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Peptide Nucleic Acid (PNA) is an important alternative nucleic acid, which exhibits more effective DNA/
RNA detection capabilities compared to DNA. Its potential utility in nucleic acid based detection technol-
ogies warrants detail understanding of it’s self-assembly behavior on solid substrates, e.g., gold. In the
present study, we have applied high-resolution Atomic Force Microscopy (AFM) for obtaining direct
visual information on PNA adsorption and formation of a self-assembled monolayer of PNA on gold(111)
surface. We show from the molecularly resolved AFM data that PNA molecules form a well-defined
1-dimensional molecule-by-molecule ordering, over a considerable length scale (few hundred nm), as
well as 2-dimensional ordering over a wide area of about 10 lm � 10 lm, due to parallel positioning
of the 1-dimensional ordered arrangements. The way the parameters like PNA concentration, incubation
time, incubation temperature and PNA deposition methods can affect the formation of such ordered
self-assembled PNA structures has been investigated. Some of the primary observations are that the
minimum PNA concentration and incubation time for large scale (10 lm � 10 lm) 2-dimensional order
formation are 0.5 lM and 4 h, respectively. Furthermore, a dense and well-ordered layer over a large area
could be better formed in case of immersion method compared to the droplet contact and droplet
deposition methods. From the Reflection Absorption Infra Red Spectroscopy (RAIRS) data, indications
for PNA concentration-driven reorientation of the PNA backbone towards more upright configuration
on gold(111) surface, were obtained.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Peptide Nucleic Acid (PNA) is a DNA analog in which a 2-amino-
ethyl-glycine linkage generally replaces the normal phosphodies-
ter backbone [1]. A methyl carbonyl linker connects the natural
nucleotide bases, i.e., adenine (A), thymine (T), guanine (G) and
cytosine (C), as well as unusual (in some cases) nucleotide bases
to this backbone at the amino nitrogen atoms. PNA has unique
physicochemical properties – it is achiral, is a relatively rigid bio-
molecule, and is not susceptible to hydrolytic cleavage in presence
of the enzymes such as nucleases or proteases. Importantly, it is
capable of sequence-specific binding with complementary DNA/
RNA obeying Watson–Crick hydrogen bonding rule with higher
affinity and capability compared to DNA, which is reflected in the
higher Tm value for PNA–DNA/PNA–RNA duplex compared to that
for DNA–DNA duplex [1,2]. It is these properties of PNA that make
this molecule a potentially better alternative than DNA in nucleic
acid based detection technologies. Though the DNA SAMs have
been applied in the micro scale as well as nano scale nucleic acid
ll rights reserved.
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sensing experiments [3–6], faster detection with higher sensitivity
is required that we expect to be achieved using PNA.

The interest in formation and characterization of self-assembled
monolayers (SAMs) of nucleic acids onto various solid surfaces has
risen rapidly during the last decade due to wide applicability of
nucleic acid layers in many areas of chemical sciences, biological
sciences, medicine, material sciences and interdisciplinary areas
like nanoscience and nanotechnology [7–10]. There have been sev-
eral reports made on DNA SAM formation using thiolated ssDNA on
gold(111) surface [11–14]. However, even though the thiolated
ssDNA sequences can be successfully immobilized onto gold sur-
face, the DNA films so generated are usually disordered or at most
the ordering can be observed over a very small length scale of
about 10–50 nm [15]. This lack of ordering that can be due to elec-
trostatic repulsion between negatively charged ssDNA strands, or
due to non-specific adsorption of ssDNA strands because of strong
gold-nitrogen interaction between the exposed nucleobases and
gold surface, can reduce bioactivity of DNA films [11,15,16]. Con-
struction of mixed monolayers to graft small spacer molecules in
the area unoccupied by sensor DNA strands, and/or to remove
non-specifically adsorbed ssDNA strands by replacing them with
the spacer molecules may also be required for successful
DNA-based biosensing [11]. Moreover, the electrostatic repulsion
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between the surface-anchored ssDNA strands and the target ssDNA
strands can hinder the essential proximity between the sensor and
the target DNA strands, prior to hybridization. Application of an
uncharged alternative nucleic acid like PNA is therefore necessary.
It is expected that an ordered film may result from self-assembly of
the PNA molecules, since PNA is neutral, and therefore repulsion
between the adjacent PNA molecules will be absent, unlike in case
of DNA.

