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of dendrimer/nucleolipids
surface films for directed self-assembly†

Marianna Yanez Arteta,*a Debora Berti,b Costanza Montis,b Richard A. Campbell,c

Caroline Eriksson,a Luke A. Clifton,d Maximilian W. A. Skoda,d Olaf Soltwedel,e

Alexandros Koutsioubas,f Piero Baglionib and Tommy Nylander*a

We describe the formation and structure of nucleolipid/dendrimer multilayer films controlled by non-

covalent interactions to obtain biomaterials that exhibit molecular recognition of nucleic acids. Layers of

cationic poly(amidoamine) (PAMAM) dendrimers of generation 4 and the anionic nucleolipids 1,2-

dilauroyl-sn-glycero-3-phosphatidylnucleosides (DLPNs) based on uridine (DLPU) and adenosine (DLPA)

were first formed at the silica–water interface. The PAMAM/DLPN layers were then exposed to short

oligonucleotides, polynucleotides and single stranded DNA (ssDNA). The interfacial properties were

characterized using quartz crystal microbalance with dissipation monitoring, attenuated total reflection

Fourier transform infrared spectroscopy and neutron reflectometry. Both types of DLPN were found to

adsorb as aggregates to preadsorbed PAMAM monolayers with a similar interfacial structure and

composition before rinsing with pure aqueous solution. Nucleic acids were found to interact with

PAMAM/DLPA layers due to base pairing interactions, while the PAMAM/DLPU layers did not have the

same capability. This was attributed to the structure of the DLPA layer, which is formed by aggregates

that extend from the interface towards the bulk after rinsing with pure solvent, while the DLPU layer

forms compact structures. In complementary experiments using a different protocol, premixed PAMAM/

DLPN samples adsorbed to hydrophilic silica only when the mixtures contained positively charged

aggregates, which is rationalized in terms of electrostatic forces. The PAMAM/DLPA layers formed from

the adsorption of these mixtures also bind ssDNA although in this case the adsorption is mediated by the

opposite charges of the film and the nucleic acid rather than specific base pairing. The observed

molecular recognition of nucleic acids by dendrimers functionalized via non-covalent interactions with

nucleolipids is discussed in terms of biomedical applications such as gene vectors and biosensors.
Introduction

Poly(amidoamine) (PAMAM) dendrimers have, with their well-
dened hyperbranched architecture, high potential to be
employed in biomedical applications such as the encapsulation
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of drugs, gene delivery vehicles and bioanalysis.1–4 Dendrimers
are monodisperse and symmetric as they are synthesized in a
controlled sequence to produce different “generations” (G)
depending on their size, molecular weight and level of
branching. The chemical structure of PAMAM dendrimers, as
reported in 1985 by Tomalia et al.,5 is based on an ethylenedi-
amine or amine core and repeating units of amidoamine as
branches with amine surface groups. The primary amine groups
at the periphery of the dendrimer have a pKa between 8.0 and
9.2 and therefore they are positively charged at neutral pH.6

These surface groups allow the dendrimers to interact with
other charged molecules and interfaces. The electrostatic
attraction between PAMAM dendrimers and oppositely charged
nucleic acids, such as DNA and RNA, leads to compaction and
condensation. The formed PAMAM/DNA complexes protect
DNA from enzymatic degradation and they show high trans-
fection to cells compared to other polymeric alternatives.2 Such
delivery vehicles for gene therapy have been shown to have
potential for disease prevention7 and medical treatments.8,9

However, ordinary PAMAM dendrimers lack chemical affinity
Soft Matter, 2015, 11, 1973–1990 | 1973
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View Article Online
towards nucleic acids and thus they can interact also with cell
membranes and other negatively charged biomolecules. Func-
tionalization of the dendrimer surface groups through, for
example, covalent coupling of DNA strands,10 has potential to
provide the necessary specicity.

Alternatively, molecules with capability for molecular recog-
nition, like nucleolipids, have been shown to interact selectively
with nucleic acids,11 which may also be useful for the formulation
of gene transfection vectors.12 Nucleolipids are derivatives of
phospholipids where the choline in the head group has been
exchanged for a nucleoside by enzyme catalyzed trans-
phosphatidylation to form phosphatidylnucleosides.13,14 Such
lipids, with the combination of the nucleoside and the negatively
charged phosphate group, contain the key elements of the
monomer unit of nucleic acids. Consequently, their head group
gives them the ability to exhibit molecular recognition of DNA and
RNA through base pairing interactions. This specic base pairing
has been investigated previously by many groups. For example,
Ahlers et al.15 showed that amphiphiles that have head groups
functionalized with nucleobases form stable monolayers at the
air–water interface to which monomeric and polymeric nucleo-
tides from the bulk solution can attach through specic base pair
interactions. Later, monolayers of dioleoylphosphatidylnucleo-
sides (DOPNs) based in adenosine, uridine and cytidine at the air–
water interface were also studied. The results showed preferential
interaction within complementary DOPNs, which indicated that
Watson–Crick pairing had occurred at the interface.16 It was
suggested that the orientation of the nucleolipids imposed by the
interface provided a suitable environment for base pairing. In
addition, the corresponding specic interactions between the
nucleolipid bases and other nucleolipids as well as short and long
polynucleotides have also been found in the bulk solution.11,17–20

Similar to other amphiphiles, nucleolipids self-assemble in
aqueous media into different type of aggregates, e.g. spherical
micelles, threadlike micelles or bilayers, depending on the
structure of the hydrophobic tail and the interactions between the
head groups of the nucleoside.17,21,22 An understanding of the self-
assembly behavior is important to rationalize the interactions of
these molecules with RNA and DNA. For example, palmitoyl-
oleoylphosphatidylnucleosides (POPNS) form a bilayer-type
structure in aqueous dispersions, and at low water content a
lamellar phase is formed. Fourier transform infrared (FT-IR)
linear dichroism measurements of these samples showed that
the head group of the POPNs based in uridine (POPU) had a
different orientation at the bilayer interface compared to the ones
based in adenosine (POPA).22 Consequently, it was found that
short and long polynucleotides bind selectively to POPA bilayers,
but POPU bilayers showed weaker attractive interactions with
such nucleic acids.20 Shorter chain nucleolipids, e.g. 1,2-dilauroyl-
sn-glycero-3-phosphatidylnucleoside (DLPNs) based in uridine
(DLPU) and adenosine (DLPA), show different types of aggregates
in aqueous solutions. DLPU forms threadlike micelles in solution
that grow in length depending on the solvent ionic strength23 and
the nucleolipid concentration.18 However, DLPA self-assembles
initially into the same type of threadlike micelles, but they
aggregate with time into giant helicoidal superstructures.18 These
differences have been attributed to a stronger enthalpic
1974 | Soft Matter, 2015, 11, 1973–1990
contribution from the purine–purine base stacking interactions
for DLPA compared with pyrimidine–pyrimidine for DLPU.18

The aims of the present work are to reveal the factors
controlling the interactions between PAMAM dendrimers of
generation 4 (PAMAM-G4, 64 surface groups) and the nucleoli-
pids DLPA and DLPU at the silica–water interface as well as to
determine the ability of the formed interfacial structures to
bind selectively short and long nucleic acids. The size and
structure of PAMAM-G4 are usually compared with biological
molecules such as globular proteins24 or the histone octamer25,26

and therefore it is interesting for applications such as DNA
condensation. The study was performed using a solid support
since structural information can be obtained conveniently with
high precision through the combination of complementary
surface-sensitive techniques. The measurements were per-
formed in two different aqueous solvents, 10 mM NaCl and
10 mM Tris–HCl pH 7.6 buffer. The rst buffer allows the
comparison of the present results with our previous measure-
ments on the interactions between dendrimers and oppositely
charged surfactants at the solid–liquid interface.27 The second
buffer was chosen since it is more commonly used in studies
relating to biomedical applications.

The layers were formed using two different protocols to eval-
uate the structure of the lms in the absence and presence of
dendrimer/nucleolipid bulk interactions: (1) addition of DLPNs
to preadsorbed PAMAM-G4 monolayers on silica and (2)
adsorption from premixed dendrimer/nucleolipid solutions. The
reversibility of the adsorption was evaluated by rinsing with pure
solvent (free of dendrimer and nucleolipid) aer the addition of
the different components or mixtures. Following the structural
characterization of the PAMAM/DLPN interfacial layers formed,
the selectivity of their interactions with nucleic acids was exam-
ined through the addition of (i) two different 20-mers short
oligonucleotides based in purine (adenosine, 20dA) or pyrimi-
dine (thymidine, 20dT) nucleotides, (ii) a longer RNA derivative
(polyuridylic acid, PolyU), and (iii) single stranded DNA (ssDNA).

The interfacial properties were characterized using a
combination of measurements: quartz crystal microbalance
with dissipation monitoring (QCM-D) to obtain the total inter-
facial wet mass and the viscosity properties of the lms, atten-
uated total reectance (ATR) FT-IR spectroscopy to identify the
chemical bonds of the molecules at the surface and the inter-
actions of the nucleobases, and neutron reectometry (NR) to
determine the structure and composition of the adsorbed layers
in the direction normal to the interface. The binding of the
nucleolipid to the dendrimer in the bulk solution was also
analyzed by electrophoretic mobility measurements.

We discuss the results in the context of the potential benets
of non-covalent functionalization of dendrimers by direct self-
assembly as well as their possible applications such as gene
therapy and bioanalysis sensors.

Experimental section
Materials and sample preparation

The samples were prepared in deionized water, which had been
passed through a purication system (Milli-Q, resistivity ¼ 18.2
This journal is © The Royal Society of Chemistry 2015
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mU cm, organic content ¼ 4 ppb), and/or D2O (Sigma-Aldrich).
The samples of PAMAM dendrimers with an ethylenediamine
core, generation 4 (G4, 10 wt% in methanol, Sigma-Aldrich) were
dried in a vacuum oven for 1 day before dissolution in the
solvent. 1,2-Dilauroyl-sn-glycero-3-phosphoadenosine (DLPA) and
1,2-dilauroyl-sn-glycero-3-phosphouridine (DLPU) were synthe-
sized from 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC,
Avanti Polar Lipids). The synthesis was carried out with standard
fully hydrogenous DLPC or with DLPC with deuterated lauroyl
chains to form hydrogenous (hDLPNs) and deuterated (dDLPNs)
nucleolipids, respectively. DLPNs were obtained as ammonium
salts according to the synthetic procedure described previously.18

The other reagents used in the synthesis were adenine, uridine,
hydrochloric acid, chloroform, ammonia (33% aqueous solution)
and methanol (all from Fluka), and phospholipase D from
Streptomyces sp AA586 (a generous gi from Asahi Chemical
Industry Co., Ltd, Tokyo, Japan). The samples of DLPNs were
prepared immediately before the measurements to avoid the
effects of time-dependent aggregation processes in the bulk.18

The solvent was 10 mM NaCl (Suprapure 99.99%, Merck),
adjusted to pH 7.2–7.4 by adding small volumes of concentrated
hydrochloric acid (Merck, for analysis 37%) or sodium hydroxide
(Sigma-Aldrich), or 10 mM Tris–HCl buffer (Trizma Base, 99.9%
titration, Sigma-Aldrich) with a pH of 7.6.

