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Ordered Self-Assembled Monolayers of Peptide Nucleic Acids
with DNA Recognition Capability
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We report on the formation of ordered self-assembled monolayers (SAMs) of single-stranded peptide
nucleic acids (ssPNA). In spite of their remarkable length (7 nm) thiolated PNAs assemble standing up
on gold surfaces similarly to the SAMs of short alkanethiols. SAMs of ssPNA recognize complemen-
tary nucleic acids, acting as specific biosensors that discriminate even a point mutation in target sSDNA.
These results are obtained by surface characterization techniques that avoid labeling of the target
molecule: x-ray photoemission, x-ray absorption and atomic force microscopy.
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Self-assembly and self-organization are the main strat-
egies used in nature to permit life to emerge from its
building blocks, and have inspired new trends in nano-
technology based on a bottom-up approach [1]. In par-
ticular, a lot of effort has been devoted to the under-
standing of the main mechanisms that drive the sponta-
neous self-organization of molecular films on surfaces
[2]. Alkanethiol layers have been extensively studied due
to their relevant technological properties and their out-
standing capability to form self-assembled monolayers
(SAMs) [3]. Based on such knowledge, thiolated DNA
has also been immobilized on gold surfaces [4]. Never-
theless, DNA usually forms disordered formless globular
structures, or requires the coimmobilization of spacer
thiols leading to mixed monolayers. Poorly ordered
DNA layers show a reduced bioactivity, mainly because
of the strong electrostatic molecule-molecule and mol-
ecule-surface interactions [4—6]. Therefore, uncharged
nucleic acid analogues could be suitable candidates to
grow bioactive SAMs with efficient DNA recognition
capability. Peptide nucleic acid (PNA) is an achiral and
uncharged DNA mimic where the sugar-phosphate back-
bone has been replaced with a peptidelike N-(2-
aminoethyl)glycine polyamide structure, to which the
nucleobases are connected by methylenecarbonyl link-
ages [7,8]. PNA is characterized by its capability to
strongly and specifically bind to complementary DNA
according to the Watson-Crick rules for base pairing [9].
These unique properties make PNA a suitable candidate
for biosensor applications. In this Letter, we report on the
formation of ordered SAMs of single-stranded PNA
(ssPNA) molecules on gold surfaces, adsorbed from
water, stable in air and with efficient and specific
ssDNA recognition capability. Such structural and func-
tional characterization has been performed through label-
free techniques such as x-ray photoemission spectroscopy
(XPS), x-ray absorption near-edge spectroscopy
(XANES) and atomic force microscopy (AFM).
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We have analyzed the structure of immobilized layers
of two different cysteine-modified ssPNA oligomers: P-
G142 (Cys-O-O-AATCCCCGCAT), and P-M41 (Cys-O-
O-GCCATCTCT) (amino to the carboxyl terminus).
These sequences were chosen for their relevance in virol-
ogy and medicine: P-Gl42 corresponds to the capsid
protein VP1 of foot-and-mouth disease virus (FMDV)
[10] and P-M41 to the reverse transcriptase gene of hu-
man immunodeficiency virus (HIV) [11]. The cysteine
moiety at their amino terminus provides the thiol group
that allows immobilization on gold surfaces. The “O”
spacer unit is a 1.5 nm long molecule of 8-amino-3,6-
dioxaoctanoic acid. The total length of the ssPNAs can be
estimated to be 7.1 nm (P-G142) and 6.4 nm (P-M41),
considering a helical rise of 4.2 nm with 13 base pairs per
turn [12,13]. Target ssDNA molecules were designed in
antisense orientation with respect to PNAs. They are 31
nucleotides long, correspond to the sequences of wild
type and mutant FMDV or HIV [10,11], and are comple-
mentary to P-G142 or P-M41 at their 11 or 9 central bases,
respectively. We used perfect matching and single nucleo-
tide mismatching ssDNA targets (the later bearing muta-
tions G — A or A — T at their central positions).

Immobilization experiments of ssPNA were performed
in a humid chamber at 22 °C for 4 h, on Au(111). After
immobilization, the crystals were vigorously rinsed in
H,O to avoid unspecific adsorption. PNA-DNA hybrid-
ization was carried out at low ionic strength, in a buffer
containing 7 mM NaCl and 0.7 mM Na-citrate, pH 7.2.
