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a b s t r a c t
We study the compaction of genomic DNA by a series of alkyltrimethylammonium bromide surfactants
having different hydrocarbon chain lengths n: dodecyl-(DTAB, n = 12), tetradecyl-(TTAB, n = 14) and
hexadecyl-(CTAB, n = 16), in the absence and in the presence of negatively charged silica nanoparticles
(NPs) with a diameter in the range 15–100 nm. We show that NPs greatly enhance the ability of all cationic surfactants to induce DNA compaction and that this enhancement increases with an increase in NP
diameter. In the absence of NP, the ability of cationic surfactants to induce DNA compaction increases
with an increase in n. Conversely, in the presence of NPs, the enhancement of DNA compaction increases
with a decrease in n. Therefore, although CTAB is the most efﬁcient surfactant to compact DNA, maximal
enhancement by NPs is obtained for the largest NP diameter (here, 100 nm) and the smallest surfactant
chain length (here, DTAB). We suggest a mechanism where the preaggregation of surfactants on NP surface mediated by electrostatic interactions promotes cooperative binding to DNA and thus enhances the
ability of surfactants to compact DNA. We show that the amplitude of enhancement is correlated with the
difference between the surfactant concentration corresponding to aggregation on DNA alone and that
corresponding to the onset of adsorption on nanoparticles.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Compaction is the process in which a DNA molecule undergoes a transition between an elongated conformation and a
very compact form. In nature, DNA compaction occurs to package genomic material inside tiny spaces such as viral capsids
and cell nuclei. In vitro, several strategies exist to compact
DNA, offering promising applications in biotechnologies and
materials science [1]. As a negatively charged polyelectrolyte,
DNA can be compacted by a variety of cationic agents [2] such
as polyamines [2,3], polymers [4–7], nanoparticles [8,9], vesicles
[10] and surfactants [11–21]. Among the large variety of compaction agents, cationic surfactants have attracted a particular
attention due to the applications in isolation and puriﬁcation
of DNA as well as in gene delivery [22–24]. Moreover, using a
cationic surfactant containing an azobenzene photosensitive
moiety, the control by light of DNA higher-order structure has
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been achieved [15,25,26], and this effect has been successfully
applied to control by light gene expression systems at both
transcription and translation levels [27]. However, a major
drawback of surfactants for biology-related studies relies in
their cytotoxicity [28]. Finding way to decrease this cytotoxicity
is thus a crucial challenge. A typical approach consists in the
modiﬁcation of surfactant’s headgroup [29,30] or chain length
[31]. Another way to decrease the cytotoxicity of a given surfactant is to improve its DNA compaction efﬁciency, that is, to decrease the surfactant concentration necessary for DNA
compaction. Recently it was shown that very small amounts
of anionic silica nanoparticles (104–102 wt%) signiﬁcantly decreased the concentration of surfactant needed to induce DNA
compaction [32]. This was demonstrated on NPs with a diameter 100 nm and a standard (DTAB) or a photosensitive (AzoTAB)
surfactant having similar hydrophobicity and chain length. To
better understand this counter-intuitive phenomenon, we performed for the ﬁrst time a systematic study of the effects of
NP diameter and surfactant chain length. This allowed us to
determine optimal conditions for nanoparticle-induced enhancement of DNA compaction by cationic surfactants as well as to
propose a cooperative mechanism of interaction between
surfactants, NPs and DNA.
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2. Materials and methods
2.1. Materials
Bacteriophage T4 DNA (166 kbp) was from Wako Chemicals,
YOYO-1 iodide was from Molecular Probes. Surfactants: DTAB, TTAB
and CTAB were from TCI (Tokyo, Japan). Naked silica nanoparticles
(30 wt% in isopropanol) of 15, 40 and 100 nm diameter (NP15,
NP40 and NP100) were a gift from Nissan Chemicals. They were diluted in water to prepare stock solutions of 102 wt%, 101 wt% and
101 wt% in water for NP15, NP40 and NP100, respectively. All other
chemicals were from Sigma. Deionised water (Millipore, 18 MX cm)
was used for all experiments.
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hydrocarbon chain lengths n, dodecyl-(DTAB, n = 12), tetradecyl(TTAB, n = 14) and hexadecyl-(CTAB, n = 16) (Fig. 1A), in the presence and in the absence of silica nanoparticles of different diameters d: NP15 (d  15 nm), NP40 (d  40 nm), and NP100
(d  100 nm) (Fig. 1B). These nanoparticles have a narrow size
polydisersity [8,9] and their mean diameter is displayed in
Fig. 1B. A typical experiment consisted in mixing surfactant and
nanoparticles prior to addition of DNA and ﬂuorescent probe
(YOYO-1 iodide) (Fig. 1C). Fluorescence microscopy was used to
characterize the conformation of a large amount of individual
DNA molecules (>150 per observation). With this technique, we
could discriminate between DNA molecules in the compact state,

