from which electro-
static effects (charge reduction, inversion, or attractive interac-
tions) can be progressively introduced by drastically reducing
the concentration of NaCl. Probing the dynamics of
a condensing chain at the single-chain level would help to
understand the attractive interactions.

Conclusion

We demonstrate that, after solid-state membrane passivation,
we mainly prevent interactions between DNA and the nanopore
surface, and then control the entry and transport of the DNA as
a function of the applied voltage. We demonstrate the DNA
precipitation and resolubilization phenomena by plotting the
evolution of event frequency of molecules in the supernatant as
a function of polyamine concentration. The addition of sper-
midine or spermine leads to a decrease in event frequency due
to the precipitation of DNA by electrostatic attractive interac-
tions. Further addition of polycations leads to an increase in
DNA in solution due to the resolubilization of DNA aggregates.
At high salt concentration, the event frequency is not affected by
the addition of polyamines, due to a suppression of DNA
precipitation. Bulk and single-molecule experiments yield the
same results, with the same threshold concentration of poly-
amines for precipitation and resolubilization phenomena.
Nanopore recording is a very suitable technique for studying
DNA phase transitions as a function of the environment. Here,
we change the solvent quality by adding multivalent cations,
which can be considered as a poor solvent. Our experiments
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pave the way for investigating DNA collapse or DNA phase
separation in the presence of other compaction agents, such as
basic proteins imply in chromatin compaction.
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