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Introduction

Genomic DNAs are long molecules (up to centimetres in
contour length) that are compacted in nature to fit within
narrow spaces such as viral capsids or nuclei in eukaryotic
cells. Moreover, it has been well established that the higher-
order structures of DNA and chromatin are crucial for the
regulation of gene expression.[1] Several strategies to control
DNA conformation and compaction in vitro have therefore
been developed.[2] Most of them are based either on neutral-
ising DNA negative charge with oppositely charged com-
pounds (e.g., polyamines,[3] surfactants,[4] polymers,[3d,5] nano-
particles[6] and vesicles[7]) or on creating unfavourable con-
tacts with the solvent (e.g., crowding agents such as polyeth-
ylene glycol (PEG),[8] precipitation in alcohol[9] and solvents
with low dielectric constants[10]). In most cases, DNA com-
paction is achieved by addition of a compaction agent to the
DNA solution, whereas unfolding is usually achieved either

by dilution or by addition of a second molecular species
(e.g., monovalent salts,[11] compounds of high dielectric con-
stant,[3b] or anionic surfactants[12]).[13] For all these strategies,
the DNA conformation thus strongly depends on the com-
position of the surrounding medium, and controlling DNA
conformation in a dynamic way under conditions of constant
chemical composition remains challenging. To overcome
such limitations, and bearing in mind potential reversible
control of gene expression systems, we have developed a
method for light-based reversible control of the conforma-
tion of genomic DNA,[14] which can in turn trigger biochemi-
cal reactions involved in gene expression.[15] In this ap-
proach, photocontrol of DNA conformation is ACHTUNGTRENNUNGachieved by
addition to the DNA solution of a photosensitive nucleic
acid binder (pNAB) molecule, the affinity of which for
DNA can be modulated with light.[15] Only two pNABs have
so far been reported. The first, usually referred to as
AzoTAB, is a cationic surfactant containing an azobenzene
group in its hydrophobic tail.[14,15] AzoTAB undergoes a
trans to cis isomerisation at 365 nm accompanied by a
change of polarity. The less polar trans isomer of AzoTAB
can induce DNA compaction at a lower concentration than
the more polar cis isomer. Consequently, there exists an
AzoTAB concentration range for which genomic DNA is
compacted under dark conditions but unfolded under UV il-
lumination at 365 nm. AzoTAB has been successfully ap-
plied in the control of several photodependent properties in-
volving DNA: control of the DNA conformation at the
single-molecule level inside cell-mimicking microenviron-
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ments,[14b] release of DNA into cells[16] and photocontrol of
gene expression systems both at transcription and at transla-
tion levels.[15] The photodependent polarity of this amphi-
philic molecule has also been applied to develop photocon-
trollable surface tension properties and allowed us to manip-
ulate droplets by using light.[17] The second type of pNAB is
a photosensitive cationic gemini surfactant, referred to as
AzoGEM, in which the trans to cis isomerisation is accom-
panied by changes both in polarity and in distance between
cationic charges. Again, the trans isomer is more efficient
than the cis isomer for induction of DNA compaction.

AzoTAB and AzoGEM show different capabilities for
compaction of DNA as a function of light illumination.
However, two important parameters have to be taken into
account to evaluate the efficiency of a pNAB. The first is
the concentration necessary to induce DNA compaction.
Depending on buffer conditions, a 7000 to 20 000 AzoTAB/
DNA molar ratio is necessary to achieve a photoreversible
compaction.[14,15] This can be explained by the presence of
only one cationic charge and the low hydrophobicities of
both trans and cis isomers. Such a large excess of AzoTAB
might be a drawback for some applications, especially in the
context of in vivo implementations. In contrast, AzoGEM,
which contains two cationic charges and two long hydropho-
bic tails, can induce DNA compaction at an AzoGEM/DNA
molar ratio as low as 1.5.[18]

The other crucial parameter for assessment of pNAB effi-
ciency is the reversibility of the DNA folding transition
upon illumination: that is, the potential to induce DNA un-
folding by illumination of a solution containing DNA mole-
cules already compacted by the pNAB. AzoGEM can
induce DNA compaction at a concentration corresponding
to a 1.5-fold excess relative to DNA, but once the DNA has
been compacted it cannot be unfolded regardless of illumi-
nation conditions.[18]

There is therefore a need to develop new pNAB mole-
cules that can allow reversible photocontrol of DNA confor-
mations at low concentrations. To this end, we synthesised a
series of photosensitive cationic surfactants (AzoCx) homol-
ogous to AzoTAB but with various hydrophobic tail lengths
(Figure 1 A). We studied the interaction of these molecules
with genomic DNA in terms of their photodependent DNA
compaction properties and the reversibility of the DNA
folding transition.