Short oligonucleotides with 20-mers based in adenosine (20dA)
or thymidine (20dT) were custom made (ATDbio Ltd). The long
polynucleotide, PolyU (Sigma-Aldrich), had a molecular weight
between 800 to 1000 kDa. The DNA sample was obtained from
Luciferase T7 plasmid DNA of 4331 base pairs (Promega) and it
was amplied and puried as described previously elsewhere.28

Double stranded DNA (dsDNA) was diluted to approximately half
of the nal intended concentration of ssDNA in 10 mM Tris–HCl
buffer and the concentration was checked by UV-Vis spectroscopy.
The purity of the samples was also checked by the same method
since the ratio between the absorbance at 260 nm and at 280 nm
must be higher than 1.8 to show that the DNA sample has negli-
gible protein contamination. The procedure to form ssDNA has
been described by Yang et al.29 The separation of the strands was
conrmed by an increase of approximately 30% in the absorbance
at 260 nm compared to dsDNA. The ssDNA samples were prepared
immediately before the measurements to avoid renaturation.

In the case of the mixtures investigated, the samples of
dendrimers and nucleolipids were prepared with double
concentration of the intended nal concentration of the
mixture. Equal volumes of each of them were poured simulta-
neously in a beaker to minimize the formation of kinetically
trapped aggregates caused by concentration gradients during
mixing, which would be greater if one component were diluted
with the other.30 All the mixtures were prepared immediately
before the measurements in order to ensure that the samples
were not depleted of material as it has been observed previously
for other dendrimer/surfactant mixtures.31
Electrophoretic mobility measurements

The electrophoretic mobility was recorded using a zetasizer
Nano ZS (Malvern Instruments, Worshestershire, UK)32 and
This journal is © The Royal Society of Chemistry 2015
analyzed using the M3-PALS technique (Phase Analysis Light
Scattering).33 The values shown were determined from the
velocity and the direction by which the PAMAM-G4/DLPN
complexes formed at different bulk composition moved under
an applied electric eld. This method allowed an estimation of
the charge of the complexes as well as the bulk composition
where they are neutral. The data correspond to the average of 3–
5 measurements recorded at 23 �C.
Quartz crystal microbalance with dissipation monitoring
measurements

QCM-D measurements were performed using a setup with four
ow cell modules that can be measured simultaneously (E4,
Q-Sense, Gothenburg, Sweden). The principles of the QCM-D
technique have been described previously elsewhere.34 The
cells have a sample volume of 0.25 mL, including the inlet, and
the different solutions were owed at a ow rate of 0.7 mL
min�1 for approximately 2–5 min with a peristaltic pump
(Ismatec IPC-N 4, Zürich, Switzerland). Each module contains
one quartz sensor with a fundamental frequency of 4.95 MHz
and a coating of SiO2 (QSX 303, Q-Sense). The sensors were
immersed in 2% solution of sodium dodecyl sulfate for a
minimum of 30 min before use. The sensors were then cleaned
by rinsing them with Milli-Q water (both before and aer their
use) and ethanol, blow-drying them with nitrogen and plasma
cleaning them for 5–10 min (Harrick Scientic Corp, model
PDC-3XG, New York, USA). Aer plasma cleaning, the quartz
crystals were placed in the ow modules and buffer solution
was owed through the cells. The fundamental frequencies (f)
and corresponding energy dissipation factors (D) of the crystal
for the odd overtones 1 to 13 were measured before each
experiment and a stable baseline was ensured before the
addition of any sample. The temperature was set to 23 �C for all
the measurements.
QCM-D data evaluation

The interfacial wet mass including the coupled solvent (Dm) is
related to the shi of frequency of the quartz crystal (Df) and it
can be easily calculated for a rigid layer that is evenly distributed
and small compared to the weight of the crystal (Df/f � 1) with
the Sauerbrey equation:34

Dm ¼ � C

n
Df (1)

where n is the overtone number and C is a proportionality
constant of approximately 17.7 ng s cm�2 for a 5 MHz crystal.
The solvent coupled to the lm also contributes to the
frequency change, i.e. it will be part of the calculated interfacial
wet mass. If the viscosity of the layer and/or the solvent changes
and the mass is not evenly distributed, the Sauerbrey relation is
no longer valid. However, the changes in frequency and the
energy dissipation parameter can be modeled to obtain the
viscoelastic properties of the lms with the Voigt-based repre-
sentation,35,36 using a frequency-dependent complex shear
modulus G:
Soft Matter, 2015, 11, 1973–1990 | 1975
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G ¼ G0 + iG0 0 ¼ mf + i2phff ¼ mf(1 + i2psff) (2)

where mf is the elastic shear modulus, hf the shear viscosity and
sf the characteristic relaxation time. The viscoelastic properties
of the lm are related to the frequency and dissipation changes
as:

Df ¼ Im

�
b

2ptqrq

�
(3)

and

DD ¼ �Re

�
b

ptqrq

�
(4)

where b depends on the thickness (t) and the density (r) of the
interfacial layer and the bulk liquid (see ESI† for the full
expression).

The modeling was carried out using the soware QTools
(Q-Sense, Gothenburg, Sweden) with the Sauerbrey equation
and the Voigt-based representation using experimental data
from the 3rd, 5th, 7th and 9th overtone. On higher overtones the
side bands interfere with the main resonance and on the
fundamental overtone the energy trapping is insufficient.37 The
reported values of the interfacial wet mass correspond to the
Sauerbrey expression when DD was lower than 1 � 10�6 (in
agreement with literature38) but this relation became insuffi-
cient for higher dissipation values and when the frequency shi
is dependent on the overtone.
Attenuated total reection Fourier transform infrared
spectroscopy measurements

ATR FT-IR spectra were recorded using a Nicolet iS50 FT-IR
Spectrometer (Thermo Scientic, United States) equipped with
a multireection ATR accessory (Specac Gateway, Kent, UK).
The employed cell allowed the ow of liquid across the largest
face of a trapezoidal polished silicon crystal with a SiO2 layer.
The beam was focused on one of the short sides of the crystal at
a xed angle that allowed the radiation to be total internally
reected multiple times at the crystal-solution interface. Upon
reection, the IR beam penetrates a short distance in solution
(�1 mm) known as the evanescent wave. Hence, the molecules
close to the surface absorb some of the radiation and therefore
the beam is not totally reected at certain wavenumbers. This
allows the determination of the vibration/stretching absorption
for specic chemical bonds of the molecules close to the silica–
water interface. The data were recorded in a wavenumber range
between 4000 cm�1 to 1500 cm�1 with a resolution of 4 cm�1.
Unfortunately, it was not possible to access data at lower
wavenumbers because the signal was dominated by the
absorption resulting from bonds in the Si substrate. The solu-
tions were owed through the cell using a peristaltic pump and
spectra were taken continuously until the data showed a steady
state. The measurements were performed in D2O and corrected
for complete removal of water vapor by subtraction with the
scaled water vapor spectra as described by Clion et al.39 The
analysis of the absorption peaks was carried out with the
instrument soware (Omnic).
1976 | Soft Matter, 2015, 11, 1973–1990
Neutron reectometry measurements

NR measurements were performed on the angle-dispersive
xed-wavelength reectometers MARIA operated by Jülich
Centre for Neutron Science (JCNS) and NREX operated by Max
Planck Institut at Forschungs-Neutronenquelle Heinz Maier-
Leibnitz (Garching, Germany) and on the time-of-ight reec-
tometers INTER at ISIS (Didcot, U.K.) and FIGARO at the Institut
Laue-Langevin (ILL, Grenoble, France).40 MARIA was operated at
two wavelengths, 6 Å and 12 Å, NREX at a default wavelength of
4.3 Å and INTER and FIGARO in wavelength bands ranging 1.5–
17 Å and 2–30 Å, respectively. The neutron reectivity proles
correspond to the intensity of the reected beam in the specular
direction normalized by the intensity of the direct beam as a
function of the momentum transfer vector, QZ:

QZ ¼ 4p sin q

l
(5)

where q is the angle of incidence and l is the wavelength.
Neutrons are scattered by the nuclei and the scattering length
density (SLD) depends on the atomic composition. Two
different nucleolipid isotopic contrasts, hDLPNs and dDLPNs,
and three different solvent contrasts, D2O (SLD 6.36 � 10�6

Å�2), H2O (SLD �0.56 � 10�6 Å�2) and a mixture of D2O and
H2O with 38% D2O by volume to contrast match the SLD of
silicon (cmSi, SLD 2.07 � 10�6 Å�2), were used to evaluate the
results from the measurements. The experiments were carried
out in liquid ow cells with an internal volume of �2 mL where
the liquid was contained in a PEEK trough which is located
below the silicon crystal.40 Further details regarding NR
measurements at the solid–liquid interface can be found in the
literature.41 The substrates employed were freshly polished
silicon crystals (dimensions l � w � h of 80 � 50 � 10 mm3)
with an SiO2 layer of�10 Å (Siltronix, France). The surfaces were
cleaned using a dilute piranha solution of water, H2SO4 (Merck,
for analysis 95–97%) and H2O2 (Merck, for analysis 30%) in a
5 : 4 : 1 volume ratio for 20 min at 80 �C. Approximately 20 mL
of sample was injected through the cell for every change of
solution to ensure the efficient exchange of the bulk solution.
NR data evaluation

The tting of a layer model to the NR data was carried out using
the soware Motot42 using the Abeles matrix method.43 The
model is based on stratied layers and the parameters to t for
each layer were the thickness (di), the roughness (di) and the
SLD (ri) (or the solvent volume fraction (vsolvent)). The number of
layers employed tomodel the experimental data was always kept
to a minimum in order to obtain the best t to the experimental
data in multiple isotopic contrasts with the minimum number
of tting parameters. The SiO2 layer was characterized in three
solvent isotopic contrasts only for one of the crystals in each
neutron experiment and it was modeled as one layer. From
experience, it is then sufficient to check for any surface
contamination on the other crystals by characterizing them only
in D2O as this contrast is the most sensitive to contamination.
The parameters obtained from the characterization of the silica
layer can be found in the ESI.† PAMAM-G4 was adsorbed and
This journal is © The Royal Society of Chemistry 2015
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characterized in D2O as one layer on top of the silica layer and
compared with data from previous work.27 The adsorption of
the DLPNs onto preadsorbed PAMAM-G4 monolayers on silica
before dilution of the bulk solution with pure solvent (rinsing)
was modeled as four layers: SiO2 � PAMAM + DLPN heads �
DLPN heads + DLPN tails � DLPN heads. The PAMAM/DLPA
layers, formed by pre-adsorption of the dendrimer and
sequential addition of DLPA, aer rinsing with solvent were
model as 7 layers in agreement with our previous work:44 SiO2 �
PAMAM � (DLPA) � 5. The layer formed aer attachment of
nucleic acids to these PAMAM/DLPA layers was best described
by a model consisting of SiO2 � PAMAM + nucleic acid �
(nucleic acid � DLPA) � 5 � nucleic acid. The lm formed by
adsorption from PAMAM/DLPN mixtures was modeled as one
mixed layer of dendrimer and nucleolipid on top of the silica
layer.

