
VENANCIO-MARQUES ET AL . VOL. 8 ’ NO. 4 ’ 3654–3663 ’ 2014

www.acsnano.org

3654

March 01, 2014

C 2014 American Chemical Society

Photosensitive Polyamines for High-
Performance Photocontrol of DNA
Higher-Order Structure
Anna Venancio-Marques,†,‡,§ Anna Bergen,†,‡,§ Caroline Rossi-Gendron,†,‡,§ Sergii Rudiuk,†,‡,§ and

Damien Baigl†,‡,§,*

†Ecole Normale Supérieure�PSL Research University, Department of Chemistry, 24 Rue Lhomond, F-75005, Paris, France, ‡Sorbonne Universités, UPMC Univ Paris 06,
PASTEUR, F-75005, Paris, France, and §CNRS, UMR 8640 PASTEUR, F-75005, Paris, France

D
NA can undergo a dramatic confor-
mational transition from a wormlike
coil to a much smaller globular

state.1�3 This phenomenon, known as DNA
compaction, is a key biological process in-
volved in the packaging4 of genetic informa-
tion as well as in gene regulation.5�7 The
biomedical applications of compaction, such
as transfection in gene therapy,8,9 have trig-
gered strong interest, as have recent devel-
opments in bio- andnanotechnologies.10�12

Compaction of DNA is usually achieved by
the addition of compacting agents, which
include multivalent organic or inorganic
cations, proteins, cationic lipids, and many
other positively charged nano-objects.3,13,14

Naturally occurring polyamines, such as
spermidine (3þ) or spermine (4þ), are
omnipresent cellular compounds that can
induce DNA compaction thanks to multiple
protonated amine groups. They play an
essential role in numerous biological pro-
cesses, as they are involved not only in DNA

packaging but also in cellular proliferation
and neuron signaling.15�18 As a result, nat-
ural or synthetic polyamines are frequently
used as compacting agents for fundamental
studies on DNA compaction as well as for
transfection applications.8,19�22 However,
once DNA is compacted with polyamines,
its decompaction requires changing the
chemical composition of the sample,
through either dilution of the solution, mod-
ification of the pH, or addition of a decom-
pacting agent, usually a lower valence
salt.3,23,24 To achieve compaction or decom-
paction prompted by an external stimulus,
a different strategy needs to be set up.
Although temperature-induced DNA com-
paction strategies have been successfully
implemented, significant achievements were
usually obtained for temperatures far from
a physiologically relevant range.25 Light
is another noninvasive external stimulus
especiallywell-suited for dynamicmonitoring
of biological systems, due to its high spatial
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ABSTRACT Polyamines are small, ubiquitous, positively charged

molecules that play an essential role in numerous biological

processes such as DNA packaging, gene regulation, neuron activity,

and cell proliferation. Here, we synthesize the first series of

photosensitive polyamines (PPAs) and demonstrate their ability to

photoreversibly control nanoscale DNA higher-order structure with

high efficiency. We show with fluorescence microscopy imaging that

the efficiency of the PPAs as DNA-compacting agents is directly

correlated to their molecular charge. Micromolar concentration of

the most efficient molecule described here, a PPA containing three charges at neutral pH, compacts DNA molecules from a few kilobase pairs to a few

hundred kilobase pairs, while subsequent 3 min UV illuminations at 365 nm triggers complete unfolding of DNA molecules. Additional application of blue

light (440 nm for 3 min) induces the refolding of DNA into the compact state. Atomic force microscopy reveals that the compaction involves a global folding

of the whole DNA molecule, whereas UV-induced unfolding is a modification initiated from the periphery of the compacted DNA, resulting in the occurrence

of intermediate flower-like structures prior to the fully unfolded state.
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and temporal resolutions as well as satisfactory
biocompatibility.26 In the past few years, researchers
have attempted to trigger DNA compaction and de-
compaction with adequate illumination conditions
by developing photoresponsive compacting agents
with potential applications for the photocontrol of
transfection,27 gene expression,28,29 and enzymatic
activity.30 For most of these molecules, the photosen-
sitivity was due to an azobenzene moiety, able to
undergo an isomerization upon appropriate illumina-
tion, and the compaction ability was brought about
by a single cationic charge or, in a very few cases,
two charges.31�38 The molecules showed different
binding affinities to DNA depending on illumination
conditions, but light-induced DNA decompac-
tion proved to be challenging. In fact, a light-gated,
dynamic compaction/decompaction sequence was
achieved in only a few cases, where high amounts of
compacting agents and long illumination times were
required.31,35,38 To achieve efficient and photoreversi-
ble DNA compaction at much lower compacting agent
concentration and reduced illumination time, we ex-
plored the use of polyamines, molecules known for
their unique ability to reversibly compact DNA, that we
made photosensitive through the incorporation of a
photoisomerizable azobenzenemotif. In this article, we
describe the first series of photosensitive polyamines,
demonstrating photoreversible and highly efficient
compaction of giant and gene-sized DNA molecules,
at concentrations 10- to 100-fold lower than usual
photoresponsive compacting agents and much re-
duced illumination time. The effect of molecular
charge and the impact of the illumination conditions
on DNA compaction and unfolding processes are
studied by fluorescence microscopy and atomic force
microscopy.

RESULTS AND DISCUSSION

Photosensitive Polyamines. Wesynthesized threephoto-
sensitive polyamines (PPAs), combining an azobenzene
unit with side chains containing an increasing number
of amine groups (Figure 1). A short �OCH2CH2� chain
was used as a linker. To obtain a molecule with two
amine groups, we attached ethylenediamine (En) to the
azobenzene unit and thus synthesized the shortest
PPA studied here, AzoEn. Using diethylenetriamine
(Deta) increased the number of amine groups to three,
giving rise to an intermediate molecule, AzoDeta. Finally
tris(2-aminoethyl)amine (Tren) allowed the synthesis of a
final PPA with four amine groups, AzoTren.