Results

Figure 1 A shows the molecular structures of the AzoCx
series. AzoC2 thus corresponds to the AzoTAB molecule
described in other articles.[14,15, 17] The compounds AzoCx
were prepared in three-step syntheses adapted from Haya-
shita et al.[19] Figure 1 B–D shows UV/Vis spectra of com-
pounds AzoCx in buffered solutions used for DNA compac-
tion studies (10 mm TrisHCl, pH 7.5) as a function of time of
illumination at 365 nm. All molecules show similar absorp-
tion spectra. In the absence of illumination the molecules

exist mainly in the trans configuration, which is character-
ised by a maximum at 360 nm. In the presence of UV light,
the photostationary state contains a majority of cis isomer
(maximum at 322 and 442 nm) and is typically reached after
one minute of UV illumination regardless of the value of x.

To study the effect of hydrophobic tail length and of UV
illumination on the hydrophobic character and auto-associa-
tive properties of the AzoCx compounds, we determined
their critical micellar concentrations (CMCs) by conductivi-
ty measurements with and without UV illumination at
365 nm. Each CMC was determined at the concentration at
which a transition between two linear behaviour types was
detected (Figure 2 for x=2 and Figure S1 in the Supporting
Information for x= 5 and x= 8). Table 1 shows the CMC
values obtained by these measurements. It shows that the
CMCs, regardless of light illumination conditions, strongly
decrease with increasing x, which is interpreted in terms of a

Figure 1. A) Molecular structures of the photosensitive surfactants
AzoCx. B)–D) UV/Vis spectra of surfactants AzoCx as a function of UV
illumination time at 365 nm with x=2 (B), 5 (C) and 8 (D). Solutions
were prepared in the buffer for DNA compaction studies (10 mm

Tris·HCl buffer, pH 7.5) at concentrations of 50 mm.
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higher propensity to self-assemble when the hydrophobic
character of the tail is increased upon addition of methylene
groups. Table 1 also shows that CMCs of the AzoCx mole-
cules are sensitive to illumination conditions. The CMCs are
larger after UV illumination, regardless of x, which can be
interpreted in terms of the more polar configuration of the
cis isomer (after UV) compared with the trans isomer (visi-
ble/dark conditions). When CMC measurements were per-
formed under the same conditions on a standard, non-pho-
tosensitive cationic surfactant, we did not detect any effect
of UV illumination. For cetyltrimethylammonium bromide
(CTAB), for instance, we measured a CMC of (0.95�
0.05) mm both before and after UV illumination. This con-
trol experiment supports the view that the effect of UV illu-
mination on the CMCs of compounds AzoCx is mainly due
to the polarity changes resulting from the photoisomerisa-
tion of their azobenzene moieties.

We characterised the conformations of a large number of
individual genomic DNA molecules (T4 DNA, 166 kbp) by
fluorescence microscopy observations of very dilute solu-
tions (Figure 3). In the absence of AzoCx, all DNA mole-

cules show elongated coil conformations, due to the electro-
static repulsions between charged phosphate groups along
the DNA chain, and typical intrachain fluctuations, which
are the signature of an unfolded state. In contrast, in the
presence of a sufficiently high concentration of an AzoCx
species, all DNA molecules appear as bright, fast-diffusing
spots corresponding to compact DNA states. Figure 3 shows
that for a given DNA concentration (here 0.1 mm) the char-
acteristic AzoCx concentrations corresponding to the transi-
tion between the unfolded and the compact state strongly
depend on x and on the illumination conditions. Regardless
of illumination conditions, DNA compaction occurs at
smaller AzoCx concentrations with increasing x. Conversely,
regardless of x, UV illumination is accompanied by increas-
es in the AzoCx concentrations required to compact the
DNA, indicating lower compaction efficiencies of the cis-
AzoCx isomers than their trans counterparts.