The concentration of ssPNA probe varied from 0.1 to
100 uM in different experiments, while that of the
ssDNA target was fixed at an optimized value of
100 M. Hybridization time was 1 h, and temperatures
ranged from 41 °C to 58 °C. High-resolution XPS experi-
ments were performed in the Super-ESCA beamline
(ELETTRA, Trieste, Italy). The overall resolution of
the spectra was around 80 meV. We checked that the
samples were not damaged by x-ray radiation.
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First, we studied the structure of the ssPNA adlayers by
two complementary techniques: AFM and XANES.
Figures 1(a) and 1(b) show AFM images of different
samples obtained after immobilization of a 1 uM
ssPNA solution. A strikingly ordered arrangement of
the molecules was observed, with reproducible aligned
and meandering patterns. The ordered protrusions are 6 to
7 nm high from the bare surface and their width is 10 to
30 nm. The tip radius of the AFM is smaller than 20 nm,
thus the protrusions can be interpreted as groups of mole-
cules standing-up on the surface. A typical line profile of
these ordered protrusions is shown in Fig. 1(c). The
chemical structure and theoretical length of P-G142 is
depicted in Fig. 1(d). The lower apparent height measured
by AFM could be related (apart from some degree of
flexibility allowed by the PNA backbone) either to a
small tilt of the molecule, or to a deformation of the
molecular layer induced by the AFM tip. Indeed, both
effects were previously observed and tilts in SAMs of
alkanethiols up of 30° have been reported [2,3]. Tilted
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FIG. 1 (color). (a),(b) AFM images recorded in air of P-G142
immobilized at 1 uM on gold surfaces. One individual group of
molecules has been encircled in (b). (c) A cross-section profile
recorded across the line in (a). (d) Chemical structure and
proposed immobilization geometry of P-G142; only the first
and last nucleobases are shown. (¢) AFM image of P-M41
immobilized at 0.1 uM. The height of the ordered linear
features is 1 nm. (f),(g) AFM images for 0.5 uM concentration
of P-G142 showing that the upper part of the steps act as
nucleation sites for adsorption of the ssPNA layer.
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ssPNA chains could facilitate noncomplementary hydro-
gen bonding between nucleobases placed at different
chain positions, stabilizing the lateral contacts among
molecules that lead to the ordered arrangement.
Moreover, the real height of a molecular layer adsorbed
on a surface by tapping mode AFM is an open issue, and
deformations up to 50% of the nominal value are fre-
quently reported for soft material [5,6,14]. The meander-
ing structure of the ssPNA layers can be due to the free
adsorption of molecules on the surface, with a rotational
symmetry around the molecular backbone allowing them
to find their closest neighbor for intermolecular contacts.

We performed a systematic study to quantify the de-
pendence of the ordering with the concentration of the
immobilized ssPNA probe. Some representative results
are shown in Fig. 1. Figure 1(e), obtained with 0.1 uM
ssPNA, shows linear features composed by segments of
up to 10 nm (AFM resolution) running parallel to the
surface crystallographic directions of the crystal. Two
bare areas are imaged, from which the apparent height
of the features was measured to be smaller than 1 nm, a
value similar to that previously described for ssDNA by
AFM imaging [15]. These features can be interpreted as
individual molecules lying on the gold surface, anchored
by their thiol motif and possibly the carbonyl or amino
groups of some chemisorbed nucleobases. Different sets
of experiments showed that the transition from individual
lying molecules to standing-up groups of them is favored
by increasing the concentration. Figure 1(f) was recorded
with 0.5 uwM ssPNA: the layer is not complete and groups
of molecules standing-up form aligned islands anchored
to the upper part of the step edges. We checked that these
islands correspond to a molecular layer of soft material by
recording force-distance curves. Figure 1(g) shows a large
area where aligned features follow crystallographic di-
rections in three adjacent gold terraces. These images
suggest a nucleation mechanism for the growth of islands
from the step edges. This is also the reason for the align-
ment along the main crystallographic surface directions.