Information on the synthesis and standard charac-
terizations of these compounds is given in the Experi-
mental Section. The amine pKa values (SI, Figure S1)
were determined by structure-based calculations with
MarvinSketch software. From these values, we derived
the first important feature of the three molecules, i.e.,
their charge. In particular, the pH dependency of the

charge was calculated for each molecule with the
equations given in the SI, Text S1. Figure 2a shows
the evolution of the charge as a function of biologically
relevant pH values for the three PPAs. All experiments
were performed in a buffer at pH = 7.4, fixing the
charge of AzoEn to 1.2, of AzoDeta to 1.9, and of
AzoTren to 3.0. By changing the number of amine
groups in each of the synthesized molecules, we were
therefore able to obtain various positively charged
polyamines, with overall charges from 1.2 to 3.0. A
second important feature of the polyamines studied
here was their photosensitive nature, achieved through
the incorporation of an azobenzene motif, for which
isomerization from a less polar trans state to a more
polar cis state can be triggered by illumination at the
right wavelength.39 Here, the switch from a trans-rich
state to a photostationary state where the cis isomer
is predominant was achieved by UV light (365 nm). We
determined the composition of the photostationary
states of the three PPAs for dark conditions and for
UV illumination by 1H NMR spectroscopy (SI, Figure S2).
For PPAs under dark conditions, we found a trans/cis
ratio of about 80:20, while UV illumination led to a ratio
of about 30:70 (the composition for each PPA is given
in the SI, Table S1). The distinct UV�vis spectra of the
two isomers enabled a spectrophotometric study of the
kinetics of the isomerization process, as seen for exam-
ple in Figure 2b for AzoTren. The trans isomer of all
three polyamines displayed a characteristic peak at
λ = 356 nm, while the cis isomers were characterized
by a two-peak spectrum (320 and 430 nm). Trans-rich
solutionswere irradiated for short, 5 s periods at 365 nm

Figure 1. Structures of photosensitive polyamines. The
azobenzene moiety found in all compounds undergoes
a trans�cis isomerization under UV illumination (365 nm)
and thermally relaxes back in the dark or upon blue light
illumination (440 nm). The headgroup is an ethylenediamine
entity for AzoEn, a diethylenetriamine for AzoDeta, and
tris(2-aminoethyl)amine for AzoTren.
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to give the cis-rich solutions, leading to similar results
for all three polyamines (SI, Figures S3 and S4). For each
molecule, the decrease of the optical density at 356 nm
was plotted as a function of time, and the resulting
curve was fitted with an exponential decay to deter-
mine the characteristic time constants (inset Figure 2b
and SI, Figures S3�S5).

The isomerization process from the trans-rich state
to the cis-rich state was similar for all three PPAs, as the
three time constants were of the same order of mag-
nitude of 10 s (12 s for AzoEn, 10 s for AzoDeta, and
12 s for AzoTren, SI Table S2). The thermal relaxation
in the dark of the cis isomer to its trans counterpart was
found to have much longer time scales, typically of a
hundred minutes (SI, Table S2 and Figures S6�S8),
showing that all cis isomers displayed significant ther-
mal stability. As a result, we have synthesized three
PPAswith twomain characteristics: (i) an overall charge
from 1.2 to 3 at pH = 7.4 depending on the number
of protonated amine groups and (ii) a phototunable
polarity through azobenzene trans�cis isomerization.

Compaction of Genomic DNA by Photosensitive Polyamines.
The compaction efficiency of the synthesized PPAswas

determined with long, double-stranded T4 DNA
molecules (166 kbp) using fluorescence microscopy
imaging. Figure 3a shows representative images of
individual DNA molecules in the presence of PPAs at
different concentrations under different illumination
conditions. In these experiments, a given PPAwas kept
in the dark or illuminated at 365 nm for 10min, prior to
introduction of YOYO-stained T4 DNA molecules. Two
main types of DNA conformations were observed in
solution. In the absence of PPA (Figure 3a, first column),
DNAmolecules appeared as long fluctuating chains and
were referred to as unfolded DNA. The elongated coil
conformation of DNA was attributed to the electrostatic
repulsion between phosphate groups along the back-
bone of dsDNA. Note that the elongated conformation
of individual DNA molecules was also observed for low
polyamine concentrations. However, as the polyamine
concentrations increased, we observed a transition to
a compact state where the majority of DNA molecules
appeared as extremely mobile spots with a marked

Figure 2. Properties of photosensitive polyamines. (a) Cal-
culated charge as a function of pH, for AzoEn (orange),
AzoDeta (green), and AzoTren (blue). Arrows indicate the
charge of each molecule for the working pH of 7.4. (b)
Absorption spectra of AzoTren (100 μM inwater) in the dark
(blue) and after various illumination times (tUV). The arrow
indicates increasing tUV by increments of 5 s. The inset
shows the optical density at 356 nm (OD356) as a function
of tUV, where symbols are data points and the solid line is an
exponential decay fit with a time constant of 12 s.

Figure 3. Photosensitive polyamines compact giant geno-
mic DNA in a light-sensitive manner, with marked charge-
dependent efficiency. (a) Representative fluorescence mi-
croscopy images of individual T4 DNA molecules (166 kbp)
stained by YOYO-1 for increasing concentrations of photo-
sensitive polyamines before (dark) and after (UV) illumina-
tion at 365 nm. (b) Percentage of DNA molecules in the
compact state as a function of polyamine concentration for
the three photosensitive polyamines, before (filled symbols)
and after (open symbols) UV illumination. Symbols are data
points and solid (respectivelydashed) lines areguidelines for
the eyes for dark (respectively UV) conditions. Conditions:
[T4 DNA] = 0.1 μM in 10 mM Tris-HCl (pH = 7.4); YOYO-1 =
0.01 μM; no light (dark) or illumination at 365 nm (UV) for
10 min prior to DNA introduction.