In our study, we employed a 12-mer ssPNA molecule of se-
quence N-ter-HS-C6-cga-tct-gct-aac-CONH2-C-ter, having a –
(CH2)6SH group at N-terminal position to immobilize the molecule
onto gold(111) surface (Fig. 1). This sequence was used as an
experimental model system. We applied high-resolution AFM for
obtaining detail visual information on characteristics of the PNA
self-assembled monolayer and to understand the way the different
parameters like PNA concentration, incubation time, incubation
temperature and PNA deposition method could influence the fea-
tures of the self-assembled PNA structures on gold(111) surface.
AFM is a well-established method for obtaining direct visual infor-
mation on a wide variety of surface features and phenomena
[17,18], and in the last few years, much advancement in applica-
tion of AFM in detection of biomolecules has been reported
[18,19]. We applied Reflection Absorption Infra Red Spectroscopy
(RAIRS) for obtaining an idea about the change in molecular orien-
tation with the change in PNA concentration. In this report, we will
show, from the molecularly resolved AFM data, that the PNA mol-
ecules self-assemble on gold(111) surface to form 1-dimensional
molecule-by-molecule ordering as well as 2-dimensional ordering
due to parallel positioning of the 1-dimensional ordered arrange-
ments over a wide area of about 10 lm � 10 lm within a time
scale of few hours. From the spectroscopic data, it will be shown
that the PNA molecules adopt more upright orientation with
Fig. 1. Chemical structure of ssPNA and its immobilization onto gold(111) surface.
respect to the substrate surface as the PNA concentration is in-
creased to 0.5 lM and 1.0 lM.

2. Materials and methods

2.1. Preparation of PNA solution

The solution of PNA [N-ter-HS-C6-cga-tct-gct-aac-CONH2-C-
ter], procured from Panagene, Korea, was prepared in filtered
autoclaved Milli-Q water (resistivity: 18.2 MX cm). The exact
concentration of the PNA solution was determined by UV–visible
spectroscopy at room temperature, using absorbance value at
260 nm (e260 = 116.7 mL (lmol cm)�1) [20].

2.2. Preparation of gold(111) surface

Gold on mica (Phasis, Switzerland) substrate (thickness of gold
layer: 200 nm) was first washed with 10 mL filtered autoclaved
Milli-Q water, and dried under nitrogen jet. The substrate was then
flame annealed until a reddish glow appeared. The procedure was
repeated 8–10 times and after a short period (1–2 s) of cooling in
air the substrate was subjected to further modification steps or
imaging. Generation of clean and triangular terraces of high-
quality gold(111) surface, as a result of flame annealing, was
checked by AFM imaging.

2.3. Sample preparation for AFM

2.3.1. Immersion incubation method
Freshly flame-annealed gold on mica substrate was immersed

in 150 lL of PNA solution of desired concentration (0.1 lM/
0.25 lM/0.5 lM/1.0 lM) and kept for a specific incubation time
(1 min/20 min/1 h/4 h/8 h) at room temperature (25 ± 1 �C). Effect
of incubation temperature was studied at 60 �C and 70 �C, apart
from the room temperature. After incubation was complete, the
substrate was washed with 2 mL (4 � 500 lL) filtered autoclaved
Milli-Q water and dried in ambient condition, and imaged by AFM.

2.3.2. Droplet contact method
Suitable amount (about 85 lL) of an aqueous solution of PNA

(concentration 0.5 lM) was taken in a liquid cell so that the cell
was filled up to the maximum capacity. A piece of freshly flame an-
nealed gold on mica substrate was placed facing down over the
PNA droplet in the liquid cell and kept as such for 4 h in a humidity
chamber at room temperature (25 ± 1 �C). After modification step,
the sample surface was washed with 2 mL (4 � 500 lL) filtered
autoclaved Milli-Q water and dried in ambient condition and im-
aged by AFM.