To quantify these observations, we established the DNA
compaction curves, that is, the proportion of DNA mole-
cules in the compact state as a function of AzoCx concentra-
tion. Figure 4 shows the compaction curves with and without
illumination at 365 nm for 10 min before DNA addition.
The curves shown in Figure 4 are consistent with the qualita-
tive observations shown in Figure 3. Without UV illumina-
tion (trans-AzoCx), the minimum AzoCx concentrations
[AzoCx]* for which 100 % of DNA molecules are in the

Figure 2. Conductivity (s) as a function of AzoC2 concentration A) in
the dark, and B) after UV illumination at 365 nm. Symbols are data
points. Solid lines are linear fits. CMC is estimated at the concentration
at which a transition between two linear behaviour types is observed
(dashed line and arrow).

Table 1. Critical micellar concentrations (CMCs) for AzoCx before
(�UV) and after (+UV) illumination at 365 nm. Measurements were
performed at (22�1) 8C.

Surfactant AzoC2 AzoC5 AzoC8

CMC [mm] �UV 12.6�0.2 0.83�0.02 0.57�0.02
CMC [mm] +UV 14.6�0.3 0.90�0.02 0.62�0.02

Figure 3. Typical fluorescence microscopy images of individual T4 DNA
molecules (0.1 mm in 10 mm Tris·HCl buffer) in the presence of AzoCx
species at various concentrations, with (+UV) or without (�UV) illumi-
nation at 365 nm for 10 min prior to DNA addition to the solution. T=

25 8C.
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compact state decrease with increasing x ([AzoCx]*= 700,
100 and 27.5 mm for x=2, 5 and 8, respectively). When the
AzoCx samples had been illuminated under UV before
DNA addition (cis-AzoCx), the same trend was observed
but the AzoCx concentrations required for full DNA com-
paction were significantly higher ([AzoCx]*= 1500, 300 and
45 mm for x=2, 5 and 8, respectively). All these results show
that both the cis- and the trans-AzoCx isomers have stron-
ger DNA compaction efficiencies when the lengths of the
hydrophobic tails are greater and that, regardless of x, the
cis isomers are less efficient than the trans isomers in induc-
ing DNA compaction. Again, when the same experiment
was performed with a non-photosensitive cationic surfactant
(CTAB), we did not observe any effect of UV illumination
on the compaction curves (Figure S2 in the Supporting In-
formation), indicating that the photodependence of the
DNA compaction efficiency is due to the photoisomerisa-
tion of the AzoCx hydrophobic tails. Finally, it is interesting
to note that for each AzoCx molecule there is a range of
[AzoCx] in which the proportion of DNA molecules in the
compact state dramatically depends on UV illumination
conditions. Table 2 shows some characteristic [AzoCx]

values at which most DNA molecules are in the compact
state and in the unfolded state in the absence and in the
presence of UV illumination, respectively.

A crucial parameter for photocontrollable DNA compac-
tion systems is the reversibility of DNA conformational
transitions upon illumination. To assess the photoreversibili-

ty of the DNA/AzoCx systems, we first added the AzoCx to
the DNA solution to provide 95 % of DNA molecules in the
compact state. We then applied illumination at 365 nm and
characterised the conformational state of a large number of
individual DNA molecules by fluorescence microscopy.
Figure 5 shows the proportions of DNA molecules in the

compact state as a function of the UV illumination time (t).
For AzoC2 and AzoC5 it shows that most of the DNA mol-
ecules have unfolded after 20 min of UV illumination, with
only about 20 and 35 % of molecules, respectively, remain-
ing in the compact state. This demonstrates the potential to
unfold compact DNA by use of light both for DNA/AzoC2
and for DNA/AzoC5 systems. In the presence of AzoC8, in
contrast, most DNA molecules remain in the compact state
regardless of UV illumination time. After 30 min of UV illu-
mination about 85 % of molecules remain in the compact
state. These results show that the lengths of the hydrophobic
chains of AzoCx have a dramatic influence on the photore-
versible control of DNA conformation.

Figure 5 shows that the proportions of compact DNA de-
crease with increasing UV illumination time. To describe the
process of DNA unfolding upon UV illumination more pre-
cisely, we measured the apparent long-axis lengths (LDNA) of
a large number of individual DNA molecules before and
after illumination at 365 nm for 20 min. Figure 6 shows the
resulting DNA size distributions in the absence of AzoCx
(Figure 6 A) and in the presence of AzoCx concentrations
corresponding to 95 % in the compact state before illumina-
tion ([AzoCx]= 690, 80 and 18.5 mm for x=2, 5 and 8, re-
spectively). In the absence of AzoCx, the LDNA value is
around 3.5 mm, both before and after UV illumination,
which confirms that UV exposure has no significant effect
on DNA chain integrity under these illumination conditions.
In the presence of AzoCx, most DNA molecules are in the