2.2. Preparation of DNA samples
Water, Tris–HCl buffer, surfactant (DTAB, TTAB or CTAB), silica
nanoparticles (NP100, NP40 or NP15), and YOYO-1 iodide were
mixed in this order prior to careful T4 DNA introduction under low
shear conditions to avoid DNA breakage [33]. In order to permit
the efﬁcient adsorption of the surfactant on nanoparticles, the samples were equilibrated for 15 min after vigorous mixing of surfactant
with NPs. After addition of YOYO and DNA, the samples were equilibrated for a second time for 15 min prior to observation of the nucleic acid by ﬂuorescence microscopy. Equilibration steps before
and after DNA introduction were systematically applied to get
reproducible data. For all experiments, we used T4 DNA at a ﬁnal
concentration of 0.1 lM (concentration in nucleotides) in Tris–HCl
buffer (10 mM, pH 7.4) with YOYO (0.01 lM) as a DNA ﬂuorescent
dye. All experiments were performed at room temperature.
2.3. Fluorescence microscopy (FM)
Fluorescence microscopy was performed using an Axiovert 135
TV (Zeiss) microscope equipped with a 100 oil-immersion lens.
Images were recorded using an EB-CCD camera and an image processor Argus 10 (Hamamatsu Photonics). DNA molecules stained
with YOYO were observed in 20 lL microdroplets deposited on a
clean glass cover slide. Under these conditions the compaction
states of DNA are clearly distinguishable: DNA molecules in the
compact state appear as bright fast-diffusing spots, whereas DNA
molecules in the coil state have a much larger apparent long-axis
length, a much lower translational diffusion coefﬁcient and exhibits
characteristic intrachain thermal ﬂuctuations. For each observation,
a minimum of 150 individual DNA molecules were characterized to
determine the fraction of molecules in the compact state.
2.4. Zeta potential measurements
Zeta potential of 100 nm silica nanoparticles (NP100) was measured with Zetasizer Nano-ZS (Malvern Instruments) at 25 °C.
Mixtures of NP100 (of ﬁnal concentration 1.5  103 wt%) and
increasing amounts of surfactants (DTAB, TTAB or CTAB) were
prepared in 10 mM Tris–HCl buffer (pH 7.4). After mixing, the samples were equilibrated for 15 min at room temperature prior to
zeta potential measurements. Each measurement was repeated
10 times. The changes in mean zeta potential were then plotted
against surfactant concentration.
3. Results
3.1. Experimental system
We studied the compaction of T4 DNA (166 kbp) by 3
alkyltrimethylammonium bromide surfactants having different

Fig. 1. Experimental system. (A) Cationic trimethylammonium surfactants having
n = 12, 14 and 16 carbon atoms in the hydrophobic tail were used to induce the
compaction of T4 DNA. (B) Silica nanoparticles with various diameters were used to
enhance the compaction of DNA by surfactants. The table shows the mean diameter
as measured by dynamic light scattering. (C) Top: a typical experiments consisted
in mixing surfactants with nanoparticles prior to addition of T4 DNA and YOYO-1
ﬂuorescent dye and single-molecule observation by ﬂuorescence microscopy.
Bottom: typical images of a single DNA molecule in the coil state (left) and in the
compact state (right). Each image has a size 5 lm  5 lm.
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which appeared as bright fast-diffusing spots (Fig. 1C, right picture), and DNA molecules in the coil state, which have a much larger apparent long-axis length, a slower diffusion coefﬁcient and
typical intrachain ﬂuctuations (Fig. 1C, left picture). For each solution composition, this allowed us to establish a compaction curve
where the fraction of individual DNA molecules in the compact
state was plotted as a function of surfactant concentration.

compaction, regardless of NP size. This shows that DNA compaction is not induced by a crowding effect such as that observed in
the presence of negatively charged proteins [35,36]. Compaction
is thus here mainly induced by cationic surfactants, and their efﬁciency to compact DNA is enhanced in the presence of negatively
charged NPs.