In the case of mixed layers, the individual volume fraction of
each component was calculated from the SLD of the layer (rlayer)
in different isotopic contrasts:

rlayer ¼
X
i

rivi (6)

The tting of multiple equivalent isotopic contrasts was
carried out using the Global Motot Algorithm. The errors from
tting the parameters were minimized by a Levenberg–Mar-
quardt optimization.48 The SLD of the different species in any
given layer is listed in Table 1.
Fig. 1 The molecular structures of poly(amidoamine) (PAMAM) den-
drimers are shown in (a), where the left panel shows the molecular
structure of generation 1 (G1), while the right panel shows a 2D
projection of generation 4 (G4) where the surface groups are marked
in green. The used nucleolipids (DLPNs), 1,2-dilauroyl-sn-glycero-3-
phosphoadenosine (DLPA) and 1,2-dilauroyl-sn-glycero-3-phos-
phouridine (DLPU) are shown in (b). Possible base-pairing interactions
involving the used DLPNs are shown in (c).
Results
Formation of dendrimer/nucleolipid lms by addition of
DLPNs to preadsorbed layers of PAMAM on hydrophilic silica

In recent work, we explored the ability of layers formed by the
interactions between DLPA and preadsorbed PAMAM mono-
layers to exhibit molecular recognition of DNA.44 The more
complete understanding of PAMAM/DLPN lms formation will
be developed in the following subsections as we discuss the
effects of the type of headgroup of the nucleolipid (adenosine or
uridine based) and the type of buffer on the interactions of the
Table 1 Molecular volume and scattering length density (r or SLD) of th

PAMAM-G4 in H2O/D2O
a

Lauroyl chain (C22H46/C22D46)
b

PA head in H2O/D2O (C15H17N5O11P)
c

PU head in H2O/D2O (C14H16N2O13P)
c

20dT in H2O/D2O
d

20dA in H2O/D2O
d

PolyU in H2O/D2O
d

a The molecular volume of the dendrimer was calculated from the density
deuterium exchange from the surface amine groups.46 b The molecular v
volumes were obtained from Milani et al.22 and the SLD in D2O corres
d The SLDs were calculated using the biomolecular scattering length den
exchange of the labile hydrogens at pH 7.

This journal is © The Royal Society of Chemistry 2015
formed layers with DNA and RNA. The molecular structures of
the components used in the present study are shown in Fig. 1.

Interactions of DLPNs with preadsorbed layers of PAMAM
QCM-D measurements. The adsorption kinetics of PAMAM-G4

are fast on silica and the dendrimers do not desorb signicantly
upon rinsing with pure solvent, as shown in previous studies.27

The determined interfacial wet mass of the dendrimer layer is
1.4 � 0.2 mg m�2 in 10 mM NaCl. Fig. 2 shows QCM-D data for
the adsorption of nucleolipids onto dendrimer monolayers
preadsorbed on silica. The addition of DLPA or DLPU results in
a further decrease in the frequency, which indicates adsorption
onto the dendrimer. Since these nucleolipids are negatively
charged, they do not adsorb on the bare silica substrate but they
do adsorb onto the dendrimer layer. This is due to the electro-
static attraction between the amine surface groups of PAMAM
and the phosphate head group of the DLPNs. The adsorption of
e different molecules employed in NR experiments

Molecular volume (Å3) r (10�6 Å�2)

19 290 1.2/2.2
666 �0.39/6.8
448 3.4/4.3
414 3.2/4.2
6204 2.8/3.1
6310 3.4/4.1
— 3.3/4.0

reported by Betley et al.45 and the SLD in D2O corresponds to a proton/
olume was calculated from the data of Armen et al.47 c The molecular
ponds to 4 exchangeable hydrogens of adenosine or uridine at pH 7.
sity calculator provided by ISIS. The SLD in D2O corresponds to 100%
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both types of nucleolipids is also fast and rigid layers are
formed as revealed by the very small changes in dissipation. The
interfacial wet mass immediately aer the dendrimer addition
is effectively independent of the concentration of DLPN in the
investigated range, 0.060 to 0.52 mM. Moreover, the values are
very similar for both types of oligonucleotides (Fig. 2c). On
average, the interfacial wet mass resulting from the interaction
of DLPA with PAMAM-G4 monolayers was 4.3 � 0.2 mg m�2

while for DLPU it was 4.6 � 0.2 mg m�2.
Subsequently, the cells were ushed with pure solvent (free

of dendrimer or surfactant). This step was done to evaluate if
the adsorption of the nucleolipids is reversible, i.e. if they
desorb from the surface when the bulk concentration is diluted.
PAMAM/DLPA layers showed a decrease in frequency, an
increase in dissipation and splitting of the frequency and
dissipation signal from the different overtones aer rinsing
with solvent. According to the Voigt model, the average inter-
facial wet mass of the PAMAM/DLPA layers aer rinsing with
solvent was 25 � 12 mg m�2. On the assumption that a large
amount of additional DLPA did not adsorb upon dilution of the
solvent, these data indicate the coupling of a signicant amount
of solvent upon rinsing as well as an increase in viscosity of the
interfacial structure. Such changes in conformation could be
attributed to (i) swelling of the layer and/or (ii) adsorption of
large particles with a high degree of acoustic coupling.49 Since
the structural information that QCM-D can provide is limited,
neither of these cases can be excluded and therefore measure-
ments with complementary techniques, such as NR, are needed.
On the other hand, the interfacial wet mass of the PAMAM/
DLPU layers decreased by just �4%, so the DLPU adsorption on
the preadsorbed PAMAMmonolayer was shown to be effectively
irreversible.

Analogous to the experiment in 10 mM NaCl, the measure-
ments were also performed in 10 mM Tris–HCl pH 7.6 buffer.
The data can be found in the ESI.† The QCM-D data show that
although the adsorbed amount of PAMAM-G4 is �15% (1.2 �
0.1 mg m�2) lower in the Tris-based buffer, the addition of both
types of DLPNs results in a similar adsorption before rinsing
Fig. 2 Changes in frequency (Df, closed blue symbols) and dissipation (D
and (b) DLPU to preadsorbed PAMAM-G4 monolayers on silica. The solve
and 5 (circles) and the corresponding fit to the Voigt model (black curv
rinsing with solvent (R), (iii) injection of nucleolipid (N) and (iv) final rinse w
examine the effect of the rinsing volume. (c) Interfacial wet mass (Dm) ob
(closed black circles) and DLPU (open red squares) to preadsorbed PAM
before the final rinse with solvent.

1978 | Soft Matter, 2015, 11, 1973–1990
with pure solvent (4.6 � 0.1 mg m�2). Additionally, and in
agreement with the data recorded in 10 mM NaCl, the interfa-
cial wet mass in the PAMAM/DLPA lm shows an increase in
dissipation and splitting of the overtones when it was rinsed
with pure solvent. This indicates formation of viscous layers
aer rinsing with Tris–HCl buffer, while the corresponding data
for the adsorption of DLPU onto PAMAM-G4 monolayers show
that the mass decreases by just �4% (4.4 � 0.1 mg m�2). It
should be noted that, in comparison with the data recorded in
10 mM NaCl, the frequency overtone-dependent changes and
the dissipation increase for PAMAM/DLPA are lower, which
shows that the solvent conditions have an effect on the swelling
of the formed layers. The average interfacial wet mass of the
PAMAM/DLPA layers aer rinsing with Tris–HCl buffer is 13 �
5 mg m�2. Since both buffers have the same salt concentration
(10 mM) and fairly similar pH (7.6 in Tris-buffer and 7.2–7.4 in
NaCl), such differences in the interfacial behavior indicate that
the buffer composition, i.e. type of the simple ions in the added
salt, results in changes in the structure of the layers. Interest-
ingly, Stellwagen and co-workers found that DNA hairpins
bound more Tris+ than Na+ ions,50 and also that the binding of
Tris+ ions onto oligonucleotides with sequences of adenosine
were stronger than Na+.51 It follows that these observations are
consistent with the reduced swelling of the PAMAM/DLPA layers
in Tris-buffermediated by the screening of DLPA charges bound
to Tris+ ions.