Figure 4. Lin-log plots of the percentages of T4 DNA molecules in the
compact state as a function of AzoCx concentration with (open symbols)
or without (filled symbols) illumination at 365 nm for 10 min prior to
DNA introduction. Symbols are data points. Solid and dashed lines are
guidelines for the eyes for �UV and +UV conditions, respectively.
[T4 DNA]=0.1 mm in 10 mm Tris·HCl buffer. T= 25 8C. ~=AzoC2 �UV,
~=AzoC2 +UV, ^=AzoC5 �UV, ^=AzoC5 +UV, *=AzoC8 �UV,
*=AzoC8 + UV.

Table 2. Percentages of DNA molecules in the compact state with
(+UV) or without (�UV) illumination at 365 nm for 10 min prior to
DNA addition to the solution at the minimum AzoCx concentration
needed to achieve full compaction in the absence of UV. T= 25 8C.

Surfactant AzoC2ACHTUNGTRENNUNG(700 mm)
AzoC5ACHTUNGTRENNUNG(100 mm)

AzoC8ACHTUNGTRENNUNG(27.5 mm)

compact DNA [%] �UV 100 100 100
compact DNA [%] +UV 0 4 39

Figure 5. Percentages of DNA molecules in the compact state after illu-
mination of DNA solutions at 365 nm for a time t. The AzoCx concentra-
tions were chosen to provide 95 % of compact state at t=0. [AzoCx]=

690, 80 and 18.5 mm for x=2, 5 and 8, respectively. Colour bars and error
bars show average and min/max values for three replicates. [T4 DNA]=

0.1 mm in 10 mm Tris·HCl buffer. T=25 8C.
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compact state and show narrow distributions centred on
0.75 mm regardless of x. Such distributions are very similar
to those obtained when DNA is compacted by a convention-
al condensing agent such as spermine.[3] By fluorescence mi-
croscopy, these DNA condensates, which are around 100 nm
in size, appear as bright moving spots with apparent long-
axis lengths between 0.5 and 1 mm due to the blurring effect
of fluorescence.[20] For all AzoCx molecules, UV illumina-
tion results in the appearance of DNA molecules of larger
size (between 1 and 4 mm), which indicates a process of par-
tial to complete unfolding, but the extent of this unfolding
strongly depends on x. Firstly, the proportion of molecules
remaining in a compact state (LDNA�1.25 mm) increases
with increasing x, consistently with Figure 5. Secondly, the
lengths of unfolded molecules (LDNA>1.25 mm) also depend
on x. The maximum of the distribution, for instance, de-
creases with increasing x (2.75, 1.75 and 0.75 mm for x=2, 5
and 8, respectively). According to fluorescence microscopy
observations, for AzoC2 and AzoC5, unfolded DNA mole-
cules after UV illumination have an elongated coil shape
very similar to that of naked DNA in the absence of AzoCx
(with or without UV illumination) but their sizes tend to be
smaller on average. In the case of AzoC8, only a few DNA
molecules show an elongated coil conformation and they co-
exist with swollen globules. All these results show that UV
illumination of DNA initially compacted by AzoCx induces
partial to complete DNA unfolding with characteristics that
strongly depend on the hydrophobic chain length of the
AzoCx species.

Discussion

AzoCx molecules are cationic surfactants containing photo-ACHTUNGTRENNUNGisomerisable azobenzene group in their hydrophobic tails.
Regardless of x, the cis isomers are more polar and there-
fore less prone to self-assemble than the trans isomers. This
is confirmed by the CMC values of the AzoCx species,
which are systematically larger after UV illumination (cis
isomers) than in the absence of UV (trans isomers) regard-
less of x (Table 1). Like CTAB or other cationic surfac-
tants,[4] AzoCx compounds can interact electrostatically with
DNA and induce DNA compaction at sufficiently high
AzoCx concentrations. Moreover, it has been well estab-
lished from the pioneering works of Hayakawa et al. that
the binding of cationic surfactants to DNA is highly cooper-
ative.[21] We thus suggest that, regardless of x, the cis-AzoCx
compounds, which are less able to form aggregates than the
trans-AzoCx compounds, are less efficient in cooperatively
binding to DNA and therefore induce DNA compaction at
higher concentrations than trans-AzoCx compounds, which
can cooperatively bind to DNA in a more efficient way. As
a consequence, full DNA compaction is achieved at smaller
AzoCx concentrations in the absence of UV (trans isomers)
than after UV illumination (cis isomers) prior to DNA in-
troduction (Figure 3 and Figure 4 and Table 2).

