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Abstract
In a living cell, long genomic DNA is strongly compacted and exists in the environment
characterized by a dense macromolecular crowding, high concentrations of mono- and divalent
cations, and confinement of ca. 10 m size surrounded by a phospholipid membrane. Experimental
modelling of such complex biological system is challenging, but important to understand
spatiotemporal dynamics and functions of the DNA in cell. The accumulated knowledge about
DNA condensation/compaction in conditions resembling those in the real cell can be eventually
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used to design and construct partly functional “artificial cells” having potential applications in
drug delivery systems, gene therapy, and production of synthetic cells. In this review, I would like
to overview the past progress in our understanding of the DNA conformational behavior and, in
particular, DNA condensation/compaction phenomenon and its relation to the DNA biological
activity. This understanding was gained by designing relevant experimental models mimicking
DNA behavior in the environment of living cell. Starting with a brief summary of classic
experimental systems to study DNA condensation/compaction, in later parts, I highlight recent
experimental methodologies to address the effects of macromolecular crowding and nanoscale and
microscale confinements on DNA conformation dynamics. All the studies are discussed in the
light of their relevance to DNA behavior in living cells, and future prospect of the field are outlined.
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1. Introduction
In a living cell, genomic DNA has to be strongly compacted to be accommodated within a
confinement of micrometer size; therefore, the problem of DNA condensation (also referred to as
“DNA folding” or “DNA compaction” for a single-molecule event) has attracted a considerable
attention and has been rigorously studied for several decades. Experimental and theoretical studies
on DNA condensation began in early 70s of the past century. Since then a broad variety of
experimental techniques was utilized to understand physical principles underlying DNA
condensation and factors controlling DNA condensation in vivo and in vitro. The timeline in
Figure 1 shows the appearance of various in vitro experimental model systems aimed to make
clear DNA packaging in cells. Most of early studies focused on DNA phase behavior in solutions
of polyamines and other cationic chemicals. Meanwhile, studies on DNA condensation in
concentrated solutions of neutral macromolecules and salt were initiated to address the effect of
molecular crowding in cell. The progress in development of microscopic techniques in 90s made
possible single-molecule visualization of DNA conformational dynamics and folding/unfolding
transitions and a more accurate interpretation of DNA compaction phenomenon.
However, in order to construct a more realistic experimental systems to model DNA behavior
in the real cell, additional factors relevant to intercellular environment (Figure 2), must be taken
into account. The crucial ones are the following: (i) the presence of DNA condensing species
interacting with negatively-charged DNA predominantly by electrostatic mechanism, (ii) the
presence of high concentrations of low-molecular weight electrolytes such as NaCl and MgCl2 in
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solution, (iii) macromolecular crowding, and (iv) the influence of cell-sized microconfinement, in
which DNA is placed. Ideally, all these factors should be considered simultaneously in a single
experimental system; however, due to its obvious complexity, experimental design of such
sophisticated system is a big challenge. During the past decade, along with new important
experimental findings in (iii) and (iv) directions, there was a number of attempts to investigate the
combined effect of two, three, or even four of above factors on DNA conformational behavior in
a single model system. In this review, following the timeline in Figure 1, first, I briefly overview
DNA condensation/compaction starting from pioneering studies. Earlier studies on DNA
condensation/compaction are well reviewed in past literature, therefore, here I mainly provide
references to the corresponding review articles. In the later parts, I discuss recent progress in the
analysis of the combined effect of all factors (i) – (iv) on DNA behavior. It should be mentioned
that length of genomic DNA in cells is on the order of several meters (eukaryotes), therefore, I
limit this review to studies focused on high-order structure of long DNA molecules of length
exceeding hundreds of kilobase pairs unless otherwise mentioned.
2. Compaction of DNA by positively charged molecules and colloids
In cells, condensation of negatively-charged DNA is assisted by its interaction with cationic
species of various charge and structure [1]. Earliest experimental in vitro models of DNA
compaction utilized multivalent cations such as organic polyamines (spermine, spermidine, etc.)
or cationic transition metal complexes (hexamine cobalt) [2, 3]. DNA compaction was shown to
occur as a result of neutralization of anionic charges on DNA macromolecule [4, 5] which is
largely promoted by ion correlation effect, i.e. attraction between like-charged DNA segments
mediated by multivalent cations [6, 7]. At the point of 89-90% neutralization/screening of the DNA
charge, short range attractive forces overcome residual Coulombic repulsion resulting in DNA
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collapse [2, 8]. Importantly, calorimetry studies demonstrated that binding of multivalent cations
to DNA and subsequent DNA condensation are driven exclusively by the entropy contribution
associated with the release of monovalent cations from DNA [9, 10].