NR measurements. NR was employed to determine the struc-
ture and composition of the lms formed by the addition of the
0.1 mM DLPNs to PAMAM-G4 monolayers before and aer
rinsing with pure solvent. Fig. 3 shows the NR proles with the
models that t the experimental data best and the corre-
sponding SLD proles as a function of the distance to the
silicon–water interface for hDLPNs in 10 mM NaCl. The volume
fraction proles of each component calculated from the
modelling of the reectivity are also shown in Fig. 3 and the
parameters from the ttings are listed in Table 2 and 3. The data
in other isotopic contrasts and solvent conditions can be found
in the ESI.†
D, open red symbols) as a function of time for the addition of (a) DLPA
nt was 10 mM NaCl. The data correspond to the overtones 3 (squares)
es). The vertical lines correspond to: (i) injection of dendrimer (D), (ii)
ith solvent (R); the PAMAM/DLPU layers were rinsed twice (R1 and R2) to
tained from the modeling of the QCM-D data for the addition of DLPA
AM-G4 monolayers on silica as a function of the DLPN concentration

This journal is © The Royal Society of Chemistry 2015
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PAMAM-G4 adsorbs as a very compact monolayer (14 � 3 Å)
that covers approximately 30% of the surface area (by volume),
in agreement with previous work.27 The addition of each type of
DLPN results in clear changes in the reectivity proles, espe-
cially in D2O where the occurrence of a fringe around a
momentum transfer of 0.05 Å�1 indicates the formation of
thicker layers compared to the dendrimer alone. In both cases,
the best tting model for the data obtained before rinsing with
solvent comprised a mixed dendrimer layer and DLPN head
groups close to the SiO2 substrate, followed by a layer of DLPN
heads and DLPN tails, and nally by a layer of solvated DLPN
heads. The adsorption of DLPNs does not change the structure
or surface excess of the preadsorbed PAMAM-G4 monolayer, in
contrast to previous work that showed that the addition of the
single chain anionic surfactant sodium dodecyl sulfate (SDS)
produced swelling of the dendrimer layers at low bulk surfac-
tant concentrations.27 The total thickness of the layer of DLPN
tails (24–29 Å) is larger than the maximum length of an
extended hydrocarbon chain of 12 carbons (z17 Å)52 and,
together with the model employed (DLPN heads � tails + heads
� tails), the data suggest that the DLPNs do not adsorb as
monomers but most likely as aggregates and therefore the
process is cooperative. Specular neutron reectivity measure-
ments do not allow us to identify the structure of the aggregates
formed, since the structural information is limited to the
direction normal to the interface. However, the values obtained
for the parameters in the model are consistent with a layer of
Fig. 3 (a and d) Neutron reflectivity profiles and (b and e) SLD profiles as
and b) DLPA and (d and e) DLPU to PAMAM-G4 monolayers on silica. T
reference. The isotopic contrasts were hDLPN/D2O (blue triangles) and
circles). The lines correspond to the calculated reflectivity profiles from th
and f) Volume fraction (v) profiles as a function of the distance from the S
(black - -) for the adsorption of (c) DLPA and (f) DLPU before rinsing wi
solvent (green - -) is also shown. The volume profiles were calculated fro
0.1 mM. The solvent was 10 mM NaCl. The data in (a) are reproduced fro
using INTER.

This journal is © The Royal Society of Chemistry 2015
long threadlike aggregates like those formed in the bulk solu-
tion since the total thickness of the DLPN layers (35–40 Å)
almost matches the cross-section diameter of these aggregates
(�42–60 Å).18,53 It is interesting to note that although the layer
models for the two types of DLPN layers are rather similar, the
distribution of the head groups is slightly higher towards the
edge of the aggregates for PAMAM/DLPA, while it seems to be
more evenly distributed for PAMAM/DLPU. This could indicate
that the structure of the DLPU layer is more similar to a cylin-
drical micelle or a twisted rod. In both cases, the surface
coverage of the DLPN layer is �70% by volume (including the
head groups and the tails), which demonstrates that the ratio of
the amine groups of the dendrimer to the phosphate groups of
the DLPNs is 0.5 � 0.1 and thus the net charge of the interfacial
layer is negative.

The data from the following rinses with pure solvent indicate
structural changes only for the PAMAM/DLPA layers in agree-
ment with the QCM-D data. For the PAMAM/DLPA interaction
(Fig. 3a), the reectivity proles were modeled as a dendrimer
monolayer on the silica surface with bound layers of DLPA
aggregates: the rst with a thickness of �35 Å and a volume
fraction of �25%, and 4 more layers with a thickness of �30 Å
and a volume fraction of �10%. These layers were stable aer
multiple rinses with pure solvent. As the DLPNs vary only in the
type of nitrogenous base in the head group, the difference in the
structure of the PAMAM/DLPN layers aer rinsing with
pure solvent may be attributed to the base–base stacking
a function of the distance from the Si interface for the adsorption of (a
he PAMAM-G4 monolayer (red open circles) in D2O is also plotted for
hDLPN/H2O (green squares) and subsequent rinse with D2O (black

e fittedmodels. The data in (a and d) are offset in the y-axis for clarity. (c
i interface of PAMAM-G4 (red –), DLPN heads (blue - -) and DLPN tails
th solvent. In (c) the volume fraction profile of DLPA after rinsing with
m the corresponding data in (a and d). The concentration of DLPNs was
m previous work.44 The data in (a) were recorded using NREX and (d)
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Table 2 Parameters obtained from themodeling of the neutron reflectivity profiles for the adsorption of hDLPN onto a preadsorbed PAMAM-G4
monolayer on silica before rinsing with solventa

DLPN Type Layer di (Å) d (Å) vPAMAM-G4 vDLPN heads vDLPN tails

DLPA 2 13.9 � 0.5 4.7 � 0.4 0.24 � 0.01 0.41 � 0.04 0
3 28.6 � 0.3 2.7 � 0.7 0 0.14 � 0.01 0.63 � 0.01
4 6.2 � 0.4 10.4 � 0.6 0 0.42 � 0.02 0

DLPU 2 13.2 � 0.3 1 � 1 0.36 � 0.01 0.22 � 0.04 0
3 24.4 � 0.1 1.7 � 0.5 0 0.24 � 0.01 0.51 � 0.01
4 8.3 � 0.2 6.2 � 0.5 0 0.34 � 0.02 0

a Layer 1 is the SiO2 layer. di represents the thickness of the layer i, d is the roughness between the layer i and the layer i + 1 (or the bulk) and v the
volume fraction of the different components.

Table 3 Parameters obtained from the modeling of the neutron
reflectivity profiles for the adsorption of hDLPA onto a preadsorbed
PAMAM-G4 monolayer on silica after rinsing with solventa

Layer di (Å) d (Å) vPAMAM-G4 vDLPA

2 13.9 � 0.5 4 � 1 0.24 � 0.01 0
3 35 � 1 3 � 3 0 0.25 � 0.02
4 30 � 2 4 � 4 0 0.12 � 0.02
5 25 � 2 1 � 1 0 0.18 � 0.01
6 31 � 5 1 � 1 0 0.08 � 0.02
7 30 � 5 22 � 22 0 0.05 � 0.02

a The parameters are described in the footnote of Table 2.
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interactions. Previous studies showed that although hydro-
phobic interactions and hydrogen bonding were observed
between the nucleosides of both types of nucleolipids, the base
stacking interactions between purine–purine bases (e.g.
adenine–adenine) were stronger than between pyrimidine–
pyrimidine (e.g. uracil–uracil).18 Additionally, cryogenic trans-
mission electron microscopy measurements performed in the
bulk solution also showed that such favorable interactions
between the head groups in DLPA aggregates could promote the
formation of twisted helical structures with a saddle-like
curvature.18 This means that the density of matter varies
orthogonally with the axis of the helix. On the contrary, such
structures were not found in the bulk solution of DLPU. This
difference might explain the differences in the interfacial
structure upon rinsing between PAMAM/DLPA and PAMAM/
DLPU layers. If one takes a closer look at the volume fraction
prole of DLPA aer rinsing it also shows that some of the
layers in the lm are slightly denser than others. This is perhaps
an indication that those layers contain the elongated helical
superstructures found in the bulk solution,18 which might allow
denser packing at the interface.

Interactions of nucleic acids with DLPNs bound non-cova-
lently to preadsorbed layers of PAMAM

QCM-D Measurements. The ability of short oligonucleotides
(20dA and 20dT), polynucleotides (PolyU) and ssDNA to bind to
the lms formed by the adsorption of DLPNs onto preadsorbed
PAMAM monolayers was initially assessed through QCM-D
measurements. Although nucleic acids are negatively charged
and the NR measurements showed that the dendrimer/
1980 | Soft Matter, 2015, 11, 1973–1990
nucleolipid lms are also negative, nucleosides are partly
hydrophobic and thus allow for base-pair stacking in addition
to the capability of adenine to form hydrogen bonds with
thymine in DNA and with uracil in RNA.

Fig. 4 shows QCM-D data corresponding to the addition of
different nucleic acids to the PAMAM/DLPU layers, and Table 4
lists the calculated values of the interfacial wet mass. Since
20dA and DLPU have complementary bases, one may expect
selective binding of 20dA. However, the experiments showed
that the interfacial wet mass did not change signicantly upon
addition of any of the nucleic acids.

On the other hand, the addition of short and long poly-
nucleotides to the PAMAM/DLPA layers results in further
increase in the dissipation parameter and decrease in
frequency in the QCM-D data corresponding to the PAMAM/
DLPA layers (Fig. 5 and Table 5). These results indicate
possible association between the oligonucleotides and the
formed lms because the interfacial wet mass increases in all
cases. Since the lms have a net negative charge, electrostatic
attraction is unlikely even though some dendrimer could be
exposed to the solution. Nevertheless, hydrophobic, hydrogen
bonding and base pair stacking interactions are all possible. It
should be pointed out that as the layers are formed by stacks of
DLPA aggregates with a large amount of coupled solvent (c.f.
Fig. 3) such changes are not necessarily an indication of
adsorption. Variations in the solvent ionic strength caused by
the addition of a charged molecule could induce rearrange-
ment of the layers. Previous studies from Sethaphong et al.
showed that cations, e.g. the ammonium counterion of the
oligonucleotides, tend to localize in the purine-rich domains
of HIV-1 TAR RNA core helix,54 which may indicate why there is
a preferential swelling for PAMAM/DLPA layers compared to
PAMAM/DLPU. It is clear that these QCM-D data need to be
complemented with results from other techniques such as
ATR FT-IR spectroscopy and NR to distinguish between
molecular recognition, non-specic adsorption and restruc-
turing of the layers.

To summarize these QCM-D results, the addition of short
and long nucleic acid strands results in different interfacial
layer structure if the nucleolipid in the lm has adenosine or
uridine as part of the head group. Only the purine based
nucleolipid shows changes upon interaction with the different
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Changes in frequency (Df, closed blue symbols) and dissipation (DD, open red symbols) as a function of time for the addition of (a) 50 ppm
PolyU, (b) 200 ppm 20dA and (c) 200 ppm 20dT to DLPU adsorbed on PAMAM-G4monolayers. The data correspond to the overtones 3 (squares)
and 5 (circles). The vertical lines correspond to: (i) injection of dendrimer (D), (ii) rinsing with solvent (R), (iii) injection of nucleolipid (N), (iv) rinse
again with solvent (R), (v) addition of the nucleic acid and (vi) final rinse with pure buffer (R). The solvent was 10 mM NaCl.

Table 4 Interfacial wetmass,Dm, obtained byQCM-Dmeasurements
for the interactions of (1) 50 ppm PolyU, (2) 200 ppm 20dA and (3) 200
ppm 20dT with DLPU layers adsorbed on PAMAM monolayers on
silicaa

Process

Dm (mg m�2) � 0.1 mg m�2

PolyU 20dA 20dT

PAMAM-G4 100 ppm 1.3 1.4 1.5
NaCl 10 mM 1.4 1.4 1.7
DLPA 0.1 mM 4.6 4.4 4.8
NaCl 10 mM 4.4 4.2 4.6
Nucleic acid 4.5 4.6 4.9
NaCl 10 mM 4.3 4.2 4.7

a The interfacial wet mass values were calculated using the Sauerbrey
equation.