A
RTIC

LE



VENANCIO-MARQUES ET AL . VOL. 8 ’ NO. 4 ’ 3654–3663 ’ 2014

www.acsnano.org

3657

reduction of size. At even higher concentrations of
polyamine, DNAmolecules could no longerbeobserved
in solution, most likely due to a displacement of the
YOYO-1 dye by the compaction process.40

The transition from the unfolded to the compact
state was observed for all polyamines but was strongly
dependent on both polyamine charge and illumina-
tion conditions (Figure 3a). On one hand, comparing
the same polyamine solution under different illumina-
tion conditions shows that the concentration required
to achieve the compaction of DNA molecules was
consistently lower when the trans isomer was predo-
minant in solution (dark) than when the solution
contained a majority of cis isomer (UV). Certain con-
centration ranges therefore compacted DNA under
dark conditions, but not after UV illumination. On the
other hand, for a fixed configuration of the azobenzene
motif (considering either the dark or the UV series),
another trend can also be observed, as the concentra-
tion needed to achieve DNA compaction strongly
decreased when the number of amine groups in the
molecule, i.e., the charge of the molecule, increased.
For a quantitative analysis of the compaction of geno-
mic DNA molecules by the three polyamines, we
established compaction curves giving the percentage
of DNA molecules in a compact state as a function of
polyamine concentration by analyzing for each set of
conditions the conformation of over 150 individual T4
DNAmolecules in solution by fluorescencemicroscopy
(Figure 3b). Compaction curves show that for inter-
mediate concentrations compact and elongated DNA
molecules coexisted in solution. For dark conditions,
this was, for instance, the case for concentrations
ranging from 40 to 100 μM for AzoEn, from 10 to
30 μM for AzoDeta, and finally from 2 to 5 μM for
AzoTren. Moreover, considering both conditions
(dark, UV) for a given polyamine, the curves obtained
after UV illumination were always shifted to higher
concentrations compared to the curves recorded
for dark conditions. Table 1 specifies the polyamine
concentration required to compact 50% of the DNA
molecules (C50), showing a 2-fold increase in the con-
centration of the cis-rich solution compared to that
needed with the trans-rich counterpart. The com-
paction efficiency of the trans isomer was therefore
systematically higher than that of the cis isomer,
in agreement with a higher affinity of the less polar
trans isomer for DNA molecules. A similar trend was
described in the case of monocationic photosensi-
tive surfactants35 but has never been reported for
polyamine-based molecules and can be explained as
follows. The compaction of DNA by amphiphilic catio-
nic molecules is known to be highly cooperative.41

As a consequence, for a given polyamine, the less polar
trans isomer, which is more prone to assembly, is more
efficient in cooperatively binding to DNA and inducing
DNA compaction than the more polar cis isomer.

Interestingly, the compaction properties were not
solely dependent on the isomerization state of the
polyamines. Comparing the polyamines for set illumi-
nation conditions, we see that their compaction curves
were ordered according to the polyamine charge, with
AzoTren under dark conditions as the most efficient
compacting agent, reaching full compaction at 5 μM.

C50 values were useful to compare and contrast the
compaction efficiencies of the three PPAs according to
their charge (Table 1).While increasing the charge from
1.2 to 1.9 from AzoEn to AzoDeta decreased the
concentration required to achieve 50% compaction
by a factor of 3.8, increasing the charge to 3 when
switching from AzoDeta to AzoTren led to a further
decrease of the C50 by a factor of 6.7. The C50 ratio of 6.7
between AzoDeta (1.9þ) and AzoTren (3þ) was of
the same order of magnitude as values reported for
nonphotosensitive polyamines, in particular for 1,3-
diaminopropane (2þ) and spermidine (3þ),22 display-
ing a concentration ratio for the onset of compaction
of about 5. Note that in all cases, for both standard and
photosensitive polyamines, the concentrations needed
to induce 50% compaction of DNA molecules were
higher than the concentration of DNA (0.1 μM in
phosphate groups), corresponding to an accumulation
of an excess of positive charges in solution before DNA
compaction could occur. We therefore computed the
charge ratio at 50%ofDNA compaction (Z50

* ) definedby

Z�
50 ¼ ZC50

[DNA]

where Z stands for the charge of the polyamine, C50 its
concentration to achieve 50% of compaction, and
[DNA] the concentration of DNA in phosphate groups.
Hence, Z50

* represents the ratio of charges provided by
the polyamine (ZC50) and the DNA, which has a single
negative charge per phosphate group. Therefore, for a
given DNA concentration, high Z50

* values mean high
charge concentrations are necessary to achieve com-
paction. When comparing the charge ratio required to
compact 50% of the DNA molecules, we noticed that
Z50
* decreased by a factor about 2.5 from AzoEn to

AzoDeta andby a factor of 4 fromAzoDeta toAzoTren
(Table 1). As a result, the excess of positive charges
necessary to trigger DNA compaction in the case of