Experimentally, compaction of DNA was studied as either DNA phase separation, i.e.
precipitation of DNA from solution or as a transition from an elongated state to a very compact
globule state at the level of single DNA molecule (Figure 3). Mono- and divalent cations do not
induce DNA condensation in aqueous solutions because they are unable to sufficiently neutralize
DNA charge [5]. Ion-exchange between monovalent and multivalent cations during DNA
compaction contributes to stabilization of DNA compact state through an increase of translation
entropy due to release of a large number of condensed monocations [11]. Compaction of DNA by
multivalent cations having 3-9 cationic groups proceeds as all-or-none (discontinuous) type of
DNA higher-order structural transition as illustrated by Figure 3 on the example of spermine [11,
12]. In contrast, compaction of DNA by cationic species with higher charge such as polylysine,
polyarginine and other polycations was shown to be a continuous process [13] characterized by
gradual shrinking of DNA coil followed by DNA collapse (Figure 4). In the former case, discrete
transition of DNA conformation is explained by similar stability of DNA coil and globule
conformations in the intermediate range of multication concentrations when a large excess of
multivalent cations is present in solution. In the latter case, however, polycations adsorb on DNA
and induce its gradual compaction by cross-linking multiple DNA segments. DNA compaction by
weak cationic binders is inhibited by monovalent cations and DNA condensates formed as a result
of DNA compaction by weak cationic agents can be reversibly unfolded (decompacted) by adding
monovalent cations [14]. Due to significant rigidity of the double-stranded DNA (the persistence
length is ca. 50 nm in the physiological conditions) DNA is usually compacted DNA into
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characteristic toroidal shape condensates of high density [15], in which DNA biological activity
(e.g. transcription) is completely inhibited [16].
In the above studies, size and shape effects of DNA binders were usually neglected because of
their small size. In the real cell, however, the DNA molecule frequently encounters cationic binders
and surfaces of the nanoscale dimension [17] and due to the semi-flexible nature of DNA
macromolecule its conformational behavior is greatly affected by the geometry of interacting
species. In eukaryotic cells, for instance, DNA is folded by cationic proteins, histones, of ca. 7 nm
size and then hierarchically assembled into chromosome gaining over 1000-fold compaction [18].
In order to model this type of DNA condensation, cationic dendrimers [19, 20], and nanoparticles
(NP) [21, 22], were tested as model systems with a particular focus on their size and charge effects
on DNA condensation/compaction. Zinchenko et al. studied DNA compaction by cationic
nanoparticles with sizes from 10 to 100 nm and similar surface charge density (2-3 charges per
square nm) and showed that the mode of DNA interaction with such cationic nanotemplates and
DNA compaction degree strongly depend on their size as illustrated in Figure 5. Due to DNA
stiffness at the nanoscale, interaction of DNA with small size and/or low cationic charge NP results
in decorating of DNA macromolecule with colloidal particles. When either size or cationicity of
NP increases, electrostatic attraction between DNA and cationic species overcomes the DNA
bending stress penalty, and DNA molecule wraps around the cationic particle. The case of even
larger cationic templates with sizes greater than 50 nm is similar to DNA adsorption on flat cationic
surfaces. Murata et al. studied the effect of mono- and divalent cations on DNA compaction by
small (10 nm) and large (100 nm) cationic nanoparticles [23, 24]. DNA compaction was most
efficient in terms of nanoparticles concentration at intermediate salt concentrations that roughly
correspond to the physiological salt conditions (ca. 0.1 M of NaCl). The decrease in DNA
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compaction efficiency by NP in low salt is caused by the increase of DNA chain bending energy
cost to form electrostatic complex with nanoparticles as well as by the strengthening of repulsing
interactions between like-charged DNAs adsorbed on nanoparticle surface. On the other hand, at
high concentrations of salt, electrostatic interactions between DNA and cationic NP are strongly
screened that results again in inefficient DNA compaction.
In contrast to the abrupt and discontinuous coil-globule transition of DNA in solutions of
multivalent cations, DNA compaction by nanosized colloidal particles of any sizes between 10
and 100 nm was continuous DNA folding likewise the DNA compaction by linear polycations.
The difference between DNA compaction scenarios affects the way how DNA biological activity
changes during DNA compaction event. For example, the multivalent cation spermine inhibits
DNA transcription activity completely in a very narrow range of spermine concentrations
preceding DNA collapse [16] due to an abrupt change of DNA conformation from unfolded and
well accessible for binding proteins to very compact and thus inactive. In contrast, cationic NP
induce step-by-step compaction of DNA coil and cause gradual inhibition of transcription as more
sites on DNA molecule become “blocked” with strongly bound NP [25]. The inhibition is more
cooperative and abrupt in the case of smaller nanoparticles as they resemble multication.

3. DNA compaction in crowded environment of neutral and anionic crowders
Whereas electrostatic interaction of DNA with cationic species is the predominant driving
force of DNA condensation in vivo, construction of DNA-containing biomimetic systems is
impossible without considering the high degree of macromolecular crowding in the real cell.
Living cells contain 20-40% (w/w) of polymeric species [26, 27] and it has biochemical and
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biophysical consequences for DNA higher-order structure and functions [28]. As a result,
macromolecular crowding plays crucial role in a wide range of DNA-involved biological reactions
[29]. In particular, the increased binding of DNA polymerase to DNA [30], promotion of DNA
replication [31], promotion of DNA hybridization [32], enhancement of DNA hydrolysis by
nucleases [33], etc. under crowding were reported.