Fig. 5 Changes in frequency (Df, closed blue symbols) and dissipation
(DD, open red symbols) as a function of time for the addition of (a) 50
ppm PolyU, (b) 200 ppm 20dA, (c) 200 ppm 20dT and (d) 100 ppm
ssDNA to DLPA adsorbed on PAMAM-G4 monolayers. The data
correspond to the overtones 3 (squares), 5 (circles) and 7 (triangles)
and the Voigt model (black curves). The vertical lines correspond to: (i)
injection of dendrimer (D), (ii) rinsing with solvent (R), (iii) injection of
nucleolipid (N), (iv) rinse again with solvent (R), (v) addition of the
nucleic acid and (vi) final rinse with pure buffer (R). The measurements
were performed in 10 mM NaCl except for the case of ssDNA, which
was done in Tris–HCl buffer.
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nucleic acids, but the technique does not allow identication of
the type of association due to the high hydration of the layers.
The specic base-pair interactions upon the addition of the
nucleic acids to DLPA adsorbed on PAMAM monolayers will be
further evaluated in the following sections.

ATR FT-IR spectroscopy measurements. ATR FT-IR spectroscopy
measurements are particularly useful in the case of nucleic
acids to prove specic base pairing. Experiments were per-
formed for the addition of selected nucleic acids to DLPA
adsorbed on PAMAM-G4 monolayers since the QCM-D data did
not allow us to separate between molecular recognition, non-
specic adsorption and restructuring of the layers. Fig. 6 shows
the spectra for the interactions of PolyU, 20dA and 20dT with
the dendrimer/nucleolipid lm and Table 6 lists the assignment
of the absorption bands.

We showed in our previous work that the PAMAM-G4
monolayer is identied by the C]O stretching of the amides
around 1645 cm�1 and that the DLPA adsorption is noted by the
C–H stretching peaks from the hydrophobic tail between 3000
and 2850 cm�1 and the stretching of the bond from the nucle-
obase between 1800 to 1550 cm�1.44 The addition of PolyU
shows the occurrence of twomore absorption bands at 1704 and
1653 cm�1. Both bands are characteristic of C]O stretching
from uridine.55 As a result it can be inferred that PolyU has
associated to the PAMAM/DLPA surface structure.
This journal is © The Royal Society of Chemistry 2015
It was also found that the spectra resulting from the addition
of 20dT indicated that the oligonucleotide interacted with the
nucleolipid head group, which can be attributed to Hoogsteen
base pairing, while the addition of 20dA did not produce any
changes in the spectra.44 Therefore, ATR FT-IR spectroscopy
measurements indicate that the layers formed by the adsorp-
tion of DLPA to PAMAM-G4 can selectively interact with nucleic
acids by means of base-pairing as a consequence of hydro-
phobic interactions between bases in combination with
formation of hydrogen bonds.
Soft Matter, 2015, 11, 1973–1990 | 1981
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Table 5 Interfacial wet mass, Dm, obtained by QCM-Dmeasurements
for the interactions of (1) 50 ppm PolyU, (2) 200 ppm 20dA, (3) 200
ppm 20dT and (4) 100 ppm ssDNA with DLPA layers adsorbed on
PAMAM monolayers on silicaa

Process

Dm (mg m�2)

PolyU 20dA 20dT ssDNA

PAMAM-G4 100
ppm

1.3 � 0.1 1.5 � 0.1 1.4 � 0.1 1.2 � 0.1

NaCl 10 mM 1.5 � 0.1 1.7 � 0.1 1.5 � 0.1 1.1 � 0.1
DLPA 0.1 mM 4.5 � 0.1 4.9 � 0.1 4.7 � 0.1 4.7 � 0.1
NaCl 10 mM 13.9 � 0.1 13.4 � 0.2 13.4 � 0.5 17.8 � 0.1
Nucleic acids 17.9 � 0.1 25.1 � 0.2 32 � 1 76.1 � 0.6
NaCl 10 mM 18.5 � 0.1 24.0 � 0.1 30.1 � 0.7 68.8 � 0.6

a The interfacial wet mass values were calculated using the Sauerbrey
equation when DD < 1 � 10�6; otherwise the data from the Voigt
representation are reported. The measurements were performed in 10
mM NaCl except for the case of ssDNA, which was done in Tris–HCl
buffer.

Fig. 6 ATR-FTIR spectra showing (a) C–H stretching region and (b)
C]O stretching and nucleic base vibration regions of the spectra
arising from the clean silicon crystal surface (1) with sequential addi-
tions of 100 ppm PAMAM-G4 (2), 0.1 mM DLPA (3) and 50 ppm PolyU
(4a and b) or 200 ppm dA (4c) or 200 ppm dT (4d). The measurements
were done in D2O with 10 mM NaCl. Note that the y-axes of the
spectra have been offset for clarity. The data in (c and d) are repro-
duced from previous work.44
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At a rst glance, this result may seem to be in contradiction
to the results from the QCM-D measurements above, which
suggested possible non-specic interactions of 20dA with the
PAMAM/DLPA lms. However, the changes in frequency and
dissipation were slightly lower aer the addition of 20dA
compared to 20dT for the same oligonucleotide concentrations
and solution conditions. Two possible explanations for these
observations are (i) the amount bound of 20dA is below the ATR
1982 | Soft Matter, 2015, 11, 1973–1990
FT-IR spectroscopy sensitivity or (ii) the interactions between
20dA and PAMAM/DLPA layers are of a different type and this
results in interfacial layers with a different structure. It should
be noted that previous work reported by Milani et al. on the
addition of oligonucleotides to POPA vesicles showed much
more signicant structural changes in the presence of dT
compared to dA.20 However the addition of short and long
adenosine based nucleic acid strands seemed to affect as well
the structure of the POPA vesicles. Based on their data, they
discussed the possibility of further aggregation of the sample
mediated by the long polynucleotide, which might result in a
different aggregate morphology compared to the vesicles in the
absence of the nucleic acid.20 Thus, although 20dA cannot base-
pair with the DLPA resulting in the smaller changes in QCM-D
data compared to 20dT, we may infer that the addition of 20dA
can induce a conformational change of the nucleolipid layer
caused by purine–purine base stacking interactions.56

NR measurements. The structure and composition of the
layers formed by the interaction of PolyU with PAMAM/DLPA
lms were obtained using NR (Fig. 7 and Table 7). Note that we
have reported the structure and composition of the addition of
oligonucleotides (20dA and 20dT, Fig. 8) and ssDNA to the same
type of lms in our recent Communication.44 Several structural
models were tested following the addition of PolyU, 20dT and
ssDNA but the only one that tted all the reectivity proles in
multiple isotopic contrasts consistently was the adsorption of
the nucleic acid onto the PAMAM-G4 monolayer and in between
the DLPA stacks of aggregates. This result strongly indicates
that nucleic acids, which base-pair selectively, interact with the
nucleolipid and with the dendrimer. Additionally, the layers did
not change aer multiple rinses with pure solvent which shows
that the binding of these nucleic acids in the interfacial struc-
ture is irreversible. In contrast, the reectivity prole aer
addition of 20dA remains almost identical to that of the DLPA
aggregate layers aer rinsing, which veries that there is
insignicant adsorption of 20dA.44 The SLD proles before and
aer the addition of 20dA are similar although the structure is
more extended from the interface towards the bulk solution in
the latter case (Fig. 8).

The main difference between the interactions of PolyU, 20dT
and ssDNA is the change in adsorbed amount of the nucleic
acid to the dendrimer layer (layer 2), which is higher for the
larger molecules; the surface coverage by volume is 23% for
PolyU and 32% for ssDNA compared with 17% for 20dT.44

However, our results show that this type of extended interfacial
structure forms independently of the size of the nucleic acid
and whether it is based on RNA or DNA as long as the nucleo-
bases have affinity towards DLPA. The interactions with the
dendrimer layer are mainly electrostatic but the binding to the
nucleolipid is strongly promoted by base stacking and base
pairing interactions and these interactions together compen-
sate for the loss in congurational entropy of the nucleic acid
upon adsorption to the lm.52

To summarize, NR measurements have demonstrated that
nucleic acids bind to nucleolipid/dendrimer surface complexes
formed by the addition of DLPA to preadsorbed PAMAM mono-
layers. These layers show different conformations depending if
This journal is © The Royal Society of Chemistry 2015
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Table 6 Absorption bands obtained from ATR FT-IR spectroscopy measurements of the addition of PolyU, 20dA and 20dT onto DLPA adsorbed
on PAMAM-G4 monolayers

Figure Spectrum Wavenumber (cm�1) Assignment

6a 3, 4 2956 CH3 asymmetric stretch from the DLPA tail
6a 3, 4 2920 CH2 asymmetric stretch from the DLPA tail
6a 3, 4 2871 CH3 symmetric stretch from the DLPA tail
6a 3, 4 2850 CH2 symmetric stretch from the DLPA tail
6b 2 1630 C]O stretch from amides of PAMAM-G4
6b–d 3, 4 1732 C]O stretch from the DLPA
6b–d 3, 4 1623 C]N and C]C ring vibration of the adenine ring from the DLPA head
6b–d 3, 4 1573 In-plane ring vibration of the adenine ring from the DLPA head
6b 4 1704 C2]O2 stretch from PolyU
6b 4 1653 C4]O4 stretch from PolyU
6d 4 1712 H-bonded to the C2]O stretch of thymines of the third strand for T*A–T base triplets
6d 4 1671–1655 C]O stretch of single stranded thymidine from 20dT

Table 7 Parameters obtained from the modeling of the NR profiles of
the adsorption of PolyU onto PAMAM/DLPA layers on silicaa

Layer di (Å) d (Å) vPAMAM-G4 vpolyU vDLPA (�0.01)

2 13.2 � 0.5 4 � 2 0.24 � 0.01 0.23 � 0.02 0
3 7.2 � 0.8 3 � 3 0 0.08 � 0.02 0
4 32 � 1 3 � 4 0 0 0.16
5 15.5 � 0.8 2 � 7 0 0.07 � 0.01 0
6 29 � 1 1 � 1 0 0 0.13
7 18 � 1 8 � 4 0 0.06 � 0.01 0
8 29 � 2 1 � 1 0 0 0.07
9 17 � 2 5 � 7 0 0.06 � 0.01 0
10 31 � 2 2 � 1 0 0 0.04
11 21 � 2 4 � 9 0 0.06 � 0.01 0
12 26 � 3 8 � 4 0 0 0.02
13 9 � 2 22 � 3 0 0.07 � 0.01 0

a The parameters are described in the footnote of Table 2.
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the nucleic acids could base pair specically with DLPA, and thus
they are a tool for molecular recognition of DNA and RNA.