TABLE 1. Polyamine Concentration (C50) and Charge Ratio

(Z50
* ) Required to Achieve the Compaction of 50% of DNA

MoleculesPresent in Solution, under Experimental Condi-

tions of Figure 3

C50 (μM) Z50
*

dark UV dark UV

AzoEn (1.2þ) 75 160 900 1920
AzoDeta (1.9þ) 20 40 380 760
AzoTren (3.0þ) 3 6 90 180
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AzoTren is 10 times lower than the excess observed for
AzoEn. This shows that the increase in efficiency with
the number of positive charges is not solely the result of
charge concentration, as the required excess charge
should then be the same for all compacting agents,
but also of inherent polyamine properties due to the
presence of several positive charges within the same
molecule. This effect is well known for nonphotosensi-
tive polyamines21,42 and can be rationalized for our
photosensitive polyamines by taking into account the
crucial role of DNA counterions (SI, Text S2). As the
charge of the polyamine increases, the neutralization of
DNA is also enhanced, giving insight into whyAzoTren
is a better compacting agent thanAzoDeta andAzoEn.
Furthermore, by establishing the compaction curve
for spermine, a well-known, very efficient compacting
agent, under the identical experimental conditions as
those used for the three PPAs, wewere able to compare
and contrast PPAs to natural polyamines (SI, Figure S9).
In particular we found that the compaction profile
obtained for spermine was similar to that obtained for
AzoTren, as they have the same C50 values (3 μM), thus
establishing the high efficiency of AzoTren as a com-
pacting agent. By analyzing the effect of the buffer on
the compaction efficiency of AzoTren, we found that
the compaction curves for AzoTren were shifted to
higher concentrations as the buffer concentration in-
creased, with C50 values of 3, 8, and 13 μM for Tris-HCl
concentrations of 10, 50, and 100 mM, respectively
(SI, Figure S10). This is an agreement with trends
reported for natural polyamines; that is, higher buffer

concentrationsmean an increase inmonovalent salts in
solution that competitively exchange with polyamines,
therefore reducing their efficiency in compacting DNA.
Despite the many similarities between spermine and
AzoTren, two marked differences can be emphasized.
First and foremost, AzoTren, with only three positive
charges, has the same compaction efficiency as sper-
mine, a compacting agent with four charges at neutral
pH. This underlines the role of the hydrophobic azo-
benzene tail of AzoTren, which promotes DNA com-
paction by enhancing its cooperative binding to DNA.35

Second, the compaction of DNA by PPAs can be
actuated by light, which is not the case for spermine-
mediated compaction (SI, Figure S9), indicating that the
effect of light on PPA compaction efficiency is directly
due to the polarity change upon azobenzene photo-
isomerization. All in all, we have shown that the newly
described PPAs were able to compact genomic DNA
with efficiencies that can be modulated by both their
charge and external illumination conditions.

Light-Induced Decompaction and Recompaction of a Linear-
ized Plasmid Compacted by AzoTren. At micromolar con-
centrations, AzoTren proved to be an efficient
compacting agent of genomic DNA. To test the inter-
action between this PPA andmuch shorter, gene-sized
DNA molecules, we explored the compaction of a
4.5 kbp linearized plasmid by AzoTren. Since fluores-
cence microscopy was not suitable for the observation
of such small DNAmolecules, the study was carried out
using atomic force microscopy (AFM) (Figure 4 and
SI, Figures S11�S12). We first studied the impact of a

Figure 4. AFM shows the compaction process of a gene-sized linear DNA (4.5 kbp) by AzoTren and its subsequent unfolding
by UV. For images A to E the concentration of polyamine increased (respectively 0, 0.5, 2, 4, and 5 μM). For images E to H, DNA
was first compacted by AzoTren (5 μM) prior to an increasing exposure to UV at 365 nm (respectively 0, 30, 60, and 180 s).
Conditions: [DNA] = 2 μM in 10 mM Tris-HCl (pH = 7.4). All AFM image sizes are 1000 � 1000 nm2.
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gradual increase in the concentration of AzoTren
(Figure 4A�E). In the absence of compacting agent,
the linearized plasmids appear as long, rather stretched
out coils with large end-to-end distances (Figure 4A).
The vertical scale indicated typical heights of 0.30 (
0.04 nm, in agreement with previous measurements of
double-stranded DNA adsorbed on mica.43,44 We mea-
sured a contour lengthof 1440( 44nm, a value close to
the length of a fully stretched 4.5 kbp DNA (1530 nm).
Upon addition of 0.5 μM AzoTren (Figure 4B), the
appearance of DNA molecules changed significantly.
The previously long coils started to bend and twist,
resulting in shorter end-to-end distances. As the
AzoTren concentration was further increased to 2 μM
(Figure 4C), the morphology of the DNA objects ob-
served by AFM continued to change, with the appear-
ance of dense spots inside each structure. This
evolution was even clearer for [AzoTren] = 4 μM, as
more than half of the DNA molecules were folded,
forming compact DNA objects of an average height
of 3.5 ( 0.7 nm (Figure 4D). Finally, for [AzoTren] =
5 μM, all DNA molecules were observed as compact
objects of an average height of 4.3( 1.3 nm, occupying
only a fraction of the surface they covered in the
absence of compacting agent (Figure 4E).

This morphology was attributed to a fully compact
state of DNA. From the various lateral sizes of these
compact objects, we inferred that unimolecular com-
pact states probably coexisted with multimolecular
aggregates. The behavior of the linearized plasmids
undergoing compaction in the presence of AzoTren
was therefore determined to be similar to that ob-
served by fluorescence microscopy for genomic
DNA molecules. We then investigated the effect of
UV light on compact DNA (Figure 4E�H). Note that, in
this case, light was applied directly on the solution
containing DNA already compacted by AzoTren. This
was achieved by shining UV light (365 nm) for a fixed
time (30, 60, and 180 s) on a sample containing fully
compacted DNAmolecules by 5 μMAzoTren and then
imaging the sample (Figure 4F�H). A marked unfold-
ing was observed when the sample was illuminated
by UV. Notably, the unfolding steps were distinct from
the previously studied compaction process. Indeed,
under UV illumination, the unfolding of the short
DNA molecules occurred from the periphery, around
a small compact core, of the same average height as
the compacted DNA observed in Figure 4E, resulting in
flower-like structures of the DNA molecules (Figure 4F,
G). Full decompaction, with elongated molecules
of 0.29 ( 0.05 nm in height, was achieved after only
3 min illumination by UV. To have a quantitative
description of the compaction/unfolding process, we
systematically measured the long-axis length of DNA
molecules, defined as the longest distance measured
on an adsorbed DNA molecule, and plotted the size
distribution (Figure 5). A wide distribution centered on