In his pioneering study, Lerman addressed the influence of the crowded environment on DNA
phase behavior by mixing it with neutral polymers such as polyethylene glycol (PEG) and salt at
a high concentration [34]. It was found that DNA undergoes collapse into very compact particles
in solutions containing about 10% (v/v) of neutral polymer and about 0.3 M of NaCl. This type of
DNA compaction is referred to as  (PSI = polymer and salt induced) DNA condensation. 
condensation of DNA is caused by non-miscibility of DNA and neutral polymer leading to the
appearance of depletion attractions forces between DNA segments that ultimately results in DNA
compaction. High concentrations of simple salt in solution efficiently suppress the DNA
electrostatic charge and promote DNA condensation. Importantly, these experiments demonstrated
that DNA adopts compact conformation in crowded environment and that DNA compaction can
be realized even in solutions containing no cationic binders.
At the level of single molecule, DNA compaction in concentrated solutions of neutral
polymers was shown to proceed similarly to DNA compaction by multivalent cations (Figure 3),
i.e. as all-or-none folding transition from an elongated coil state to a compact globule state [35].
At a constant polymer volume fraction, this type of DNA compaction is promoted by an increase
in neutral polymer length that contributes to to the value of the excluded volume as well as by an
increase of salt concentration affecting a degree of DNA charge neutralization [35, 36]. By single
molecule observations it was found that prior to DNA condensation in solutions of neutral
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crowding agent dextran, the mobility DNA coil reduced drastically and DNA coil significantly
elongated. The origin of this elongation is still poorly understood but assigned to a “complex
interplay between entropic effects and crowder mobility” [37]. Both mentioned effects were much
pronounced in solutions of higher molecular weight dextran. In tight condensates formed after
DNA compaction the transcriptional activity of DNA was completely inhibited [16].
Mixing of DNA with anionic polymers and salt had similar effects on DNA conformational
behavior as it was described for neutral crowders. The concentrations of polyanions such as
polyglutamic acid, polyaspartic acid, or polyacrylic acid to induce either DNA precipitation [38]
or single-molecule compaction [39] were reported to be of the same order as those found for neutral
crowders, i.e. ca. 10-20% (w/v), and DNA compaction occurred as all-or-none coil-globule phase
transition. Because in living cells macromolecules of different charges coexist, some studies
attempted to address DNA conformational behavior in a mixture of crowders of different charges.
In the solution of high concentrations of PEG, DNA folding and unfolding transitions induced by
either a polycation or a polyanion, respectively, were shown to be greatly promoted in terms of
critical concentration and cooperativity of DNA phase transition [40].
In earlier studies of DNA  condensation, high molecular weight neutral polymers were
utilized due to their significant excluded volume, but recently it was shown that DNA can be also
compacted by negatively charged globular proteins and colloidal particles. Yoshikawa,
Vasilevskaya et al. demonstrated that long chain single DNAs undergoe folding transition in
solutions containing about 15% (w/v) of negatively-charged protein, bovine serum albumin (BSA),
and salt [41-43]. Although BSA has positively charged fragments, due to its small size and high
overall negative charge, DNA interaction with BSA can be considered as predominately repulsive.
The origin of DNA phase transition induced by anionic globular species is essentially the same as
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described for other crowders, i.e. depletion interactions, yet several unique features were noticed.
For example, the dependence of DNA condensation by BSA on monovalent salt concentration was
the opposite to the salt dependence of DNA condensation by neutral polymers due to the effect of
salt on the excluded volume of polyanion. In the former case (Figure 6), addition of salt into
solution of DNA and BSA results in screening of electrostatic charge of the polyanions.
Consequently, the decrease of the Debye length of BSA causes the decrease of the excluded
volume of polyanions and unfolding of DNA in a less crowded media. On the other hand, the
excluded volume of a neutral crowder is not much influenced by fluctuation s of ionic strength,
but because high concentration of salt promotes DNA charge neutralization, an increase of
monovalent ions concentration in solution of a neutral polymer promotes DNA compaction.
Although small spherical crowders are less efficient depletion agents than flexible polymers,
theoretical studies made clear the possibility of DNA compaction by small crowders in solutions
of relatively low ionic strengths [44, 45]. Later, Zinchenko et al. studied DNA compaction by
negatively charged silica nanoparticles of 20, 55, and to 135 nm size (zeta potential values are −25,
−35, and −30 mV, respectively) under conditions of low salt, 1 mM of NaCl [46]. They showed
that, similarly to DNA compaction by BSA, DNA undergoes compaction in concentrated solutions
of anionic nanoparticles of any diameter. Threshold NP concentration in DNA compaction by large
135 nm nanoparticles was about 10% (w/v), but only 1% of small 20 nm nanoparticles was
sufficient to compact DNA. The size effect of NP was discussed by taking into account the
contribution of the Debye length to the total excluded volume of anionic nanoparticles. Obviously,
relative increase of nanoparticles’ excluded volume due to electrostatic interactions between DNA
and NP ((VNM+ld)/VNP, where ld is Debye length) is more significant for smaller particles. The
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recalculated total excluded volume of the nanospheres at the point of DNA compaction using
Debye length was nearly the same and equal ca. 20% (w/v).