3.3. Effect of nanoparticle size and concentration
3.2. Enhancement of DNA compaction by silica nanoparticles
We studied the effect of nanoparticle size and concentration on
the efﬁciency of this enhancement. For each condition, we established the compaction curve of DNA by DTAB in the presence and
in the absence of NPs and we measured ½DTAB50 and [DTAB]50 as described in Fig. 2. Fig. 3A shows the ratio R ¼ ½DTAB50 =½DTAB50 as a
function of NP concentration for NP15, NP40 and NP100. It shows
that the presence of NPs decreases the DTAB concentration corresponding to DNA compaction (R < 1) regardless of NP diameter.
Moreover, we observe an optimal NPs concentration, for which the
enhancement of DNA compaction is maximal (R is minimal). This
optimal concentration exists for all NPs but it signiﬁcantly increases
with an increase in NP diameter (1.1  104 wt%, 3  104 wt% and
1.5  103 wt% for NP15, NP40 and NP100, respectively).
The amplitude of the enhancement at the optimal concentration
also depends on NP size and is observed to increase with an increase in NP size. At optimal concentrations, NP15, NP40 and
NP100 decrease the concentration of DTAB corresponding to 50%
of DNA compaction 1.6-fold (from 715 to 445 lM), 4.0-fold (from
715 to 180 lM) and 6.0-fold (from 715 to 120 lM), respectively.
The existence of an optimal NPs concentration can be explained

(A)
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R = [ DTAB ]50 / [ DTAB ] 50*