In the AzoCx series, the lengths and hydrophobicities of
the AzoCx tails increase with increasing x for both trans and
cis isomers. This explains why the CMCs of compounds
AzoCx significantly decrease with increasing x both for
�UV (trans isomers) and for +UV (cis isomers) conditions
(Table 1). Therefore, for a given trans or cis isomer, an in-
crease in x enhances the potential of AzoCx to self-assem-
ble, thus promoting its cooperative binding to DNA. As a
consequence, both for �UV and for +UV illumination con-
ditions, the AzoCx concentrations necessary to achieve full
DNA compaction strongly decrease with increasing x
(Figure 3, Figure 4 and Table 2). This concentration decreas-
es 25 times, for instance, when x increases from 2 to 8. This
enhancement of DNA compaction with increasing hydro-
phobicity is not specific to AzoCx molecules. It has also
been reported in the case of non-photosensitive cationic sur-
factants[22] as well as with gemini surfactants.[18]

We saw that the photodependence of the polarities of
AzoCx species induces marked DNA compaction efficiency
differences between their trans (�UV, stronger compaction
agents) and cis (+UV, weaker compaction agents) isomers
and that the DNA compaction efficiencies of both trans-
and cis-AzoCx can be strongly enhanced with increasing x.
One should thus consider the potential to switch DNA from
a compact state to an unfolded state on application of UV
light to DNA initially compacted by different AzoCx mole-
cules. We found that DNA compacted by AzoC2 or AzoC5
can be efficiently (yet not totally) unfolded upon UV illumi-
nation, whereas DNA compacted by AzoC8 mainly remains
in a compact or very partially unfolded state even after a
long UV exposure time (Figure 5 and Figure 6). Two inter-
pretations can be proposed to explain the difference be-

Figure 6. A)–D) Distribution of DNA long-axis lengths (LDNA): A) in the
absence of AzoCx, and in the presence of B) [AzoC2]=690 mm,
C) [AzoC5] =80 mm, and D) [AzoC8]=18.5 mm, before (�UV, filled sym-
bols) and after (+UV, open symbols) illumination of the DNA solutions
at 365 nm for 20 min. Symbols represent the percentages of DNA mole-
cules of size LDNA�0.25 mm. Solid and dashed lines are guidelines for the
eyes for �UV and +UV conditions, respectively. [T4 DNA]=0.1 mm in
10 mm Tris·HCl buffer. T =25 8C.
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tween AzoC8 and the other AzoCx compounds (x=2 and
5). Firstly, as shown in Figure 4 and Table 1, the differences
in the compaction efficiencies of the trans and cis isomers
are more pronounced for AzoC2 and AzoC5 than for
AzoC8, probably as a result of the decrease in the efficiency
of azobenzene isomerisation in inducing a polarity change
when additional methylene groups are inserted in the hydro-
phobic tail. This trend is confirmed by the effect of UV illu-
mination on the CMC values, which decreases with increas-
ing x (Table 1). Secondly, compact DNA molecules that
have been unfolded by exposure to UV are significantly less
elongated in the case of DNA/AzoC8 than in those of the
DNA/AzoC5 and DNA/AzoC2 systems (Figure 6). This is
probably due to the increase in hydrophobic interactions
with increasing x, which might stabilise compact conforma-
tions of DNA/AzoCx complexes. All these results show
that, in the AzoCx series, increasing hydrophobicity corre-
sponds to a better DNA compaction efficiency, but reduces
the potential for reversible control over the conformation of
DNA with the aid of light.

Conclusion

We have described for the first time the synthesis and char-
acterisation of photosensitive surfactants (AzoCx com-
pounds) with various hydrophobic tail lengths for photocon-
trol over genomic DNA conformations. For all AzoCx mole-
cules, the trans isomers are more efficient in DNA compac-
tion than their cis counterparts. We found that increasing
hydrophobicity greatly enhances the ability of AzoCx to
compact DNA, but limits the potential for reversible control
over DNA conformation through the use of light. These re-
sults were interpreted in terms of cooperative interaction
between the AzoCx species and DNA, and the role of hy-
drophobic interactions in the stabilisation of the compact
conformations of DNA/AzoCx systems had been proposed.
AzoC5 represents a good compromise between compaction
efficiency and photoreversibility. It is seven times more effi-
cient than AzoC2 in compacting DNA and, unlike AzoC8, it
can be used for the reversible photocontrol of DNA confor-
mation.