Formation of dendrimer/nucleolipid lms by addition of
premixed PAMAM/DLPN samples to hydrophilic silica

The exposure of DLPNs to preadsorbed PAMAM monolayers
above was carried out in the absence of dendrimer in the bulk
solution to avoid modication of the interfacial properties from
the formation of bulk non-equilibrium aggregates. Another
approach is to harness potential non-equilibrium effects by
changing the experimental protocol employed to mix both
components prior to their exposure to the solid substrate. The
following subsections deal with how non-equilibrium effects in
the bulk inuence the ability of PAMAM/DLPN interfacial layers
to interact with nucleic acids.

Interactions of premixed PAMAM/DLPN samples with
hydrophilic silica

Electrophoretic mobility measurements. Electrophoretic
mobility measurements were performed in order to estimate the
charge of the complexes formed by the interactions of 50 ppm
PAMAM-G4 and the two different DLPNs in the two different
aqueous solvents. Fig. 9 shows that the mobility data go from
Fig. 7 (a) Neutron reflectivity profiles and (b) SLD profiles as a function of
DLPA adsorbed on PAMAM-G4monolayers on silica. The isotopic contra
and H2O (green squares) and the data before rinsing in D2O (black circle
fitted model. (c) The data in (a) are offset in the y-axis for clarity. Volume
PAMAM-G4 (continuous red), DLPA (dashed blue) and PolyU (continuou
concentration of DLPA was 0.1 mM. The solvent was 10 mM NaCl. The

This journal is © The Royal Society of Chemistry 2015
positive to negative as the nucleolipid concentration increases.
An important parameter obtained from these measurements is
the composition relating to complexes with neutral charge. For
50 ppm PAMAM-G4 there is a primary amine concentration on
the dendrimers of 0.23 mM, and the complexes are charge
the distance from the Si interface for the addition of 50 ppmPolyU onto
sts were hDLPN after rinsing with D2O (red circles), cmSi (blue triangles)
s). The lines correspond to the calculated reflectivity profiles from the
fraction (v) profiles as a function of the distance from the Si interface of
s black). The volume profiles were calculated from the data in (a). The
data were recorded using INTER.

Soft Matter, 2015, 11, 1973–1990 | 1983
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Fig. 9 Electrophoretic mobility of mixtures of PAMAM/DLPA (red
squares) and PAMAM/DLPU (black circles) for 50 ppm PAMAM-G4 as a
function of the bulk DLPN concentration in 10 mM NaCl (closed
symbols and continuous line) and 10mM Tris–HCl pH 7.6 buffer (open
symbols and dashed line). The vertical arrows correspond to the
concentration of charge neutrality of the bulk complexes. Lines con-
necting the data are only to guide the eye.

Fig. 8 (a) Neutron reflectivity profiles and (b) SLD profiles as a function
of the distance from the Si interface for the addition of 200 ppm dA
(green open squares) or 200 ppm dT (red closed circles) onto DLPA
adsorbed on PAMAM-G4 monolayers on silica and the PAMAM/DLPA
film before the addition of the oligonucleotides (black closed circles).
The isotopic contrast was hDLPN in D2O. The lines correspond to the
calculated reflectivity profiles from the fitted model. The data in (a) are
offset in the y-axis for clarity. The solvent was 10 mM NaCl. The data
were recorded using INTER. Data are reproduced from previous
work.44

Fig. 10 Changes of frequency (Df, blue symbols) and dissipation (DD,
red symbols) as a function of time for the adsorption of (a) PAMAM/
DLPA and (b) PAMAM/DLPUmixtures on silica. The mixtures had a bulk
composition of 50 ppm PAMAM-G4 with 0.1 mM DLPN (closed
squares and circles) and 0.5 mM DLPN (open diamonds and triangles)
in 10 mM NaCl. The data correspond to the overtones 3 (squares and
diamonds) and 5 (circles and triangles). The vertical lines correspond
to: (i) injection of dendrimer/nucleolipid mixture (Mix) and (ii) rinsing
with solvent (R).
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neutral for DLPA concentrations of 0.34 mM and 0.28 mM and
DLPU concentrations of 0.24 mM and 0.26 mM, each in 10 mM
NaCl and 10 mM Tris–HCl, respectively.

It is clear that electrostatic attraction drives the association
for both DLPNs studies since the complexes are charge neutral at
compositions which correspond approximately to only a small
excess of free surfactant with respect to the bulk composition of
stoichiometric mixing of opposite charges on the two compo-
nents. Similar behavior has been found inmixtures consisting of
PAMAM and the anionic surfactant SDS.31 A slight excess of
DLPNs is needed, especially for the mixtures containing DLPA,
to form neutral complexes which is a result of the equilibrium
between the bound surfactant and the free surfactant, which
itself is affected by the solvent conditions. Additionally, the shi
of the PAMAM/DLPA mobility towards higher bulk DLPN
concentrations compared to PAMAM/DLPU indicates that the
association in the bulk solution with the dendrimers depends
also on the type of nucleoside head group. We also note that the
presence of the buffer reduces the difference between the
1984 | Soft Matter, 2015, 11, 1973–1990
nucleolipids with respect to association in the bulk. As discussed
above, this difference can be rationalized in terms of the inter-
actions of the buffer ions with the nucleotides but also to the fact
that the pH is more stable in presence of the buffer.

QCM-D measurements. The QCM-D data corresponding to the
adsorption from PAMAM/DLPN mixtures on silica for both
types of nucleolipids and two different bulk compositions in 10
mMNaCl are shown in Fig. 10; the corresponding data recorded
in Tris–HCl buffer can be found in the ESI.† From the electro-
phoretic mobility data it was found that for solutions with
50 ppm PAMAM-G4, the dendrimer/nucleolipid complexes are
charge neutral with DLPN concentrations in the range 0.24–
0.34 mM. For these bulk compositions the samples are turbid
and it is expected that macroscopic phase separation occurs
since the aggregates lack charge stabilization. This has been
observed for other oppositely charged polyelectrolyte/surfactant
mixtures.52 Therefore, we did not study the adsorption of
samples where the QCM-D signal might be inuenced by sedi-
mentation of aggregates onto the surface. The concentrations of
DLPNs chosen were therefore 0.1 mM and 0.5 mM where the
samples do not precipitate and have complexes that are charge
stabilized with positive and negative charges, respectively.

Adsorption to hydrophilic silica is fast from the mixtures
with positively charged complexes, which can be attributed to
the electrostatic attraction under the given solution conditions.
Compared to the interactions of DLPNs with preadsorbed
PAMAM-G4 monolayers, the interfacial wet mass was much
lower: on average 1.8 � 0.1 mg m�2 for the adsorption of both
PAMAM/DLPN mixtures before rinsing with solvent. However,
the values are still higher than those corresponding to the
adsorption of PAMAM-G4 alone and therefore it is inferred that
the adsorbed layer contains DLPNs. Aer diluting the bulk
solution, the interfacial wet mass and viscoelasticity of the lms
were almost the same as before the rinse (approximately 1.9 �
0.2 mg m�2). Thus, we may infer that the adsorption is irre-
versible and the rigidity of the layers is independent of the type
of nucleolipid.
This journal is © The Royal Society of Chemistry 2015
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No adsorption to hydrophilic silica was observed for PAMAM/
DLPN mixtures with negatively charged complexes. In this case,
the complexes possess the same charge as the substrate.
However, we previously observed that adsorption occurs on
silica from mixtures of PAMAM-G4 and SDS that contain nega-
tively charged complexes.27 This was attributed to a competition
between the dendrimer-surface and complex-surface electro-
static interactions. The reduced interaction in the case of
negatively charged PAMAM/DLPN complexes may be related to
the slower dynamics of rearrangement of the dendrimer and the
nucleolipid in the complexes and/or a more rigid structure
compared to the complexes formed in PAMAM/SDS mixtures.
The interfacial behavior is very similar with respect to the solvent
conditions used (10 mM NaCl or Tris–HCl buffer). However, it
should be noted that the interfacial wet mass of the PAMAM/
DLPA layers in Tris–HCl buffer is �15% higher than in 10 mM
NaCl. This observation may be explained if there is indeed a
difference in the binding of Tris+ ions to DLPA compared to Na+,
which can result in a slight increase of the adsorbed amount.

NR measurements. Since only PAMAM/DLPN mixtures with
positively charged complexes showed adsorption onto hydro-
philic silica according to the QCM-D measurements, analogous
experiments for this system only were also carried out using NR.
Fig. 11 shows the obtained reectivity proles with the ts as
well as the SLD and the volume fraction proles. The used
tting parameters are listed in Table 8. NR data for other
nucleolipid isotopic contrasts are presented in the ESI.† It may
be noted that due to beam time limitations, the PAMAM/DLPA
mixtures were measured only in 10 mM Tris–HCl buffer
although we showed from the QCM-D data that the interfacial
behavior is very similar in both solvent conditions.

The adsorption of dendrimer/nucleolipid complexes was
modelled as one layer containing a homogenous mixture of
both components. The reectivity proles show almost no
difference aer rinsing with solvent, in agreement with the
QCM-D experiments. The thickness of the layers is very similar
for both mixtures, 56 Å for PAMAM/DLPA and 61 Å for PAMAM/
DLPU, but the total surface coverage is very low (�20% by
volume). The composition of the adsorbed components was
calculated as 2 : 1 dendrimer to nucleolipid in each case, which
is qualitatively consistent with the expected adsorption of
positively charged complexes from the bulk. Thus, the layers
formed by the adsorption from dendrimer/nucleolipid mixtures
onto silica have an opposite charge compared to the ones
formed by the addition of the nucleolipid to the preadsorbed
dendrimer monolayer in these solvent conditions. As a conse-
quence, we have demonstrated that the order of addition can be
a way to control the charge and structure of the lm in these
types of systems.

Interactions of nucleic acids with lms formed from
PAMAM/DLPN mixtures. The interactions of ssDNA with
PAMAM/DLPA layers formed by the adsorption of pre-formed
dendrimer/nucleolipids complexes (at 0.1 mM DLPA) were
examined by QCM-D (Fig. 12 and Table 9).