520 ( 141 nm was obtained in the absence of com-
pacting agent. As the AzoTren concentration in-
creased, the long-axis length distributions became
much sharper and centered on decreasing values.
Full compaction corresponded to an average length
of 93 ( 29 nm. Increasing the UV illumination time
resulted in the opposite trend, with a sharp distribution
getting progressively wider and an increasing average
long-axis length. The unfolding of the DNA molecule
under UV illumination can be rationalized by consider-
ing the isomerization of the trans-AzoTren to the
cis isomer induced by UV light (365 nm) described in
Figure 2b. As AzoTrenmolecules isomerize due to UV
illumination, the concentration of trans compacting
agent decreases and that of the cis isomer increases.
Because of the lower affinity of cis-AzoTren for DNA
compared to its trans counterpart (Figure 3), the DNA
molecules undergo anunfolding process. Note that the
UV illumination time required to unfold DNA was
significantly longer than that needed to achieve trans

to cis isomerization of AzoTren in the absence of DNA.
This phenomenon, reported for all photosensitive
azobenzene-based compacting agents, is most likely
due to the stabilization of the DNA�AzoTren complex
by hydrophobic interactions through the azobenzene
moiety. According to the literature, for markedly more
hydrophobic molecules but with a similar compac-
tion efficiency, the stabilization of DNA�compacting
agent complexes was so strong that it led to a loss of
reversibility and decompaction could not be achieved
even for long UV illumination.35 Here, despite the
strong compaction efficiency of AzoTren, the decom-
paction was achieved with comparatively short illumi-
nation times. Furthermore, it was possible to recompact
the previously UV-decompacted DNA molecules by
shining blue light (λ = 440 nm) for 3 min on the sample
(SI, Figure S12). These DNA molecules characterized
by AFM imaging had a mean size of 115 ( 33 nm, a
size comparable to compact DNA molecules before
UV illumination. We linked this compaction process
to the cis-to-trans isomerization triggered by blue light,

Figure 5. Photoreversibility of AzoTren-basedDNAcompac-
tion. Distribution of the long-axis length of DNA measured
by AFM for an increasing AzoTren concentration (0�5 μM)
in the dark and for an increasing UV illumination time at
365 nm (30�180 s) applied on DNA compacted by 5 μM
AzoTren. The red color intensity indicates the percentage for
each size class. [DNA] = 2 μM in 10 mM Tris-HCl (pH = 7.4).

A
RTIC

LE



VENANCIO-MARQUES ET AL . VOL. 8 ’ NO. 4 ’ 3654–3663 ’ 2014

www.acsnano.org

3660

whereby the concentration of trans-AzoTren in solu-
tion increased again.

The AFM study of the DNA compaction by AzoTren
established the high-performance compaction effi-
ciency at micromolar range of this photosensitive
polyamine, while demonstrating the reversible charac-
ter of the phenomenon by following the UV-mediated
unfolding of DNA molecules and blue-light-triggered
DNA recompaction.

CONCLUSION

The series of photosensitive polyamines described
in this paper follow the general trends expected from
polyamines. They have high compaction efficiencies
that increase with the overall charge of the molecule,
displaying a charge effect that was stronger than a
simple neutralization effect. The azobenzene unit of
the molecules not only allows the shortest polyamine,
AzoEn, to act as a compacting agent despite its small
positive charge (1.2þ) but also gives all three poly-
amines photosensitive properties. The trans�cis iso-
merization can be seen as a UV-triggered switch for
interactions with DNA, due to the higher binding
affinity of the trans isomer compared to the cis isomer,
leading to a photoreversibility of the compaction�
decompaction process. Although the wide range of
experimental conditions makes rigorous comparison
with other similar azobenzene-based compacting
agents difficult, it is nonetheless possible to establish
some major trends in order to compare and contrast
the performance of the PPAs seen in this paper with
other published photosensitive compacting agents. In
general, in the case of compacting agents with a strong
affinity for DNA,34,35,38 photoreversibility could not be
achieved. In fact, for most of these molecules, high
DNA affinity was obtained by increasing the hydro-
phobicity of the compacting agents. It is possible that,
in such cases, too strong hydrophobic interactions
stabilize the compact state, therefore preventing

DNA unfolding by light. In contrast, we exploited
here an increase in electrostatic interactions provided
by high-valence polyamines, resulting in both high
affinity and a photoreversible behavior. In the past,
photoreversible compaction wasmainly obtained with
AzoTAB, an azobenzene-containing monovalent catio-
nic compound (SI, Figure S13) able to induce DNA
compaction in near-millimolar range.28,31�33,35 Here,
AzoTren can induce compaction in the micromolar
range, at concentrations about 100-fold smaller than
AzoTAB under identical experimental conditions (SI,
Figure S14). Furthermore, the 3 min illumination time
required for a full decompaction was short, as pre-
viously reported time scales were typically about
20 min long. The synthesized PPA with three
positive charges can therefore be described as a
high-performance, light-responsive DNA-compacting
agent. Since DNA compaction/unfolding is a decisive
step in fundamental biological processes (e.g., DNA
packaging and gene regulation) as well as in transfec-
tion applications, the developed PPAs constitute a
class of promising agents to bring these operations
under the control of a light trigger. In this article, we
focused on synthetic polyamine moieties, but our
strategy is also readily applicable to natural polyamines
such as spermidine (3þ) or spermine (4þ). Moreover,
as the importance of polyamines in biological pro-
cesses and diseases is not restricted to DNA packaging
and transcription/translation regulation, the range of
applications for PPAs can most likely be widened far
beyond the demonstrated scope of DNA compaction.
For instance, due to the critical role of polyamines
in the regulation of ion-channels,15,18,45 their photo-
sensitive counterparts could be used for the photo-
regulation of neuron activity.46,47 For their part
in cell proliferation, polyamines are now studied in
cancer development and therapy,17 giving their photo-
sensitive derivatives a promising future in novel photo-
therapeutic strategies.