The crowded environment around DNA molecules does not only have a strong influence on
the conformational behavior of DNA, but it also has a profound effect on DNA secondary structure.
Stability of DNA double helix under crowded environment was studied by measuring DNA
melting temperature at which DNA undergoes helix-coil transition resulting in separation of the
double-helix into two single strands. In a majority of studies, addition of crowders to DNA solution
resulted in stabilization of DNA duplexes and triplexes and accompanied by increase of DNA
melting temperature [47-49]. Anionic crowders were shown to have stronger stabilization effect
than neutral ones probably as a result of additional electrostatic contribution to the excluded
volume effect [48]. However, destabilization of the DNA double-helix in solutions of PEG [50]
and anionic spheres [46] was also reported. It was found that in PEG solutions strands exchange
between double-stranded DNA was dramatically accelerated supporting the scenario of DNA
denaturation under crowding [51]. The opposite effects of crowding on DNA double-strand
stability are attributed to a large number of parameters involved such as decreased water activity,
altered behavior of counterions, disruption of hydrogen bonds between DNA strands, etc., and
contribution of each parameter can largely vary in every particular system depending on DNA
length, crowder size, crowder charge, ionic strength, etc.
4. DNA conformational behavior in confined spaces
The size of the living cell (ca. 10 m) is significantly smaller than it is required to
accommodate the whole genomic DNA of ca. 3 meters length in its free unfolded state (human
cell), hence the studies on DNA conformational behavior in a confined space are of particular
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importance for understanding of factors controlling DNA condensation and accurate experimental
modeling of DNA behavior inside living cells. Past studies on DNA behavior under confinement
can be roughly divided into two groups: (i) the studies aimed at understanding of DNA
conformational dynamics under extreme nano-confinement of 10-100 nm size, and (ii) the studies
that were performed to make clear the DNA behavior in the cell-sized space (10-100 m)
surrounded by a phospholipid membrane to construct in vitro biomimetic cell models, so-called
“artificial cells”.
4.1 DNA conformational dynamics in nanoslits and nanochannels
During the past decade, two-dimensional nanoslit and one-dimensional nanochannel
confinements were actively utilized for visualization of DNA conformational behavior by
fluorescent microscopy technique under nano-confinement in aqueous solution and in the presence
of DNA binders. Confinement of DNA molecules in a nanoslit represents a transition from 3dimentional to quazi-2-dimentional regime. In solutions without DNA binders, the confinement of
DNA in a slit results in the increase in the DNA coil size, which depends on nanoslit height.
Ichikawa et al. showed that there is a characteristic height of the slit confinement that separate 3dimentional and quazi-2-dimensional regimes [52]. This characteristic height corresponds to the
Flory radius of DNA coil, i.e. 4.45 m for T4 DNA (165 kbp) of 65 m contour length. Figure 7
shows that under the confinement with the height smaller than the Flory radius of DNA (i.e. in 2dimensional regime) the average long-axis length of DNA coils progressively increases with the
decrease of slit height. Doyle et al. studied conformational behavior of -DNA (48 kbp) [53] in 2dimensional confinement in a broad range of heights from 32 nm to 10 m and reported similar
two-regime dependence. Gyration radius of -DNA coil was constant under confinement’s height
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larger than 2 m and almost equal to the gyration radius of DNA coil in a bulk solution, while it
increased monotonically in lower heights regime. Under 32 nm confinement the gyration radius
of DNA was nearly doubled in comparison to unconfined DNA in a bulk solution. The increase of
DNA coil size under 2-dimensional confinement was also accompanied by changes in DNA selfdiffusion coefficients and rotational relaxation times. Lee et al. studied the effect of ionic strength
on DNA conformation under strong nanoslit confinement and discussed the influence of ionic
strength on DNA−DNA and DNA−nanoslit repulsion interactions and DNA conformation [54].
They performed systematic analysis of past experimental data reported in literature and concluded
that the size of DNA confined in a slit depends on slit height, the DNA persistence length, and the
effective diameter (swelling degree) of DNA.
Accompanied by recent progress in fabrication of micro- and nanofluidic devices, a number
of experimental and theoretical studies of DNA conformational behavior in 1-dimensional
nanochannel was also performed [55]. These studies are primarily motivated by a prospective
practical application of DNA stretching in nanochannels for analysis of DNA genome. In a good
agreement with the trends observed in nanoslits, in nanochannels DNA swelled and adopted even
more extended coil conformation due to restrictions in its configurational degrees of freedom
(Figure 8) [56, 57]. Decrease in the ionic strength of solution greatly promote the extension of
DNA macromolecule due to stronger electrostatic repulsion interactions that increases the
persistence length (rigidity) of DNA [58-60]. Under optimized condition, in 250 nm  400 nm
channel under low ionic strengths, long DNA molecules could be stretched almost to its full
contour length, i.e. up to 88% of the contour length [61].