Here we remind the reader that in the case of the binding of
DLPNs to preadsorbed PAMAM monolayers the self-assembled
DLPA-on-PAMAM surface structure has an overall negative charge
This journal is © The Royal Society of Chemistry 2015
while the adsorbed PAMAM/DLPA complexes are positively
charged. It can be seen from the data that in the case of the layers
formed fromPAMAM/DLPAmixtures, the addition of ssDNA gives
further adsorption and the layers remain rigid. The attachment of
nucleic acids in this case is favored by the net positive charge of
the dendrimer/nucleolipid lm formed by the mixture. Thus,
PAMAM/DLPA lms formed from their mixtures associate with
DNA but, due to the net positive charge of the layers, it is not
possible to explain such results based on selectivity only.
Discussion

The interaction of nucleolipids DLPA and DLPU with PAMAM
dendrimers of generation 4 is driven primarily by electrostatic
attraction. By examining the interaction on a solid support
using different surface-sensitive techniques, we have shown
that the adsorption protocol, solution conditions and the type
of nucleolipid have a major impact on the structure, composi-
tion and indeed the functionality of the formed layers. While
DLPNs interact with preadsorbed PAMAMmonolayers to form a
surface structure which is negatively charged, adsorption on
hydrophilic silica from PAMAM/DLPN mixtures is possible only
if the complexes are positively charged. The layers formed by the
adsorption of the nucleolipid onto the dendrimer monolayer
could provide molecular recognition of nucleic acids. In
contrast, for the lms formed by the adsorption from the
mixtures, the interactions with nucleic acids are primarily
driven by electrostatic attraction. In the following subsections
we discuss various key aspects of the interactions.
Interactions of DLPNs with preadsorbed layers of PAMAM

When nucleolipids are exposed to preadsorbed dendrimer
monolayers, they bind as aggregates with interfacial structures
that are consistent with the threadlike micelles formed in the
bulk. A comparison of the adsorption of nucleolipids to
PAMAM-G4monolayers with other anionic amphiphiles such as
SDS shows signicant differences. It was previously found that
at low bulk SDS concentrations (<2.1 mM) in 10 mM NaCl the
surfactant adsorbed as monomers and caused dendrimer layer
to swell. On the other hand, at higher bulk surfactant concen-
trations aggregates attached and the thickness of the PAMAM
monolayer decreased, which was attributed to a reduction in the
osmotic pressure within the dendrimer.27 It was also proposed
that besides the electrostatic attraction between the amine
groups of the dendrimer and the sulfate head group of the
surfactant, the hydrophobic tails of SDS could penetrate the
interior of the dendrimer. In contrast, DLPA and DLPU adsorb
as aggregates even at very low concentration (0.1 mM) under
both solvent conditions studied and they do not produce
swelling of the dendrimer layer. The critical micellar concen-
tration of the DLPNs is below 0.01 mM,57 which explains why
the adsorption takes place in the form of aggregates even at
such low bulk concentrations. Thus, the DLPN adsorption
observed in the present work is comparable with the adsorption
of SDS at high concentrations where the PAMAM-G4 layers are
not swollen. From the NR structural model, the hydrophobic
Soft Matter, 2015, 11, 1973–1990 | 1985
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Fig. 11 (a and d) Neutron reflectivity profiles and (b and e) SLD profiles as a function of the distance from the Si interface for the adsorption of (a
and b) PAMAM/DLPA and (d and e) PAMAM/DLPUmixtures on silica. The concentration of DLPNs was 0.1 mM. The solvent in (a and b) was 10mM
Tris–HCl pH 7.6 buffer and in (d and e) 10 mM NaCl. The isotopic contrasts were hDLPN after rinsing with D2O (red circles), cmSi (blue triangles)
and H2O (green squares) and the data before rinsing in D2O (black circles). The lines correspond to the calculated reflectivity profiles from the
model. The data in (a and d) are offset in the y-axis for clarity. (c and f) Volume fraction (v) profiles as a function of the distance from the Si
interface of PAMAM-G4 (red –) and DLPNs (black - -) for the adsorption of (c) PAMAM/DLPA and (f) PAMAM/DLPUmixtures. The volume profiles
were calculated from the corresponding data in (a and d). The data in (a) were recorded using FIGARO and in (d) using MARIA.

Table 8 Parameters obtained from the modeling of the NR profiles of
the adsorption of PAMAM/hDLPN mixtures with positively charged
aggregates onto silicaa

DLPN type Layer di (Å) d (Å) vPAMAM-G4 vDLPN

DLPA 2 56.0 � 0.9 4 � 4 0.12 � 0.02 0.06 � 0.02
DLPU 2 61 � 1 3 � 1 0.14 � 0.06 0.07 � 0.03

a The parameters are described in the footnote of Table 2. The PAMAM/
DLPA mixture was prepared in 10 mM Tris–HCl pH 7.6 buffer while the
PAMAM/DLPU mixture was prepared in 10 mM NaCl.

Fig. 12 Changes in frequency (Df, closed blue symbols) and dissipa-
tion (DD, open red symbols) as a function of time for the addition of
100 ppm ssDNA to PAMAM/DLPA mixtures adsorbed on silica. The
data correspond to the overtones 5 (circles) and 7 (triangles) and the
Voigt model (black curves). The vertical lines correspond to the
sequential injections of dendrimer/nucleolipid mixture (Mix), the rinses
with solvent (R) and the addition of DNA. The solvent was 10 mM Tris–
HCl.
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portion of the nucleolipid was not found to be associated with
the dendrimer layer. This could be either due to the nucleolipid
aggregation at the dendrimer surface or steric constraints of the
double chain nucleolipids to penetrate the dendrimer interior.
However, Smith et al.58 have shown that the hydrophobic tail of
zwitterionic phospholipids (1,2-dimyristoyl-sn-glycero-3-phos-
phocholine, DMPC) can interact with the interior of the den-
drimer and therefore this possibility is not excluded for the
dendrimer/nucleolipid complexes formed in the bulk solution.

An interesting difference between the layers formed by the
addition of nucleolipids to preadsorbed dendrimer mono-
layers is the change in the interfacial conformation of the
DLPA aggregates upon rinsing with solvent. We attribute the
difference to the stronger base stacking interactions of
purines compared to that of pyrimidines.56 Therefore, the
present work demonstrates that these stacking interactions
are responsible for both aggregation behavior in the bulk18
1986 | Soft Matter, 2015, 11, 1973–1990
and at the interfaces. Other nucleolipids such as dio-
ctanoylphosphatidylnucleosides (DiC8PNs)57 and POPNs22

have also shown that the stacking interactions of the nucle-
obase control packing and arrangement and consequently the
ability of those bases to interact with nucleic acids.
Effects of the type of buffer on the PAMAM/DLPN lms

Another variable in the interfacial interactions that was
examined was the type of buffer. In general, the interfacial
behavior of layers formed by DLPNs adsorbed on PAMAM is
similar in both investigated solvents (10 mM NaCl or 10 mM
This journal is © The Royal Society of Chemistry 2015
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Table 9 Interfacial wet mass,Dm, obtained byQCM-Dmeasurements
for the interactions of ssDNAwith PAMAM/DLPAmixtures adsorbed on
silica in Tris–HCl buffer. The mixtures had a bulk composition of
50 ppm PAMAM-G4 and 0.1 mM DLPNa

Process Dm (mg m�2)

PAMAM-G4/DLPA mixture 2.2 � 0.1
Tris–HCl buffer 2.1 � 0.1
ssDNA 3.5 � 0.1
Tris–HCl buffer 3.4 � 0.2

a The interfacial wet mass values were calculated using the Sauerbrey
equation.
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Tris–HCl). However, the PAMAM/DLPA layers are less viscous
aer rinsing with Tris–HCl buffer which demonstrates that
the type of cation in the background electrolyte affects the
interfacial structure. The results agree with previous work that
showed stronger binding of ions such as Tris+ to the phos-
phate groups of the backbone in the DNA molecules
compared to Na+.50,51 The different buffer effects on the
structure of the dendrimer/nucleolipid layers also indicate
that the binding of monovalent cations is stronger for the
phosphate of the adenosine nucleotides compared to uridine,
since no signicant changes are observed for the rinses to
PAMAM/DLPU lms. Such an effect was also observed by
Sethaphong et al.54 Nakano et al. showed recently, using
molecular dynamic simulations, that Van der Waals interac-
tions and solvent accessible surface areas were more impor-
tant than the electrostatic attraction for the affinity of the
molecular cation to bind to DNA.59 Additionally, they calcu-
lated that the free energy gain due to a cation that ts opti-
mally in a DNA groove compensated for the energy loss of
dehydration. Also, Stellwagen et al. have suggested that larger
cations with sizes that match better the phosphate group will
shield better and hence result in the stronger binding.60 Our
data support the work from other groups indicating that Tris+

ions bound stronger than Na+ and preferentially to adenosine
compared to uridine, which could be the result of a prefer-
ential t due to the orientation of the head group in the layer
structure.
Interactions of nucleic acids with DLPNs bound non-
covalently to preadsorbed layers of PAMAM

An important consequence of the difference in the structure of
DLPA and DLPU bound to preadsorbed PAMAM monolayers on
hydrophilic silica is the ability of the nucleolipid to interact with
nucleic acids. It was found that DLPU shows no sign of attrac-
tive interactions, hydrophobic or base-pairing, with any of the
added nucleic acids. However, DNA and RNA interact with DLPA
layers, depending on the type of nucleobases. Thus, it may be
inferred that the adenosine head group is oriented in a more
favorable conformation to attach DNA and RNA through a
combination of hydrophobic and hydrogen bonding interac-
tions. The nucleic acids bound to the nucleolipid are also able
to adsorb onto the dendrimer layer due to their electrostatic
attraction.
This journal is © The Royal Society of Chemistry 2015
For nucleic acids with nucleotides that can form selective
base-pairing with DLPA, such as 20dT, PolyU and ssDNA, the
association is strong. However, some changes are observed in
QCM-D for the addition of 20dA to DLPA adsorbed to PAMAM
monolayers, which we attribute to the well-known strong
p-stacking interactions between the purine bases.56 This effect
can induce modications in the conformation of DLPA in the
interfacial layer. Nevertheless, it was found that 20dA does not
attach to the PAMAM/DLPA layers, which we attribute to the
lack of hydrogen bonding interactions between the bases, as
conrmed by ATR FT-IR spectroscopy and NR measurements in
previous work.44

Dendrimer/nucleolipid interactions in bulk solution

As mentioned previously, mixtures of PAMAM and DLPNs
adsorb onto hydrophilic silica only if the mixtures have
complexes with positive charge. The experiments performed
with dendrimer/nucleolipid mixtures are important since they
revealed that non-equilibrium effects in the bulk have great
impact on the interfacial behavior of the mixtures. The
measurements showed as well that the dynamic of re-arrange-
ment of the dendrimer/nucleolipid complexes is very slow. Fant
et al. have shown previously the non-equilibrium states of DNA
during condensation of PAMAM dendrimers, which is funda-
mental for gene transfection.61 The slow non-equilibrium
aggregation process of dendrimer/nucleolipid mixtures might
be favorable behavior if it could be exploited in the development
of formulations that encapsulate efficiently DNA and RNA,
which can then be triggered to release the nucleic acids inside
cells.