EXPERIMENTAL SECTION
Materials. Bacteriophage T4 DNA was purchased from

Wako Chemicals and YOYO-1 iodide from Life Technologies.
The 4.5 kbp linear DNA was obtained by Nde I linearization of
the Cx43-EGFP gene in the pMA-QA vector.48 Milli-Q water
(Millipore) was used for all experiments. All other chemicals
were purchased from Sigma. Mica (potassium aluminosilicate,
Muscovite Mica) for atomic force microscopy was from
Goodfellow.

NMR Spectroscopy. NMR spectra were recorded on Bruker 250
and 300 MHz spectrometers. The residual solvent protons (1H)
or the solvent carbons (13C) were used as internal standards.
Data are presented as follows: chemical shift in ppm (δ)
(integration, multiplicity, coupling constant). The following
abbreviations are used in reporting NMR data: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet.

Mass Spectroscopy. Mass spectra were recorded by the Ecole
Nationale Superieure de Chimie de Paris Mass Spectrometry
Services Laboratory using electron impact (EI).

Elemental Analysis. Elemental analyses were performed by
the Microanalysis Service of ICSN CNRS.

Organic Synthesis. The PPAs were synthesized by adapting
themethoddescribed byHayashita et al.49 andDiguet et al.,35 as
shown in the SI, Figure S15.

AzoOH. To a solution of p-ethoxyaniline (80.0 mmol, 1 equiv)
and sodium nitrite (80.0 mmol, 1 equiv) in a mixture of ethanol/
water (1:1, total volume 160 mL) were added concentrated HCl
(17 mL) and ice (80 g) at 0 �C. A solution containing phenol
(80.0 mmol, 1 equiv) and sodium hydroxide (160 mmol, 2 equiv) in
coldwater (42mL) was slowlyadded to the first one, and the reaction
mixture was stirred at room temperature for 90 min. The pH of the
solution was adjusted to 1 with HCl. After 30 min, the precipitate
was filtered, washed with pure water (4 � 10 mL), and dried under
vacuum to give 17.5 g of a brown powder (yield: 90%). 1H NMR
(250 MHz, CDCl3): δ 7.9 (4H, m, Harom), 7.0 (4H, m, Harom), 4.1 (2H, q,
3J = 7 Hz, CH3�CH2�O�), 1.4 (3H, t, 3J = 7 Hz, CH3�CH2�O�).

AzoBr. A solution of sodiumhydroxide (86.4mmol, 1.2 equiv)
in anhydrous ethanol (350 mL) was treated with AzoOH
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(72.0 mmol, 1 equiv) and stirred for 30 min before it was added
dropwise to 1,2-dibromoethane (216 mmol, 3 equiv) in anhy-
drous ethanol (160 mL). The mixture was stirred under reflux for
8 h, and after filtration, it was left at room temperature for 2 days.
The precipitate (brown flakes) was filtered, washed with pure
water, and dried under vacuum (yield: 52%). 1H NMR (250 MHz,
CDCl3): δ 7.9 (4H, Harom), 7.0 (4H, Harom), 4.4 (2H, d, 3J = 6 Hz,
�O�CH2�CH2�Br), 4.0 (2H, q, 3J= 7Hz, CH3�CH2�O�), 3.6 (2H,
d, 3J = 6 Hz, �O�CH2�CH2�Br), 1.4 (3H, t, 3J = 7 Hz,
CH3�CH2�O�).

General Procedure for Photosensitive Polyamines AzoEn,
AzoDeta, and AzoTren. A solution of AzoBr in THF was added
dropwise to a solution containing a large excess of the appro-
priate amine at 0 �C. The reactionmixture was stirred vigorously
at room temperature for 2 days. After evaporation of the excess
reagent in vacuo, the residue was purified by column chroma-
tography (SiO2; eluent: CH2Cl2/MeOH/NEt3, 95:5:3). The solvent
of the relevant fractions was removed in vacuo, and the residue
was dissolved in CH2Cl2, washed with K2CO3, and dried
with Na2SO4. The solvent was removed in vacuo, and a yellow
powder was obtained.

General Procedure for Salts of Photosensitive Polyamines
AzoEn 3 2HCl, AzoDeta 3 3HCl, and AzoTren 3 4HCl. The adequate
photosensitive polyamine was dissolved in ethanol, before
addition of concentrated HCl to give a red powder, which was
filtered, washed with anhydrous ethanol, and dried in vacuo
(quantitative yield).