Fig. 2 shows compaction curves by DTAB in the absence and in
the presence of a ﬁxed concentration of NP100 (1.5  103 wt%).
Without NP, for 0 6 [DTAB] 6 400 lM, most of DNA molecules
are in the coil state. For 400 6 [DTAB] 6 1000 lM, the fraction of
DNA molecules in the compact state strongly increases to reach
100% at about [DTAB] = 1000 lM. For [DTAB] P 1000 lM, all DNA
molecules are in the compact state. This compaction curve has a
sigmoidal shape, which is typically observed in DNA-surfactant
systems and characteristic of a cooperative process [14,15,34].
In the presence of NP100, the compaction curve has a very similar
shape but it is shifted toward lower DTAB concentrations. For instance, for [DTAB] = 300 lM, 0.5% and 97% of DNA molecules are in
the compact state, in the absence and in the presence of NP100,
respectively. From these compaction curves, we can also estimate
½DTAB50 and [DTAB]50, which are the concentrations of DTAB
needed to reach 50% of compaction in the absence and in the presence of nanoparticles, respectively. For [NP100] = 1.5  103 wt%,
we found ½DTAB50 = 715 lM and [DTAB]50 = 120 lM. All these results conﬁrm that the presence of a small amount of silica nanoparticles with a diameter d = 100 nm greatly enhances the efﬁciency of
DTAB cationic surfactant to compact DNA. As a possible mechanism, we suggest that negatively charged nanoparticles induce
the aggregation of surfactant molecules through electrostatic
interactions, promote cooperative binding to DNA and thus enhance the ability of surfactants to compact DNA [32]. Note that
for the whole concentration range of NPs used in this study, that
is from 105 wt% to 102 wt%, NPs alone did not induce DNA
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Fig. 2. Enhancement of DTAB-induced DNA compaction by 100 nm silica nanoparticles (NP100). Compaction curves (fraction of DNA molecules in the compact state
as a function of DTAB concentration) and typical ﬂuorescence microscopy images of
DNA molecules in solution in the absence (NP) and in the presence (+NP) of
100 nm silica nanoparticles. Horizontal dashed line corresponds to 50% of DNA
molecules in the compact state. Vertical dashed lines show the concentrations of
DTAB corresponding to 50% of DNA molecules in the compact state, in the absence
and presence of NP100 (½DTAB50 and [DTAB]50, respectively). Each image has a size
5 lm  5 lm. [DNA] = 0.1 lM; [YOYO] = 0.01 lM; [NP100] = 1.5  103 wt%; [Tris–
HCl] = 10 mM (pH = 7.4).
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Fig. 3. Effect of NP size and concentration on the enhancement of DNA compaction
by DTAB. Ratio R of surfactant concentrations corresponding to 50% of DNA
compaction in the presence ([DTAB]50) and in the absence (½DTAB50 ) of NPs as a
function of: (A) NP weight concentration and (B) NP surface concentration. Symbols
are data points. Lines connecting symbols are guides for the eyes. [DNA] = 0.1 lM;
[YOYO] = 0.01 lM; [Tris–HCl] = 10 mM (pH = 7.4).
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as follows. At low NPs concentrations, the concentration of nucleation sites is small and the cooperative effects are limited. With an
increase in NPs concentration, the concentration of nucleation sites
increases and the enhancement in DNA compaction becomes larger. This holds true as long as the number of aggregated surfactants
per nanoparticle is maximal. When NPs concentration becomes too
large, surfactants can still interact with NPs but the number of
aggregated surfactants per nanoparticle decreases and effects of
cooperativity weaken. With a further increase in NPs concentration, this ‘dilution’ effect increases thus decreasing the ability of
surfactants to induce compaction. This mechanism suggests that
the optimal aggregation of DTAB on nanoparticles occurs at the
same surface concentration of silica in the solution. To test this
hypothesis, we plotted the ratio R as a function of the silica surface
concentration for the different nanoparticle sizes (Fig. 3B). This
analysis shows that the optimal enhancement for different NPs
correspond to very close surface concentration, regardless of NP
size (1.02 m2/L for NP15 and NP40, and 2.05 m2/L for NP100). This
conﬁrms that the primary role of nanoparticles in the enhancement of DNA compaction is to act as nucleation centers for the
aggregation of surfactants mediated through electrostatic interactions between nanoparticle negatively charged surfaces and surfactant cationic heads. The decrease in the efﬁciency to enhance
DNA compaction with a decrease in NP size can be attributed to
the rigidity of DNA, which has a persistence length lp of the order
of 50 nm. For instance, it has been shown that the compaction efﬁciency of cationic NPs strongly decreases with a decrease in NP size
for NPs having a diameter smaller than lp [8,9].
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enhances the efﬁciency of surfactants to cooperatively bind to
DNA through electrostatic interactions and therefore promotes
DNA compaction at a lower surfactant concentration.
Then, we established these compaction curves in the presence
of different concentrations and sizes of NPs. Fig. 5 shows the ratio
R ¼ ½surf50 =½surf50 ([surf]50 is the surfactant concentration to
achieve 50% of DNA compaction in the presence of NPs) as a function of NP concentration for different NP sizes and surfactant chain
length. First, it shows that, for a given NP size, the enhancement is
maximal for intermediate NP concentration and that the corresponding optimal NP concentration does not vary with a change
in surfactant chain length. This effect is observed for all NP sizes.
It conﬁrms that nanoparticles act as nucleation centers for the
aggregation of cationic surfactants through electrostatic interac-

3.4. Effect of surfactant chain length
First, DNA compaction curves were established in the absence of
NPs for DTAB, TTAB and CTAB having n = 12, 14 and 16 carbon atoms
in their hydrophobic tail, respectively (Fig. 4).
It shows that DNA compaction is signiﬁcantly shifted to smaller
surfactant concentrations with an increase in n. For instance, let
½surf50 be the surfactant concentration necessary to induce 50% of
DNA compaction in the absence of NP. We found ½surf50 = 715 lM,
28.5 lM and 6.5 lM for n = 12, 14 and 16, respectively. This is in
agreement with previous observations on similar systems [14–
16] and can be explained by the cooperative nature of surfactant/
DNA interaction. With an increase in n, that is, hydrophobicity of
the tail, cationic surfactants are more prone to aggregation, which
is conﬁrmed by the decrease in their CMC (15 mM, 3.2 mM and
0.85 mM at 25 °C for n = 12, 14 and 16, respectively [37]). This
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Fig. 4. DNA compaction by DTAB, TTAB and CTAB in absence of NP. Symbols are
data points. Lines connecting symbols are guides for the eyes. [DNA] = 0.1 lM;
[YOYO] = 0.01 lM; [Tris–HCl] = 10 mM (pH = 7.4).