Potential for dendrimer/nucleolipid surface complexes as
gene delivery vehicles and biosensors

The main purpose of investigating the interactions of den-
drimers and nucleolipids was to improve the understanding of
potential gene delivery vehicles with selectivity towards specic
nucleic acids. Cationic dendrimers have advantages as non-viral
vectors compared to viral vectors such as non-immunogenic
response.62 However, there are concerns about the toxicity of the
dendrimers which is related to their cationic charge.1 Covalent
modication of the surface groups of the dendrimer is the
current method to reduce the toxicity and increase the gene
transfection efficiency.10,63,64 Complementary to this approach,
the present work showed that non-covalent interactions
between DLPA and dendrimers can also be used to form den-
drimer/nucleolipid complexes that exhibit molecular recogni-
tion of nucleic acids. In practice, non-covalent functionalization
is easier, faster andmore cost effective than the other approach.
This study may therefore be broadened in the future to the bulk
solution properties to investigate the viability of use of the
complexes as delivery vehicles. Further work is undergoing to
evaluate the structure and composition of PAMAM/DLPN
complexes in the bulk solution, which are more closely related
to their possible applications as delivery vehicles. The infor-
mation obtained from the surface studies, however, indicates
that complexation of dendrimers with nucleolipids based on
Soft Matter, 2015, 11, 1973–1990 | 1987
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Fig. 13 Schematic illustration of the formation of layered structures
for the sequential addition of dendrimer, DLPN and nucleic acids
compared to the addition of dendrimer and DLPN complex, followed
by sequential addition of nucleic acids.
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adenosine shows promising selective molecular recognition
properties for such purposes.

Alternatively, the dendrimer/nucleolipid lms formed
could be employed in bioanalytical sensing devices for detec-
tion of nucleic acids. There is great interest in the develop-
ment of biosensors65 for e.g. diseases diagnosis,66 forensic
applications67 and environmental contamination moni-
toring.68 Dendrimers have also been investigated previously as
DNA biosensors by attaching them covalently to the
surfaces.69–71 Our approach does not require any type of cova-
lent attachment of any of the molecules and it senses nucleic
acids only with matching bases. Apart from the ability to
prepare lms for selective attachment of DNA or RNA for
analysis, we have shown that the structure of the layers is
equivalent with respect to the type and length of the nucleic
acid. Such mixed layers also reduce the adsorption of other
molecules onto the dendrimer driven by the electrostatic
attraction, as it has been observed with the current polymer-
based alternatives.72 These results show the advantages of
using the lms formed by dendrimers and nucleolipid as
potential gene biosensors with a high degree of chemical
affinity to probe–target binding.
Conclusions

Cationic PAMAM dendrimers of generation 4 form lms with
the anionic nucleolipids DLPNs that can be used to bind
selectively nucleic acids depending on the type of nucleolipid
nucleoside head group and the protocol used for the formation
of the layers. This is schematically illustrated in Fig. 13. Both
DLPA and DLPU attach to preadsorbed PAMAM-G4 monolayers
on silica and produce layers with similar structures and
composition before dilution of the bulk solution with solvent.
The layers have a net negative charge and involve DLPN aggre-
gates bound to the dendrimer monolayer. Aer rinsing with
1988 | Soft Matter, 2015, 11, 1973–1990
pure solvent, only the PAMAM/DLPA layers undergo a structural
change as they become more swollen, most likely by forming
surface attached elongated micelles that protrude towards the
bulk solution. This conformation results in the selective inter-
action with nucleic acids through hydrophobic interaction, base
stacking and specic base pairing. However, the PAMAM/DLPU
interfacial structure is more compact than for PAMAM/DLPA
and such lms show no indication of binding any of the nucleic
acids examined. Thus, we may conclude that the orientation of
the nucleolipid in the layer, which is a result of the base
stacking interactions between the headgroups of the nucleoli-
pids, determines the ability of the layer to interact selectively
with nucleic acids. Additionally, our results suggest specic
binding of buffer cations for the PAMAM/DLPA layers.

We also showed that PAMAM/DLPN complexes preformed in
the bulk adsorb on hydrophilic silica only if they are positively
charged. These results indicate that the dynamics of rear-
rangement is slow for anionic dendrimer/nucleolipid
complexes from mixtures with excess of the nucleolipid. Such
mixtures efficiently sequester the dendrimers to form rigid
structures thus preventing them from adsorbing to anionic
surfaces. The PAMAM/DLPN layers formed by the mixtures with
positively charged complexes promote the adsorption of DNA
with the electrostatic attraction rather than specic base pairing
as the main driving force. These results show unambiguously
that the outcome of the interactions of PAMAM/DLPN surface
complexes with nucleic acids in future applications may be
tuned by non-equilibrium effects by optimization of the exper-
imental protocol used.

We have shown in the present work that the complexes
formed by dendrimers and nucleolipids have promising char-
acteristics for the development of soluble gene therapy vehicles
with a high affinity towards nucleic acids. Equally, the interfacial
structures studied may be developed as a new approach to
construct biosensors for the detection DNA or RNA. As neither
method requires covalent functionalization, they may be
considered as relatively easy and cost effective future alternatives.
Acknowledgements

M.Y.A. and T.N. acknowledge the nancial support from the
Swedish Research Council (VR) through the Linnaeus grant
Organizing Molecular Matter (OMM) center of excellence (239-
2009-6794) and D.B., C.M. and P.B the support from Italian
MIUR (PRIN 2010–2011 grant 2010BJ23 MN) and Ente Cassa di
Risparmio di Firenze. The Knut and Alice Wallenberg founda-
tion funded the acquisition of the QCM-D instrument. We
thank ISIS for beam time allocation on INTER and for access to
the ATR FT-IR spectrometer, the ILL for beam time allocations
on FIGARO, JCNS for beam time allocation on MARIA and Max
Planck Society at the Heinz Maier-Leibnitz Zentrum (MLZ) for
beam time allocation on NREX. We also thank Stefan Mattauch
for support during the MARIA NR experiment, James Holdaway
and Christopher Hirst for assistance during the NREX NR
experiment and Jonas Carlstedt and Dan Lundberg for
providing the DNA sample.
This journal is © The Royal Society of Chemistry 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sm02712d


Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

15
. D

ow
nl

oa
de

d 
on

 1
/1

3/
20

26
 4

:3
3:

04
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Notes and references

1 J. C. Roberts, M. K. Bhalgat and R. T. Zera, J. Biomed. Mater.
Res., 1996, 30, 53–65.

2 J. D. Eichman, A. U. Bielinska, J. F. Kukowska-Latallo and
J. R. Baker Jr, Pharm. Sci. Technol. Today, 2000, 3, 232–245.

3 C. S. Braun, J. A. Vetro, D. A. Tomalia, G. S. Koe, J. G. Koe and
C. Russell Middaugh, J. Pharm. Sci., 2005, 94, 423–436.

4 C. Dufès, I. F. Uchegbu and A. G. Schätzlein, Adv. Drug
Delivery Rev., 2005, 57, 2177–2202.

5 D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos,
S. Martin, J. Roeck, J. Ryder and P. Smith, Polym. J., 1985,
17, 117–132.

6 D. Cakara, J. Kleimann and M. Borkovec, Macromolecules,
2003, 36, 4201–4207.

7 A. Bolhassani, S. Safaiyan and S. Rafati, Mol. Cancer, 2011,
10, 20.

8 J. R. Baker, ASH Education Program Book, 2009, vol. 2009, pp.
708–719.

9 M. J. Kwon, S. An, S. Choi, K. Nam, H. S. Jung, C. S. Yoon,
J. H. Ko, H. J. Jun, T. K. Kim, S. J. Jung, J. H. Park, Y. Lee
and J.-S. Park, J. Gene Med., 2012, 14, 272–278.

10 H. Liu, T. Tørring, M. Dong, C. B. Rosen, F. Besenbacher and
K. V. Gothelf, J. Am. Chem. Soc., 2010, 132, 18054–18056.

11 S. Milani, F. Baldelli Bombelli, D. Berti and P. Baglioni, J. Am.
Chem. Soc., 2007, 129, 11664–11665.

12 V. Allain, C. Bourgaux and P. Couvreur, Nucleic Acids Res.,
2012, 40, 1891–1903.

13 S. Shuto, S. Ueda, S. Imamura, K. Fukukawa, A. Matsuda and
T. Ueda, Tetrahedron Lett., 1987, 28, 199–202.

14 S. Shuto, H. Itoh, S. Ueda, S. Imamura, K. Fukukawa,
M. Tsujino, A. Matsuda and T. Ueda, Chem. Pharm. Bull.,
1988, 36, 209–217.

15 M. Ahlers, H. Ringsdorf, H. Rosemeyer and F. Seela, Colloid
Polym. Sci., 1990, 268, 132–142.

16 D. Berti, L. Franchi, P. Baglioni and P. L. Luisi, Langmuir,
1997, 13, 3438–3444.

17 D. Berti, P. Barbaro, I. Bucci and P. Baglioni, J. Phys. Chem. B,
1999, 103, 4916–4922.

18 F. B. Bombelli, D. Berti, M. Almgren, G. Karlsson and
P. Baglioni, J. Phys. Chem. B, 2006, 110, 17627–17637.

19 S. Milani, D. Berti, S. Dante, T. Hauss and P. Baglioni,
Langmuir, 2009, 25, 4084–4092.

20 S. Milani, G. Karlsson, K. Edwards, P. Baglioni and D. Berti,
J. Colloid Interface Sci., 2011, 363, 232–240.

21 P. Baglioni and D. Berti, Curr. Opin. ColloidInterface Sci.,
2003, 8, 55–61.

22 S. Milani, F. B. Bombelli, D. Berti, T. Hauss, S. Dante and
P. Baglioni, Biophys. J., 2006, 90, 1260–1269.

23 F. B. Bombelli, F. Betti, D. Berti, F. Pini, M. Heinrich and
P. Baglioni, J. Phys.: Condens. Matter, 2008, 20, 104213.

24 R. Esfand and D. A. Tomalia, Drug Discovery Today, 2001, 6,
427–436.

25 C. N. Likos, S. Rosenfeldt, N. Dingenouts, M. Ballauff,
P. Lindner, N. Werner and F. Vögtle, J. Chem. Phys., 2002,
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