Therefore, we propose a mechanism in which the forma-
tion of a bioSAM of ssPNA goes through two steps: 1)
ssPNAs condensate on the surface and are adsorbed as
lying molecules; ii) at a certain coverage density the layer
undergoes a phase transition and the molecule backbone
realigns perpendicular to the surface. A similar mecha-
nism was described for SAMs of alkanethiols [16] and it
demonstrates the importance of the intermolecular inter-
action in self-assembly. Interestingly, increasing the cov-
erage makes SAMs of ssPNA to rearrange into a stand-up
conformation without requiring the addition of alkane-
thiols or other adjuvant molecules that would lead to
mixed monolayers, as reported for ssDNA [4,14] and
ssPNA [17]. AFM images in water showed very similar
morphologies to those shown in Fig. 1, although lying
molecules were not detected. Therefore, the H bonds
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between ssPNA and water molecules could favor the
standing-up geometry even for individual molecules at
low coverage.

This structural model derived from the AFM images is
quite surprising because of the extraordinary length of
the immobilized PNA molecule that generates the
bioSAM with respect to alkanethiol SAMs, which typi-
cally range from 0.2 to 2.5 nm high [3]. In order to
support the preferential orientation of the molecules de-
rived from AFM, we used a complementary structural
technique as XANES. The evolution of the XANES
spectra for the SAMs of ssPNA at 1 uM was recorded
at the N threshold for different incident angles [Fig. 2(a)].
The spectra can be decomposed in two sharp 7" and a
broad ¢* peak transitions. The energy shift between 7*
and o features is in agreement with previously published
XANES spectra of DNA on gold surfaces [18]. The po-
larization of the synchrotron radiation with respect to the
molecular orbital contributing to the signal could mask or
enhance a particular transition. Molecules adsorbed ran-
domly, without any preferential orientation, produce
overlapping spectra at different incident angles. On the
contrary, ordered molecules show clear differences be-
tween spectra recorded at different emission angles,
which mainly influence the 77*/0™ ratio. This methodol-
ogy has been used for finding a preferential orientation of
liquid crystal alignment [19] and for dried glycine [20].
In our case the 7" transition is enhanced as the light
polarization vector approaches normal emission
[Fig. 2(a)]. Since most of the 7" orbitals lie along the
backbone of the PNA and the o* are parallel to the
nucleobases plane, the data indicate that the axes of the
PNA stand perpendicular to the surface, in agreement
with the arrangement observed by AFM [Figs. 1(a) and
1(b)]. Therefore, both techniques support a structural
model in which ssPNA molecules self-assemble on gold
surfaces similarly to alkanethiol molecules. Two main
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FIG. 2. XANES spectra, normalized to the o* intensity, at
the N1s edge recorded at different angles between the surface
normal and the x-ray polarization vector: 90° (dotted line) and
20° (solid line). (b),(c) XPS spectra, normalized to the Au4f, of
the Nls core level peak (b) and P2p peak (c) before (lower
curve) and after (upper curve) hybridization of the bioSAM of
1 uM P-G142 with the complementary ssDNA.
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reasons can account for the clear advantage of ssPNA
over sSSDNA in the formation of SAMs: 1) the lack of
charged groups in the PNA backbone avoids electrostatic
repulsions either among neighboring molecules or among
the solvent counterions [7,9]; ii) although relatively flex-
ible, the PNA molecule is more rigid than DNA due to the
planar amide groups of its polyamide backbone [7], and
the restricted conformational flexibility of ssPNA has
been recently confirmed by single-wavelength anomalous
diffraction experiments [21].

To investigate the biological activity of the SAMs of
sSPNA and their interaction with complementary ssDNA,
a systematic set of XPS experiments was performed. A
high-resolution XPS spectrum for N1s recorded at 500 eV
of photon energy from an immobilized ssPNA SAM is
presented in Fig. 2(b). The maximum of the Nls peak
appears at 400.0 eV of binding energy. N1s binding en-
ergy for a peptidic backbone has been reported to be
around 400.5 eV [22], that of the nucleobase thymine is
around 400.9 eV [23], and a small energy shift could be
expected for N atoms in different nucleobases. The over-
all line shape of this peak is analogous to that recently
published for DNA [23], with a small component at the
left side of the spectrum that could be related to PNA-
substrate bonds induced by the fraction of molecules lying
on the surface. Figure 2(b) also shows the corresponding
spectra after hybridization of complementary ssDNA. We
quantified an average increase of the normalized Nls
peak ranging from 2.6 to 3.2 times after hybridization.