Fig. 5. Effect of surfactant chain length on enhancement of DNA compaction in the
presence of NPs. Ratio R of surfactant concentrations corresponding to 50% of DNA
compaction in the presence ([surf]50) and in the absence (½surf50 ) of NPs as a
function of concentration of: (A) NP15, (B) NP40 and (C) NP100. Symbols are data
points. Lines connecting symbols are guides for the eyes. [DNA] = 0.1 lM;
[YOYO] = 0.01 lM; [Tris–HCl] = 10 mM (pH = 7.4).
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4. Discussion
All our results suggest that the enhancement of DNA compaction in the presence of NPs is due to the aggregation of surfactants
on NP surface through electrostatic interactions. To further explore
this mechanism, we followed the electrostatic interaction between
surfactants and NP100 by zeta (f) potential measurements. Fig. 6A
shows f potential of NP100 as a function of surfactant concentration for a concentration of NP100 corresponding to the maximal
enhancement (1.5  103 wt%) and different surfactant chain
lengths n.
Regardless on n, the curves have a similar general trend with two
characteristic parts depending on surfactant concentration. At a low
concentration, f is almost constant or slightly increases but remains
close to the value for bare silica NPs (27 ± 3 mV). In this regime, cationic surfactants have thus no or few interactions with NPs. In contrast,
for sufﬁciently high concentrations, f strongly increases with an increase in surfactant concentration up to positive values. This observation indicates that cationic surfactants electrostatically adsorb on the
negatively charged surface of NPs, forming a ﬁrst monolayer onto
which additional surfactant molecules can adsorb by hydrophobic
interactions. Similar phenomenon has been reported with the cationic
surfactant cetyltrimethylammonium bromide (CTAB), which was
shown to form bilayers or multilayers on silica NPs and induced a
change of f from about 30 mV to +(20–50) mV [38,39]. Phenomenologically, we can thus use the concentration at the transition between
these two regimes as an estimation of the onset of the adsorption of
surfactants on NPs surface. This concentration is noted [surf]adsorption
and is represented as vertical dashed lines in Fig. 6A. Fig. 6A shows that
[surf]adsorption decreases with an increase in surfactant chain length
([surf]adsorption = 170 lM, 9.0 lM and 2.0 lM for n = 12, 14 and 16,
respectively), which is in agreement with previous reports on the
adsorption of cationic surfactants on silica and ZnS NPs [40,41]. This
can be explained by the increase in the propensity of surfactants to
form aggregates when the hydrophobicity of the chain increases.
Fig. 6B shows DNA compaction by DTAB, TTAB and CTAB, in the presence (ﬁlled symbols) and absence (open symbols) of NP100 at optimal
concentration (1.5  103 wt%). Interestingly, DNA compaction in the
presence of NPs occurs for surfactant concentration around the onset
of surfactant adsorption on NPs, as estimated from f potential measurements (dashed lines in Fig. 6A and B). This observation conﬁrms
that pre-aggregation of surfactants on NPs is responsible of the enhanced DNA compaction by surfactants in the presence of NPs. The
enhancement efﬁciency can thus be analyzed in terms of the difference
between concentrations of surfactant corresponding to aggregation on