To develop more efficient photosensitive nucleic acid
binders (pNABs) we are now exploring other strategies
based on the use of multivalent cationic molecules with po-
larities or valencies that can be reversibly modulated
through the action of light, which should allow reversible
photocontrol of DNA conformations at very low pNAB/
DNA charge ratios. Finally, in view of the considerable
range of applications of photosensitive surfactants in the
photocontrol of physicochemical and biological phenom-
ena,[23, 24] such as gene expression,[15] protein folding,[25] gene
delivery,[16] sol/gel transition,[26] or droplet manipulation,[17]

this work is a contribution to the rational development of
efficient smart photoresponsive systems.

Experimental Section

Materials : Bacteriophage T4 DNA (166 kb) was from Wako Chemicals.
YOYO-1 iodide was from Molecular Probes. All other chemicals were
purchased from Sigma. Deionised water (Millipore, 18 MWcm�1) was
used for all experiments.

Synthesis : AzoC2 was synthesised by the method described by Hayashita
et al.[19] Other AzoCx molecules were prepared analogously, by azocou-
pling of p-ethoxyaniline with phenol, followed by alkylation and quater-
nisation with dibromoalkane and trimethylamine, respectively.

Synthesis of AzoH : Concentrated HCl (17 mL) and ice (80 g) were
added to an ethanol/water solution (1:1, 160 mL) containing p-ethoxyani-
line (10.4 mL, 80 mmol) and sodium nitrite (5.5 g, 80 mmol) in an ice
bath. Cold water (42 mL) containing phenol (7.5 g, 80 mmol) and NaOH
(6.4 g, 160 mmol) was then carefully added to the solution, and the mix-
ture was stirred for 90 min. The pH of the solution was adjusted to 1.0
with HCl and it was left to stand for 30 min. The resulting precipitate
was filtered, washed with pure water and dried under vacuum. Yield:
92% (brown powder); 1H NMR (250 MHz, CDCl3): d=7.89 (d, 3J-ACHTUNGTRENNUNG(H,H) =9.0 Hz, 2 H; Ar-H), 7.84 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.7 Hz, 2H; Ar-H), 7.01
(d, 3J =8.9 Hz, 2H; Ar-H), 6.95 (d, 3J=8.6 Hz, 2 H; Ar-H), 4.13 (q, 3J-ACHTUNGTRENNUNG(H,H) =7.0 Hz, 2 H; CH2), 1.48 ppm (t, 3J ACHTUNGTRENNUNG(H,H) =7.0 Hz, 3H; CH3);
13C NMR (250 MHz, CDCl3): d=161.1 (Ar-C), 158.2 (Ar-C), 147.0 (Ar-
C), 146.8 (Ar-C), 124.6 (Ar-C), 124.4 (Ar-C), 115.9 (Ar-C), 114.8 (Ar-C),
63.9 (CH2), 14.8 ppm (CH3); MS (CI): m/z : calcd for C14H14N2O2: 242.3
[M]+ ; found: 242.1.

Synthesis of Azo5Br : The azobenzene precursor AzoH (610 mg,
2.5 mmol) was dissolved in anhydrous ethanol (12.5 mL) containing
NaOH (100 mg, 3.0 mmol) and the mixture was stirred for 30 min. Anhy-
drous ethanol (5.4 mL) containing 1,5-dibromopentane (1.0 mL,
7.5 mmol) was slowly added (10 min) and the mixture was heated at
reflux for two days. The solvent was evaporated under vacuum. The re-
maining solid was dissolved in dichloromethane (10 mL) and extractions
were performed with NaOH solution (1 m, 2 � 4 mL) and pure water (2 �
4 mL). The organic phase was dried with MgSO4 and concentrated.
Yield: 62 % (orange powder); 1H NMR (250 MHz, CDCl3): d =7.92 (q,
3J ACHTUNGTRENNUNG(H,H) =8.9 Hz, 4H; Ar-H), 7.02 (d, 3J ACHTUNGTRENNUNG(H,H) =8.8 Hz, 4H; Ar-H), 4.16
(q, 3J ACHTUNGTRENNUNG(H,H) =7.0 Hz, 2H; CH2O), 4.11 (t, 3J ACHTUNGTRENNUNG(H,H) =6.3 Hz, 2H; CH2O),
3.50 (t, 3J ACHTUNGTRENNUNG(H,H) =6.7 Hz, 2H; CH2Br), 2.06–1.90 (m, 2H; CH2), 1.95–1.82
(m, 2H; CH2), 1.70–1.60 (m, 2H; CH2), 1.50 ppm (t, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz,
3H; CH3); 13C NMR (250 MHz, CDCl3): d =161.0 (Ar-C), 147.0 (Ar-C),
124.4 (Ar-C), 114.7 (Ar-C), 67.9 (CH2O), 63.8 (CH2O), 33.5 (CH2), 32.5
(CH2), 28.4 (CH2Br), 24.8 (CH2), 14.8 ppm (CH3); MS (IC): m/z : calcd
for C19H23N2O2Br: 391.3 [M]+ ; found: 390.2.