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While DNA behavior in nanoslit and nanochannel confinements was intensively investigated,
surprisingly, there are almost no studies focused on DNA interaction with cationic binders under
confinement. As shown in Figure 2, DNA interaction with cationic binders under strong
confinement is very relevant to the DNA binding to cationic proteins in cell nucleus and thus of
great interest and importance. van der Maarel et al. studied the interaction of T4 DNA with cationic
arginine-rich protein, protamine, in 200 nm  300 nm nanochannel [62]. They found that DNA
molecule was progressively compacted by protamine, and this compaction was more efficient in
terms of polyamine threshold concentration as well as compaction kinetics at intermediate
concentrations of salt (10 mM) (Figure 9). Unfortunately, the role of nanoconfinement itself in
the process of DNA compaction was not addressed. In the same paper, they also studied the
unfolding process of protamine-compacted DNA by adding NaCl and showed that compact DNA
can be reversibly unfolded in the nanochannels in high ionic strength solution. The unfolding time
increased with the increase of the concentration of coexisted with DNA protamine.
4.2 DNA confined in droplets, vesicles, and liposomes
A completely different direction in the research on DNA conformational behavior in the
confined space was to address DNA behavior in the real cell and to construct primitive artificial
cells [63]. Water droplets stabilized in oil by lipids and giant liposomes were chosen as suitable
experimental models of living cell’s confinement. The methods of their preparation as well as
properties are currently being vigorously investigated [64]. These artificial models of cells have a
characteristic size of the confinement on the order of 10-100 m which is separated from outer
solution by phospholipid layer. The charge of phospholipid membrane can be controlled in a broad
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range by selecting suitable lipids for membrane construction, but it is usually constructed to
possess negative charge in order to mimic living cell.
The possibility to entrap short DNA fragments into vesicles was demonstrated a long ago as a
tool for gene transfer, [65, 66] yet no insight into conformational behavior of DNA in cell-sized
confinement was provided. In 2000s Yoshikawa and colleagues initiated studies aimed at
understanding of physico-chemical aspects of long DNA molecules behavior under cell-sized
confinement. T4 phage DNA can be placed into a giant vesicles by natural swelling of
phospholipid film in solutions containing DNA as shown in Figure 10 [67]. DNA can be entrapped
either in its unfolded coil conformation or in compact globular state after complexation, for
instance, with histone proteins [68]. Baigl et al. studied conformational changes of single DNA
molecules in cell-sized droplets and succeeded to control the conformation of encapsulated DNA
photochemically with a help of photosensitive binder which DNA-binding character was
reversibly switched by irradiation with a light of a certain wavelength [69]. Inside giant vesicles
DNA preserves its biological activity and transcription reaction can be successfully performed in
such “biochemical reactor” after encapsulating DNA with polymerase and other necessary
chemicals [70, 71]. At present, post-addition and exchange of DNA or other chemicals after their
encapsulation between the giant vesicles/droplets and outer solution are not possible; therefore,
the solution of desired composition including chemicals for biochemical reactions is firstly
prepared and then encapsulated into the microcontainers by natural swelling of phospholipid film,
pipetting of DNA solution into oil, and other techniques [64]. Alternatively, an approach of direct
transfer of compacted DNA one-at-a-time by laser tweezers from bulk solution into a giant vesicle
was proposed [71].Size of the confinement in the above experimental models of cell (10-100 m)
is significantly larger than the confinement of nanoslits or nanochannels (ca. 50-500 nm), therefore,
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a dramatic influence of DNA encapsulation on DNA conformation reported for nanoslits and
nanochannels is generally not expected. On the other hand, it is important that the conformational
behavior of DNA in cell-sized confinement of droplet/vesicle is greatly affected by the presence
of a charged membrane at the interface of the confinement and outer solution. Cationic species
interacting with negatively-charged DNA are also involved in the electrostatic interaction with
phospholipid membrane composed of zwitterionic or anionic lipids. As a result, although the
interaction of DNA and phospholipid membrane is not attractive, in the presence of multivalent
cations inside the confinement DNA can adsorb on the surface of membrane [72]. For example,
partitioning of T4 DNA in phospholipid membrane-coated droplets between internal solution and
surface changed dramatically in the presence of magnesium ions and at 10 mM Mg2+
(physiological concentration) the entire encapsulated DNA was adsorbed onto the phospholipid
membrane. The extent of this effect was shown to correlate with charge structure of lipid
headgroup in the membrane [73]. In the same study, compaction of DNA by tetraamine, spermine,
in the presence of Mg2+ of different concentrations in a bulk solution and inside the cell-sized
confinement was compared. In the absence of Mg2+ ion, DNA compacted by spermine into
globules exhibited Brownian motion inside droplets. When the concentration of Mg2+ was
relatively high, encapsulation of compacted by spermine DNA resulted in the unfolding of DNA
to coil conformation and adsorption of DNA coils onto the phospholipid membrane. Smaller size
of droplets (20-80 m) favored DNA adsorption onto phospholipid membrane (Figure 11), while
in large droplets (80-200 m) a large fraction of unfolded DNA was also partitioned in droplet..