AzoEn. From AzoBr (3.40 mmol, 1 equiv) and an excess
of ethylenediamine (34.0 mmol, 10 equiv), 500 mg of yellow
powder was obtained (M = 328.42 g mol�1, yield: 45%).1H NMR
(300 MHz, CDCl3): δ 7.8 (4H, m, Harom), 6.9 (4H, m, Harom), 4.1 (2H,
t, 3J = 5 Hz, CH2�O), 4.0 (2H, q, 3J = 7 Hz, CH3�CH2�O), 3.0 (2H, t,
3J = 5 Hz,�OCH2CH2N�), 2.8 (2H, t, 3J = 6 Hz ; CH2�N), 2.7 (2H, t,
3J = 6 Hz; CH2�N), 1.4 (3H, t, 3J = 7 Hz, CH3�CH2�O). 13C NMR
(300 MHz, CDCl3): δ 124 (CH), 114 (CH), 67.8 (O�CH2�CH2�N),
63.8 (CH3�CH2�O), 52.4 (N�CH2�CH2�NH2), 48.7 (O�CH2�
CH2�N), 41.8 (N�CH2�CH2�NH2), 14.8 (CH3). MS (EI): calcd for
C18H24N4O2 [M þ H]þ 329.20, found 328.97. AzoEn 3 2HCl: Anal.
Calcd for AzoEn, (HCl)2.5, (H2O)0.1: C 51.30, H 6.40, N 13.30,
O 7.97. Found: C 51.30, H 6.25, N 13.23, O 8.09.

AzoDeta. From AzoBr (3.40 mmol, 1 equiv) and an excess of
diethylenetriamine (34.0 mmol, 10 equiv), 700 mg of yellow
powder was obtained (M = 371.48 g mol�1, yield: 55%). 1H NMR
(300 MHz, CDCl3): δ 7.8 (4H, m, Harom), 6.9 (4H, m, Harom), 4.1 (2H,
t, 3J = 5 Hz, CH2�O), 4.0 (2H, q, 3J = 7 Hz, CH3�CH2�O), 3.0 (2H, t,
3J= 5Hz,�OCH2CH2N�), 2.8 (6H,m, CH2�N), 2.6 (2H, t, 3J=6Hz;
CH2�N), 1.4 (3H, t, 3J = 7 Hz, CH3�CH2�O). 13C NMR (300 MHz,
CDCl3): δ 161 (O�CH), 147 (N�CH), 124 (CH), 114 (CH), 67.6
(O�CH2�CH2�N), 63.8 (CH3�CH2�O), 52.6 (N�CH2�CH2�
NH2), 49.4 (N�CH2�CH2�N), 48.7 (O�CH2�CH2�N), 41.8
(N�CH2�CH2�NH2), 14.8 (CH3). MS (EI): calcd for C20H29N5O2

[M þ H]þ 372.24, found 372.5. AzoDeta 3 3HCl:
1H NMR (300

MHz, D2O): δ 7.7 (4H, m, Harom), 7.0 (4H, m, Harom), 4.3 (2H, t,
3J =

5 Hz, �CH2�O�), 4.1 (2H, q, J = 7 Hz, CH3�CH2�O�), 3.4 (2H,
t, 3J = 5 Hz, �O�CH2�CH2�NH2

þ�), 3.3 (2H, t, 3J = 5 Hz,
�H2N

þ�CH2�) 3.1 (4H, t, 3J=5Hz,�H2N
þ�CH2�CH2�N�), 3.0

(2H, t, 3J = 5 Hz, �N�CH2�CH2�NH3
þ), 1.3 (3H, t, 3J = 7 Hz,

CH3�CH2�O�). Anal. Calcd for AzoDeta, (HCl)3, (H2O)1/3:
C 49.33, H 6.78, N 14.39, O 7.67. Found: C 49.59, H 6.74, N
13.99, O 7.67.

AzoTren. From AzoBr (1.70 mmol, 1 equiv) and an excess
of tris(2-aminoethyl)amine (17.0 mmol, 10 equiv), 190 mg of
yellow powder was obtained (M = 414.55 g mol�1, yield: 27%).
1H NMR (300MHz, CDCl3): δ 7.8 (4H, m, Harom), 6.9 (4H, m, Harom),
4.1 (2H, t, 3J = 5 Hz, �CH2�O�), 4.0 (2H, q, 3J = 7 Hz,
CH3�CH2�O�), 3.0 (2H, t, 3J = 5 Hz, �O�CH2�CH2�N�), 2.8
(6H, t, 3J = 6 Hz, �CH2�NH�), 2.6 (2H, t, 3J = 6 Hz,
�HN�CH2�CH2�N�), 2.5 (4H, t, 3J = 6 Hz, �N�CH2�
CH2�NH2), 1.4 (3H, t, 3J = 7 Hz, CH3�CH2�O�). 13C NMR (300
MHz, CDCl3): δ 161 (O�CH), 147 (N�CH), 124 (CH), 114 (CH), 67.6
(�O�CH2�CH2�N�), 63.8 (CH3�CH2�O�), 57.4 (�N�CH2�
CH2�NH2), 54.2(�N�CH2�CH2�NH�), 47.7 (�N�CH2�CH2�
NH�), 47.5 (�O�CH2�CH2�NH�), 39.6 (�N�CH2�CH2�NH2),
14.8 (CH3�CH2�O�). MS (EI): calcd for C22H34N6O2 [M þ H]þ

415.28, found 415.7. AzoTren 3 4HCl:
1H NMR (300 MHz, D2O):

δ 7.7 (4H, m, Harom), 7.0 (4H, m, Harom), 4.3 (2H, t, 3J = 5 Hz,
�CH2�O�), 4.1 (2H, q, 3J = 7 Hz, CH3�CH2�O�), 3.4 (2H, t,
3J = 5 Hz, �O�CH2�CH2�NH2

þ�), 3.2 (2H, t, 3J = 5 Hz,
�H2N

þ�CH2�CH2�N�), 3.0 (4H, t, 3J = 6 Hz, �N�CH2�
CH2�NH3

þ), 2.8 (2H, t, 3J = 7 Hz, �H2N
þ�CH2�CH2�N�), 2.7

(4H, t, 3J = 6 Hz, �N�CH2�CH2�NH3
þ), 1.3 (3H, t, 3J = 7 Hz,

CH3�CH2�O�) ppm. Anal. Calcd for AzoTren(HCl)4.4(H2O)0.8:
C 44.82, H 6.85, N 14.26, O 7.60. Found: C 45.07, H 7.17, N 13.9,
O 7.53.