Synthesis of AzoC5 : The dried Azo5Br product (605 mg, 0.87 mmol) was
dissolved in dry THF (50 mL), trimethylamine gas was bubbled through
the solution for 30 min, and the solution was left for six days. The result-
ing precipitate was filtered, washed with THF, and dried under vacuum.
The product was recrystallised twice from ethanol. Yield: 53 % (orange
powder); 1H NMR (500 MHz, DMSO): d=7.84 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.6 Hz, 2 H;
Ar-H), 7.82 (d, 3J ACHTUNGTRENNUNG(H,H) =6.6 Hz, 2H; Ar-H), 7.12 (d, 3J ACHTUNGTRENNUNG(H,H) =6.7 Hz,
2H; Ar-H), 7.10 (d, 3J ACHTUNGTRENNUNG(H,H) =6.7 Hz, 2 H; Ar-H),), 4.10 (m, 2H; CH2O),
3.99 (q, 3J ACHTUNGTRENNUNG(H,H) =8.4 Hz, 2 H; CH2O), 3.39–3.34 (m, 2H; CH2N), 3.06 (s,
9H; CH3N), 1.85–1.71 (m, 4 H; CH2), 1.34–1.49 (m, 2 H; CH2), 1.34 ppm
(t, 3J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 3 H; CH3); 13C NMR (250 MHz, DMSO): d =160.8
(Ar-C), 146.0 (Ar-C), 124.1 (Ar-C), 114.9 (Ar-C), 67.5 (CH2O), 65,2
(CH2N), 63.6 (CH2O), 52.2 (CH3N), 28.0 (CH2), 22.4 (CH2), 21.8 (CH2),
14.6 ppm (CH3); MS (ESI): m/z : calcd for C22H32N3O2: 370.5 [M�Br�]+ ;
found: 370.3.

Synthesis of Azo8Br : The azobenzene precursor AzoH (610 mg,
2.5 mmol) was dissolved in anhydrous ethanol (12.5 mL) containing
NaOH (100 mg, 2.5 mmol) and the mixture was stirred for 30 min. 1,8-Di-
bromooctane (1.4 mL, 7.5 mmol) was slowly added (10 min) and the solu-
tion was heated at reflux for two days. The solvent was evaporated under
vacuum. The remaining solid was dissolved in dichloromethane (10 mL)
and extractions were performed with NaOH solution (1 m, 2� 4 mL) and
pure water (2 � 4 mL). The organic phase was dried with MgSO4 and con-
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centrated. Yield: 71% (orange powder); 1H NMR (250 MHz, CDCl3):
d=7.72 (d, 3J ACHTUNGTRENNUNG(H,H) =8.9 Hz, 4 H; Ar-H), 6.92 (d, 3J ACHTUNGTRENNUNG(H,H) =8.9 Hz, 4 H;
Ar-H), 4.10 (q, 3J ACHTUNGTRENNUNG(H,H) =7.0 Hz, 2 H; CH2O), 3.98 (t, 3J ACHTUNGTRENNUNG(H,H) =6.6 Hz,
2H; CH2O), 3.35 (t, 3J ACHTUNGTRENNUNG(H,H) =6.7 Hz, 2H; CH2Br), 1.89–1.71 (m, 4 H;
CH2), 1.42–1.22 ppm (m, 8H; CH2 +CH3); 13C NMR (250 MHz, CDCl3):
d=160.8 (Ar-C), 147.0 (Ar-C), 124.3 (Ar-C), 114.7 (Ar-C), 68.2 (CH2O),
63.8 (CH2O), 33.9 (CH2), 32.0 (CH2), 29.7 (CH2Br), 29.2 (CH2), 28.7
(CH2), 28.1 (CH2), 25.9 (CH2), 14.8 ppm (CH3); MS (IC): m/z : calcd for
C22H29N2O2Br: 433.4 [M]+ ; found: 432.2.