Because in [73] two types of cationic species (Mg2+ and spermine) were used, it was difficult
to deduce their individual roles. Therefore, recently, Hamada et al. studied the conformational
behavior of T4 DNA in the presence of only trication spermidine (without Mg2+) in 10 to 100 m
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water-in-oil droplets covered by phospholipids [74]. Figure 12 shows the obtained phase diagram
of T4 DNA in a bulk solution and in droplets of different sizes and at different spermidine
concentrations together with the data of the DNA partitioning inside droplets. Adsorption of DNA
on negatively-charged phospholipid surface is induced by the interaction of positively charged
spermidine with membrane that turns DNA interaction with membrane to attractive. Consequently,
at high concentration of spermine both unfolded and compact DNA molecules were exclusively
observed on membrane. Importantly, the increase in droplet size at constant concentration of
triamine resulted in conformational transition of adsorbed DNA from compact to unfolded
conformation. This unfolding transition is explained by free energy changes during interplay
between DNA coil-globule transition, DNA adsorption/desorption transition on/from membrane
wall, and changes of ions translational entropy. When concentration of spermidine was low, DNA
adopted coil confirmation regardless of droplet size, but while in smaller droplets unfolded DNA
was located inside solution, DNA coils preferentially adsorbed on the membrane of larger ones.
Both [73] and [74] show that phospholipid membrane can induce unfolding of the compact
DNA that might have very important consequences for DNA accessibility to proteins and
activation of various biochemical reactions. On the other hand, the reported effects of droplet size
on DNA adsorption on the confinement membrane in [73] and [74] are opposite, which is probably
due to the presence of Mg2+ ion in the system described in [73]. Obviously, DNA conformational
behavior and partitioning in cell-sized droplets are determined by a very delicate interplay of many
parameters including concentration of DNA binders, ionic strength, droplet size, surface property
of confinement membrane, etc., but further systematic studies are required to understand the whole
picture.
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The event of DNA encapsulation itself is sufficient to induce dramatic changes not only in
DNA conformation but also in DNA biological functions. Encapsulation of DNA into cell-sized
droplet was shown to result in remarkable acceleration of DNA gene expression, which was
reversely proportional to the size of droplets [75]. The authors of [75] stressed that in such system
both the size of the confinement and the presence of membrane surface affected gene expression.
In particular, they tested a number of phospholipids and found that anionic character of the
confinement membrane promoted the expression reaction at a larger extent.
5. Compaction of DNA under confinement and in the presence of crowders
Generally speaking, both macromolecular crowding and confinement contribute to the
excluded volume around a macromolecule by exclusion of one soluble macromolecule by another
or by a fixed boundary to the macromolecule, respectively. As it was discussed above, originally,
the effects of macromolecular crowding and confinement on DNA conformational behavior were
studied separately, but very recent experimental observations of DNA confined in nano-geometries
and micro-geometries in the presence of crowders revealed a number of interesting features of the
combined influence of both factors on DNA conformational dynamics.
Doyle, van der Maarel et al. studied DNA conformational behavior in the presence of
electrostatically neutral dextran crowders of 3-17 nm size (Rg) in a bulk solution, under
confinement of 2-dimentional nanoslit of 250 nm height, and 1-dimentional nanochannel of similar
width and depth [76]. A drastic difference in the response of DNA conformation to the addition of
crowder in these three systems was found. In unconfined bulk solution DNA coil size
monotonically decreased with an increase of dextran concentration. Under nanoslit confinement,
however, the change of DNA coil size became non-monotonic: with the increase of dextran
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concentration DNA first swelled and then shrunk, yet the DNA collapse did not occur under 2dimentional confinement. DNA conformational changed in 1-dimentional nanochannel was
observed as gradual elongation of DNA coil at earlier stages followed by abrupt collapse of DNA
coil into globule at high concentrations of dextran (Figure 13A) [77]. Because the elongation of
DNA coil occurred only under confinement, it was attributed to the coupled effect of confinement
and crowding. Swelling of DNA coil in such systems was explained as a result of osmotic pressure
working in the inward direction of the nanochannel caused by depletion of dextran density in the
interior of DNA coil in comparison to dextran concentration near channel walls. Due to the
stronger confinement in nanochannels, i.e. presence of four walls around DNA limiting its degree
of freedom, the osmotic pressure and the extent of DNA coil elongation in nanochannels were
significantly larger than under nanoslit confinement. For example, at the point of the maximum
DNA coil extension ca. 40% and ca. 14% DNA elongation was observed in nanochannels and
nanoslits, respectively. In the above studies it was successfully revealed that strong confinement
of DNA promote DNA condensation in a crowded environment. Furthermore, it was demonstrated
for the first time that DNA can undergo compaction in solutions of crowders almost without added
salt (c(NaCl) = 3 mM), whereas in the classic  (PSI = polymer and salt induced) condensation
scenario, the coexistence of high concentrations of salt was the indispensable condition to induce
DNA charge neutralization and compaction.