(A)
Zeta potential, mV

tions and are therefore not sensitive to the hydrophobicity of surfactant chain length.
Interestingly, while Fig. 4 shows that compaction efﬁciency of
surfactant without NPs increases with surfactant chain length,
Fig. 5 shows that the amplitude of enhancement in the presence of
NPs follows the opposite trend and strongly decreases with n,
regardless of NP diameter. At optimal NP100 concentration
(1.5  103 wt%), the presence of NPs induces a decrease of surfactant concentration necessary to induce 50% of DNA compaction by
a factor of 6.0 (from 715 to 120 lM), 3.3 (from 28.5 to 8.7 lM) and
1.1 (from 6.5 to 5.9 lM) for n = 12, 14 and 16, respectively. Similar
results were observed for NP40. At optimal NP40 concentration
(3  104 wt%), surfactant concentration is decreased by a factor of
4.0 (from 715 to 180 lM), 2.0 (from 28.5 to 14.0 lM) and 1.25 (from
6.5 to 5.2 lM) for n = 12, 14 and 16, respectively. The enhancement
efﬁciency of NP15 is much lower (Fig. 5A) and, at optimal NP15 concentration (1.1  104 wt%), surfactant concentration is decreased
by a factor of 1.6 (from 715 to 450 lM), 1.5 (from 28.5 to 19.0 lM)
and 1.1 (from 6.5 to 6.0 lM) for n = 12, 14 and 16, respectively.
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Fig. 6. Comparison of DTAB, TTAB and CTAB concentrations corresponding to (A)
adsorption on NP100 and (B) DNA compaction in the presence of NP100. (A) Zeta
potential as function of surfactant concentration in the absence of DNA. (B) DNA
compaction curves in presence (ﬁlled symbols) and absence (open symbols) of
NP100. Symbols are data points. Lines connecting symbols are guides for the eyes.
[DNA] = 0.1 lM; [NP100] = 1.5  103 wt%; [Tris–HCl] = 10 mM (pH = 7.4).

DNA alone (which can be estimated by ½surf50 ) and that corresponding
to adsorption on nanoparticles alone ([surf]adsorption). Enhancement of
DNA compaction is observed when ½surfadsorption < ½surf50 , that is,
when surfactants aggregate on NPs surface at a concentration lower
than that on DNA alone. Moreover, the amplitude of enhancement of
DNA compaction increases with an increase in the difference between
½surf50 and [surf]adsorption. For instance, for NP100 at optimal concentration, the enhancement 1/R equals 6.0, 3.3 and 1.1 while the difference (½surf50  ½surfadsorption ) equals 545 lM, 19.5 lM and 4.5 lM for
n = 12, 14 and 16, respectively. This effect can be explained by the following mechanism. In the absence of NP, surfactants with a higher
hydrophobicity induce DNA compaction at a lower concentration
(Fig. 4) because they are more prone to spontaneously form aggregates
and therefore to cooperatively bind to DNA. Conversely, the presence of
nanoparticles induces aggregation of surfactants on NP surface
through electrostatic interactions, thus enhancing the natural ability
of surfactants to induce DNA compaction. This effect will be all the
more pronounced that surfactants have a low tendency to spontaneously aggregate in the absence of NP, that is, when they have a lower
hydrophobicity. This explains the increase in enhancement with a
decrease in hydrophobicity regardless of NP size (Fig. 5).
5. Conclusions
Very recently, negatively charged nanoparticles (NPs) were
shown to enhance the ability of cationic surfactants to induce DNA
compaction [32]. Here, we studied for the ﬁrst time the inﬂuence
of nanoparticle size and surfactant chain length on this phenomenon. Regardless of NPs’ size, the enhancement is maximal for an
intermediate concentration of NPs, which corresponds to optimal
aggregation of surfactant molecules on the nanoparticles. It was
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shown that the increase in NPs’ size from 15 to 100 nm leads to an
increase in the enhancement efﬁciency. Optimal enhancement
was obtained for a similar surface concentration but, due to DNA
rigidity, larger NPs are more efﬁcient to promote DNA compaction.
In the absence of NP, the ability of cationic surfactants to induce
DNA compaction increased with an increase in surfactant hydrophobicity. We proposed a mechanism where the pre-aggregation of surfactants on NPs’ surface mediated by electrostatic interactions
promoted cooperative binding to DNA and thus enhanced the ability
of surfactants to compact DNA. The enhancement amplitude of DNA
compaction could thus be associated with the difference between
surfactant concentration corresponding to aggregation on DNA
alone (½surf50 ) and that corresponding to adsorption on nanoparticles alone ([surf]adsorption). Enhancement was observed to increase
with an increase in (½surf50  ½surfadsorption ), that is, with a decrease
in surfactant hydrophobicity. This study thus constitutes a physico-chemical background for the further development of DNANP-surfactant systems, with possible applications in ﬁelds as diverse as transfection, in vitro gene expression and DNA-based
nanomachines.
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