Quantification of the trans-to-cis Ratio by NMR Spectroscopy. The
trans-to-cis ratios of solutions containing AzoEn, AzoDeta, and
AzoTren under dark and UV conditions were determined
experimentally by means of NMR spectroscopy. Therefore the
corresponding PPA was dissolved in D2O (cfinal = 1.0 mM) and
was kept in the dark until a photostationary state was reached.
Afterward a 1HNMR spectrumwas recorded at a Bruker spectro-
meter (300 MHz), and the content of trans and cis isomers in
solution was determined by the intensity ratios of the corre-
sponding integrals of the peaks (see Figure S2 for AzoTren). To
obtain the data for the cis-rich state (UV condition), the sample
was irradiated with UV light (λ = 365 nm) until the photo-
stationary state was reached. 1H NMR spectra were recorded
subsequently, and the ratios were determined after integra-
tion of the corresponding signals. Values are given in the SI,
Table S1.

Measurement of Isomerization Time Constants. Absorption spec-
tra were recorded on a Synergy HT spectrophotometer from
BioTek. For trans-to-cis isomerization under UV illumination, the
sample concentration was adjusted to maximum optical den-
sities of 1.0 to 1.2. The samples (200 μL inmicroplate wells) were
irradiated at 365 nm for 5 s (samples were placed at 1 cm from a
hand-held VL-6 UV lamp). UV�vis spectra (from 300 to 550 nm,
optical path of 0.6 cm) weremeasured over a 2min time period,
and the process was started once again. Note that precautions
were taken to limit the exposition of the samples to ambient
light. From the collected spectra, the evolution of the optical
density at 356 nm was plotted as a function of UV-illumination
time for all three photosensitive polyamines (Figure 1c and SI,
Figures S3�S5). With the online curve-fitting program ZunZun,
the curves were fitted with the equation y = Aþ B exp(�t/τ1) to
give the time constants τ1 summarized in the main text and
in the SI, Table S2. For cis-to-trans isomerization in the dark
at 26 �C, the initial concentration of the samples (200 μL in
microplate wells) was adjusted to maximum optical densities of
0.9 to 1.3 prior to 6min UV irradiation to give startingmaximum
OD values (t = 0 s) of 0.2 to 0.3. UV�vis spectra were recorded
from 300 to 550 nm for various times. From the data collected,
the optical density at 356 nm was plotted as a function of time
for all three polyamines (Figures S6�S8). The online curve-
fitting program ZunZun was used to fit the curves with the
equation y � y0 = A(1 � exp(�t/τ2)) with y0 the optical density
at time t = 0, to give the time constant summarized in the SI,
Table S2.

Fluorescence Microscopy Imaging. Fluorescence microscopy was
performed on a Zeiss inverted microscope equipped with a
100� oil-immersed objective and the filter set 44 from Zeiss
(Exc: BP 475/40 nm; Em: BP 530/50 nm). Images were acquired
with an EMCCD camera (Photonmax 512B, Princeton Scientific)
and Metavue image acquisition software (Molecular Devices).
Illumination conditions: A stock solution of photosensitive
surfactant was prepared in a 1.5 mL Eppendorf tube and kept
in the dark or exposed just prior to sample preparation for
15 min to UV light (365 nm) with a 6 W 365 nm UV lamp (hand-
held VL-6 model) for UV conditions and then kept in the dark.
The concentration of the stock solution was 5 mM for AzoEn,
2.5 mM for AzoDeta, and 1.0 mM for AzoTren. Preparation of
samples: Water, Tris-HCl buffer (pH = 7.4, final concentration
10 mM), photosensitive surfactant (UV or dark conditions), and
YOYO-1 iodide (final concentration 0.01 μM) were added in this
order and thoroughlymixed in a 1.5mL Eppendorf tube. T4 DNA
was then added to give a final concentration of 0.1 μM in
phosphate groups. The sample was homogenized by gently
turning upside down the tube 5�7 times. Samples were then
allowed to equilibrate for 15 min prior to visualization by
fluorescence microscopy.
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AFM Imaging. AFM measurements were performed using a
5100 atomic force microscope (Agilent Technologies-Molecular
Imaging) operated in the dynamic tip deflectionmode (acoustic
alternating current mode, AAC). All AFM experiments were
performed using silicon FORT probes (Applied NanoStructures,
Inc.) in the tapping mode with a spring constant of 3 N m�1

at 69 kHz. The images were scanned in topography mode.
Solutions of 4.5 kbp linear DNA (2.0 μM in phosphate groups)
in a 10 mM Tris-HCl buffer (pH = 7.4) without or with AzoTren
(0.5, 2.0, 4.0, and 5.0 μM) were prepared. When necessary, a
20 μL amount of the sample was placed on a glass slide and
illuminated at a distance of 0.8 cm at 365 or 440 nm with a
CoolLED pE-2. A freshly cleaved mica surface was first treated
with 200 μM spermine solution for 1 h, rinsed with an excess of
water, and stored under a drop of water for up to a few hours.
Right after removing water with filter paper (Whatman), a 20 μL
drop of a diluted sample solution was then placed on the mica
slide. After 1 h of incubation in wet atmosphere at room
temperature, the mica plate was rinsed with an excess of water,
dried with compressed argon, and left under vacuum for 1 h.
AFM imaging was then carried out. The color height scale of all
AFM images ranges from �1.5 to þ1.1 nm.
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