To address the influence of electrostatic charge of crowder, DNA conformation in
nanochannels was also analyzed in the presence of anionic BSA protein [77], which is of similar
size to dextran but has a negative charge of ca. −15 per molecule at pH 8.5. In contrast to DNA
coil swelling induced by neutral dextran in nanochannels, compaction of DNA by BSA in
nanochannels preceded by contraction of DNA coil due to the predominant role of repulsive
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interactions between like-charged BSA and DNA (Figure 13B). Critical concentration of crowder
to induce DNA compaction shifted to higher values in narrower channels and DNA compaction
was shown not to occur in the narrowest 60  100 nm2 channel at any concentration of BSA. As a
result of change in nanochannel’s width from 300  250 nm2 to 100  250 nm2, about 10-fold
increase in BSA concentration to induce DNA compaction was observed.
To address DNA conformational behavior inside cell-sizes confinement under crowding,
Yoshikawa et al. studied phase separation of relatively short 300-700 bp DNA in concentrated
PEG solution inside water-in-oil droplets of 50-170 m size [78]. They found that DNA phase
separation can take place under confinement of droplet even when no DNA condensation is
observed in a bulk solution containing the same quantities of DNA and PEG. In a good agreement
with previous reports, the event of DNA phase separation occurs at the interface of the droplet,
where the ordered condensed phase of DNA is formed. In droplets of smaller size DNA phase
separation was significantly promoted.
Later, studies on T4 DNA conformational behavior inside phospholipid-coated droplets were
performed in the presence of anionic crowders of different rigidity and the influence of crowder
concentration as well as size of the confinement on DNA conformation and partitioning inside
droplets were reported [79, 80]. In these studies, DNA was taken at concentrations much higher
than in single-molecule experiments, i.e. 0.34 mg/mL. Sodium alginate, an anionic polysaccharide,
was used as a semi-flexible anionic crowder (persistence length = 5 nm). In bulk solution
containing 0-0.5% of alginate, the size of DNA coil progressively decreased with an increase of
anionic crowder concentration. Figure 14 shows phase diagram of the DNA conformational state
and partitioning inside micrometer size droplet. At low concentrations of alginate DNA
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condensation occurred mostly inside the confinement space, but at higher concentrations of the
crowder, all the condensed DNA molecules adsorbed on the phospholipid membrane of the
droplets. In the confinement of smaller size, ca. 10 m, DNA tended to condense more efficiently.
Similar phase behavior was found in mixtures of concentrated DNA and highly rigid polyanion,
actin (persistence length ca. 10 m), encapsulated into the microdroplets [79]. Both DNA and actin
tended to condense under conditions of strong confinement and to adsorb on the membrane of
droplets. In droplets of larger sizes (> 20 m), phase separation scenarios of DNA and actin
depended strongly on the concentration of actin inside droplets. At low concentrations of actin,
both polyanions were dispersed inside the droplets, but when the concentration of actin increased,
DNA selectively precipitated on droplets’ membrane and only actin remained inside the droplets.
Adsorption of actin on the membrane of droplets was favored only under very strong crowding
(high actin concentrations), at which both DNA and actin were excluded toward the surface of
phospholipid membrane.
6. Conclusions and outlook
Although earlier experimental models of DNA condensation/compaction reported since 1970s
made clear fundamental aspects of DNA condensation induced in solutions of cationic species or
in highly concentrated mixtures of polymers and salt, all those models focused primarily on one
or two system parameters among those shown in Figure 2. In present, DNA conformational
behavior in such simple systems is no more considered to reflect the actual DNA behavior in the
living cell. New experimental model systems reported during past 15 years of progress in this field
address more realistic biomimetic scenarios of DNA condensation and reveal new striking features
of DNA condensation/compaction. In particular, DNA condensation phenomenon was found to be
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largely affected by the size of the confinement where the DNA condensation event occurs.
Furthermore, DNA condensation inside the microdroplets mimicking the real cell environment
was shown to be influenced not only by the size of the droplet but also by the surface state of
phospholipid membrane that can trigger DNA conformational changes in the vicinity of the
confinement wall. However, the number of reports describing these new systems is still relatively
small, and even fewer is the number of systematic studies. More comprehensive and functional
systems should be constructed and explored to make clear how DNA interaction with cationic
species takes place inside a confined micrometer-sized space in the presence of high concentrations
of macromolecular crowders. For example, all DNA condensation/compaction systems described
here show strong dependence on the ionic strength of media, which can either promote or impede
DNA condensation depending on a condensation scenario. Therefore, in the systems consisting of
multiple components that can induce DNA condensation independently, slight change in simple
salt concentration may result in a highly cooperative phenomena of DNA folding/unfolding.
Because many biological functions of DNA are intimately related to the degree of DNA
condensation that can be dramatically altered under confinement, macromolecular crowding, etc.,
the applications of new experimental model systems for DNA condensation in biological and
biomedical fields are also awaited. Finally, although probably futuristic, further development and
optimization of liposome-encapsulated DNA systems, might ultimately allow to create first
functional synthetic cells.