The number of N atoms per ssPNA molecule is 64, and
that of the complementary DNA is 116. Therefore, an
enhancement of the N signal in a factor of 2.8 could be
expected from an approximate atom-counting model. The
good agreement between the expected and obtained value
suggests that in the optimal conditions the fraction of
ssPNA hybridized with DNA target is near 100%. This
value is higher than that reported for DNA-DNA hybrid-
ization measured with the same technique [6,23].
Furthermore, the hybridization of the target ssDNA pro-
duces the emergence of a net P2p peak related to the
phosphate groups in the DNA backbone [Fig. 2(c)]. That
P signal, together with a two to threefold increase in the N
peak, is a clear fingerprint of the hybridization of com-
plementary ssDNA to bioSAMs of ssPNA.

The combined use of XPS and AFM allowed us to
construct a model for the mechanism of a PNA-based
biosensor. Figure 3(a) represents the N1s/Au4f photo-
emission signal for different concentrations of the immo-
bilized ssPNA, before and after hybridization with
complementary ssDNA. The signal after immobilization
is proportional to the concentration of ssPNA on the
surface, up to a saturation value at 10 uM that corre-
sponds to the complete blocking of the available absorp-
tion sites. For concentrations ranging from 0.1 to 1 uM,
the enhancement of the N1s/Au4f signal after hybridiza-
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FIG. 3 (color). (a) XPS Nl1s/Au4f ratio for different concen-
trations of immobilized P-G142 before and after hybridization
with the complementary ssDNA at 100 uM. (b) Typical AFM
images recorded in air of different regions of (a). (c) N1s/Au4f
and P2p/Audf ratios before and after hybridization of ssPNA
immobilized at 1 uM with the perfectly matched (M) and
single mutation mismatched (MM) ssDNA; columns 1-3: P-
G142, with hybridization buffer (HB) composed of 7 mM
NaCl + 0.7 mM Na-citrate, pH 7.2, and washing buffer (WB)
composed of 45 mM NaCl + 4.5 mM Na-citrate, pH 7.0; col-
umns 4-6: P-M41, and 60 mM NaCl + 6 mM Na-citrate +
0.72% N-lauroylsarcosine as HB and WB.

tion is close to a factor of 3, behaving as a sensitive
biosensor. For those higher than 5 uM, the surface is
completely covered by ssPNA and the photoemission
signal does not change after hybridization, indicating
that the bioSAM is not behaving as an active biosensor.
Moreover, at those saturating concentrations, the Nls/
Aud4f ratio after hybridization is lower than in the immo-
bilized case because during the hybridization and wash-
ing some of the partially immobilized ssPNA is removed
from the surface. Therefore, the bioSAMs of ssPNA
present optimal biosensor capacity when immobilized at
concentrations of upto 1 uwM. The hybridized surface and
that immobilized at saturating concentrations show
closed and compacted morphologies [Fig. 3(b)]. We have
also tested the capability of the bioSAM of ssPNA to
discriminate ssDNA targets bearing single point muta-
tions. Post-hybridization washing protocols based on the
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increase of ionic strength did not allow a complete re-
moval of the mismatched target, while optimized wash-
ing buffers including detergents or denaturant agents
permitted a perfect match/mismatch discrimination
[Fig. 3(c)]. This improved specificity is equivalent to
that recently obtained with conventional microarray
technologies [24]. Thus, bioSSAMs of ssPNA offer the
possibility of being employed for mutation screening
and single nucleotide polymorphism mapping, relevant
features for biomedical and biotechnological applica-
tions. Therefore, the unique properties of ssPNA for
self-assembly on surfaces could encourage the use of
PNA-based biosensors and surface characterization tech-
niques for the detection of label-free nucleic acid targets
in biological samples.
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