Synthesis of AzoC8 : The dried Azo8Br product (766 mg, 1.77 mmol) was
dissolved in dry THF (30 mL), trimethylamine gas was bubbled through
the solution for 30 min, and the solution was left for two days. The result-
ing precipitate was filtered, washed with THF and dried under vacuum.
The product was recrystallised from isopropanol. Yield: 46% (orange
powder); 1H NMR (500 MHz, CDCl3): d=7.80 (d, 3J ACHTUNGTRENNUNG(H,H) =8.9 Hz, 4H;
Ar-H), 6.90 (d, 3J ACHTUNGTRENNUNG(H,H) =8.9 Hz, 4H; Ar-H), 4.05 (q, 3J ACHTUNGTRENNUNG(H,H) =8.7 Hz,
2H; CH2O), 3.97 (t, 3J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 2H; CH2O), 3.56–3.51 (m, 2H;
CH2N), 3.37 (s, 9H; CH3N), 1.81–1.62 (m, 4H; CH2), 1.43 (t, 3J ACHTUNGTRENNUNG(H,H) =

8.7 Hz, 3 H; CH3), 1.35–1.25 ppm (m, 8 H; CH2); 13C NMR (250 MHz,
CDCl3): d=161.1 (Ar-C), 147.0 (Ar-C), 124.3 (Ar-C), 114.7 (Ar-C), 68.1
(CH2O), 67.0 (CH2N), 63.8 (CH2O), 53.5 (CH3N), 29.1 (CH2 + CH2), 29.0
(CH2), 26.1 (CH2), 25.8 (CH2), 23.2 (CH2), 14.8 ppm (CH3); MS (ESI):
m/z : calcd for C25H38N3O2: 412.6 [M�Br]+ ; found: 412.3.

Preparation of DNA samples : Water, Tris·HCl buffer, YOYO-1 iodide
and photosensitive surfactant were mixed in this order prior to careful
T4 DNA introduction under low-shear conditions to avoid DNA break-
age.[11] For all experiments, we used T4 DNA at a final concentration of
0.1 mm (concentration in nucleotides) in Tris·HCl buffer (10 mm, pH 7.4)
with YOYO (0.01 mm) as a DNA fluorescent dye. For all steps except UV
illuminations, DNA samples were kept under dark conditions. Samples
were equilibrated for 15 min prior to DNA characterisation by fluores-
cence microscopy.

UV illumination : For all experiments except CMC measurements, UV
exposure was performed by placing the sample in a 1.5 mL tube (Eppen-
dorf) at 6–8 cm distance from a UV lamp (Vilber Lourmat, 6 W) at
365 nm. For CMC measurements, the solution (5 mL) was placed in a
50 mL plastic tube at 6–8 cm distance from a UV lamp (45 W), working
at 365 nm for 30 min.

UV/Vis spectroscopy : The solution (200 mL) was introduced into a well
of a 96-well microplate and analysed by use of a Synergy HT microplate
reader (Biotek Instruments) with Gen5 acquisition software. The refer-
ence background was determined by measurement of the spectrum of the
same amount of pure water.

Critical micellar concentration (CMC) measurements : CMC determina-
tion was achieved by conductivity measurements of solutions with the aid
of a C860 conductimeter (Consort). The sample was carefully homoge-
nised and equilibrated at (22�1) 8C prior to measurement.

Fluorescence microscopy : Fluorescence microscopy was performed with
an AxioObserver D1 inverted microscope (Zeiss), fitted with a 100 � oil-
immersed objective lens. Images were acquired with a highly sensitive
EM-CCD camera (Photonmax 512B, Princeton Scientific) and Metavue
image acquisition software (Molecular Devices). DNA molecules were
observed in 20 mL droplets deposited on a clean glass cover slide. For
each set of conditions, a minimum of 200 individual DNA molecules
were characterised to determine the fraction of molecules in the compact
state (Figure 4 and 5). Each size distribution shown in Figure 6 was estab-
lished by measuring the long-axis lengths (longest distance in the outline
of DNA image) on 50 individual molecules in three replicates with the
aid of ImageJ software.
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