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Figure Captions
Figure 1. Timeline (not to scale) of studies in the field of DNA condensation.
Figure 2. Artificial cell model showing the complexity of an experimental system simultaneously
taking into account the micrometer size of DNA confinement and the confinement wall effects,
crowded environment inside the confinement, interaction of DNA with various types of cationic
binders, and the presence of high concentrations of surrounded ions.
Figure 3. Single-molecule observation of T4 DNA (165 kbp, ca. 60 m contour length)
compaction by spermine. Representative fluorescence microscopy images of dye-labeled T4 DNA
molecules in coil, globule, and coil-globule coexistence conformational states.Figure 4. Change
in the long-axis length of T4 DNA (0.2 μM) macromolecule as a function of the poly-l-lysine
concentration. The horizontal axis shows the charge ratio between poly-l-lysine (amino groups)
and T4 DNA (phosphates). The numbers n for each dependence correspond to the number of
residues in the poly-l-lysine used for DNA compaction. Open circle represents the average for all
DNA molecules in the given condition. Values shown by closed circles represent the average
values for DNA in coil and globule state, respectively. (Adapted from [13])
Figure 5. Three modes of DNA interaction with cationic nanoparticles. Typical snapshots obtained
from molecular dynamics simulations of single-chain DNA fully compact state for large, medium,
and small nanoparticles and transmission electron microscopy images of the DNA complexes with
nanoparticles of ca. 100 nm, 25 nm, and 10 nm. (Adapted from [21, 22])
Figure 6. (A) Schematic representation of the change in the higher-order structure of DNA with
an increase in the BSA concentration. Regions I and III are the extreme states in which all DNA
molecules exhibit the elongated coil and fully compact conformations, respectively. Region II
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shows the intermediate state, which includes intrachain segregated conformation, as depicted
schematically. Partially compacted DNA molecules only exist in region II. (B) Phase diagram of
the conformation of DNA as a function of the NaCl and BSA concentrations. (Adapted from [42])
Figure 7. Dependence of the average major length of a DNA molecule L on the thickness of a slit
d. Both L and d are represented in the normalized scale by the Flory radius in three dimensions,
RF=4.45 μm. The fluorescent images in a thin (left: d = 1 μm) and a thick cell (right: d = 10 μm)
are also presented.
Figure 8. (a) Fluorescence images of λ-DNA molecule confined at different spatial positions along
the same tapered nanochannel. The geometric average increases in from left to right: DAv≈ 97, 118,
155, 194, 215, 240 nm, respectively. The scale bar is 5 μm. (b) Molecule extension r as a function
of geometric average DAv measured for linear λ-DNA (upper trace, 48.5 kbp, L10:1 = 19.8 μm) and
circular charomid DNA (lower trace, 42.2 kbp, L10:1 = 17.2 μm). (Adapted from [57])
Figure 9. Compaction of T4 DNA following exposure to a solution of 1 (upper curve), 3 (middle
curve) and 5 (lower curve) µM protamine in 1×T buffer. The DNA molecules are confined in
channels with a cross-section of 200 × 250 nm2. The data represent average trajectories pertaining
to the compaction of five different molecules. The inset shows a time-lapse series of fluorescence
images pertaining to the compaction following exposure to 5 µM protamine in 1×T buffer. Time
zero is defined as the moment when the molecules start to compact. (Adapted from [62])
Figure 10. Fluorescent microscopic images of a giant liposome entrapping a couple of T4 DNA
molecules. (Adapted from [67])
Figure 11. Dependence of the T4 DNA distribution on droplet-size in DOPE microdroplets. DOPE
microdroplets encapsulating T4 DNA with 10 mM Mg2+ and 1.5 mM spermine were observed
under confocal microscopy. (Adapted from [73])
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Figure 12. Phase diagram of DNA behavior in droplets as a function of droplet radius R and
spermidine concentration CSPD. Crosses and circles indicate coil and globular conformations of
DNA, respectively. Gray region corresponds to the adsorption of DNA on the membrane surface.
(Adapted from [74])
Figure 13. (A) Relative extension of T4 DNA versus the concentration of dextran (Mw = 50 kDa)
in 300 × 300 nm2 (circle) and 200 × 300 nm2 (square) channels. For all panels, the buffers are 10
mM Tris/HCl (circle) or 10 mM Tris/HCl with 25 mM NaCl (square). (B) Relative extension T4
DNA (open symbols, YOYO-1 stained) and λ-DNA (closed symbols, Alexa stained) versus the
concentration of BSA in 200 × 300 nm2 channels. (Adapted from [77])
Figure 14. (top) Phase diagram of the DNA distribution in phospholipid-coated micrometer-scale
closed sphere (PMS) containing 0.34 mg/mL of DNA and various amounts of alginate. Schematic
illustrations of the DNA distribution is shown in the right rectangle. (bottom) Representative
fluorescence microscopic images of DNA localization in the PMSs, where labels a–d refer to the
corresponding conditions in the phase diagram. Scale bars are 10 μm. (Adapted from [80])
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