2.4. AFM data acquisition and analysis

All the images were recorded in ambient condition at room
temperature (25 ± 1 �C). AFM experiments were performed using
the PicoLE model of Agilent Corp. (USA) with a 10 micron scanner.
Imaging was carried out in the intermittent contact mode (acoustic
alternating current or AAC), to minimize sample damage. The
cantilevers (lmasch, Estonia) having back side coated with Al,
and frequencies within 150–232 kHz and force constant values
3.5–12.5 N/m were used for all the imaging experiments. The
probes were cleaned in a UV–ozone cleaner (Bioforce, Nanoscienc-
es) immediately before imaging. The tip was engaged in feedback
at zero scan range condition to avoid contaminating the tip during
the engage step. The amplitude set point was 85–90% of the free
oscillation amplitude (7.5–8.0 V). Scan speed was typically
0.5–4.0 lines/s. The AFM images were taken at least from five
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different areas of each sample to check for reproducibility of the
features observed. All the images presented here are topographic,
and are raw data except for minimum processing limited to third
order flattening. The length of the PNA ribbons was obtained by
measuring contour length along a segmented line through the cen-
tral long axis of the ribbon. The width values were measured as full
width at half maximum (FWHM) of the cross-sectional profile
drawn along the short axis of the PNA ribbon or along the central
region of the PNA molecule, as the case may be. The height values
were measured as the difference between the highest point of the
cross-section diagram and the average baseline representing the
substrate surface. All the cross-sectional analyses and processing
were made using PicoScan 5 software. The dimensional analyses
were performed on 50–200 molecules from different images.

2.5. Sample preparation for RAIRS

All the four samples (for PNA concentrations 0.1 lM, 0.25 lM,
0.5 lM and 1.0 lM) were prepared by immersion incubation
method as described before (see Section 2.3.1).

2.6. RAIRS data acquisition and analysis

All the RAIRS data were recorded on a commercial Nicolet
Magna-IR System 750 Series II spectrometer equipped with a liquid
nitrogen-cooled MCT detector, in ambient condition at room tem-
perature (25 ± 1 �C). The external beam was focused on the sample,
with a mirror, at an optimal incident angle. The light reflected at
the sample was then focused onto a detector. The spectra were re-
corded from 3200 to 800 cm�1.

2.7. Molecular simulation

The theoretically most probable conformation of the PNA
[N-ter-HS-C6-cga-tct-gct-aac-CONH2-C-ter, having a –(CH2)6SH
group at N-ter] molecule was simulated using the ‘Accelrys Discov-
ery Studio User’ and ‘Accelrys SBD bundle’ that includes CHARMM
force field (Accelrys, USA). PNA molecules are not common biomol-
ecules, so the backbone and the nucleobases of the molecule were
drawn using different tools of the Discovery Studio software. H-
atoms were generated by the CHARMM 22 option of the CHARMM
force field. All the relevant parameters (bond length, bond angle
and torsion angles) were optimized by ‘Clean Geometry’ option
of the software. The molecular dynamics simulation was carried
out after a conformational search (different conformations of the
PNA molecule were generated using the ‘Diverse Conformation
Generation’ of the software. The ‘CAESER’ option was used and
the maximum limit was fixed at 100 so that 100 conformations
were generated. The first 50 lower energy conformations were ta-
ken for the molecular dynamics simulation) by applying the
‘CHARMM’ force field and the ‘Standard Dynamics Cascade’ option
of the software and considering the dielectric constant of water
(dielectric constant of water is 80.1) [21] and at 298 K temperature.
The lowest energy conformation obtained was taken as the most
probable conformation. The RMSD with respect to time was plot-
ted by activation of the 3D window and selection of the RMSD op-
tion of the software. Then time was selected as X axis and RMSD
was selected as Y axis and the time vs. RMSD of the PNA molecule
was plotted. Other details are provided in point no. 3 in the Sup-
porting Information.
3. Results

In this study, we have made a high-resolution Atomic Force
Microscopy (AFM) investigation on self-assembled PNA structures
on gold(111) surface and obtained molecularly-resolved informa-
tion on how the PNA concentration (0.1 lM, 0.25 lM, 0.5 lM and
1.0 lM), incubation time (1 min, 20 min, 1 h, 4 h and 8 h), incuba-
tion temperature (room temperature i.e., 25 ± 1 �C, 60 �C and 70 �C)
and sample deposition method could affect the characteristics of
such structures. A 12-mer PNA sequence [N-ter-HS-C6-cga-tct-
gct-aac-CONH2-C-ter] having a –(CH2)6SH group at the N-terminal
was employed as an experimental model system. The hexyl spacer
[–(CH2)6–], which is one of the most widely used spacers, helps in
keeping the nucleic acid part away from gold surface so that non-
specific adsorption via nucleobases can be avoided to a large ex-
tent. Since cleanliness of the substrate is an absolute necessity
for anchoring of PNA molecules via thiol (–SH) on gold(111) sub-
strate [22], the gold pieces were always freshly annealed prior to
PNA modification. The samples were prepared by immersion
method so that the PNA molecules could be kept in well-solvated
condition during the preparative stage. Effectiveness of the droplet
contact method and the droplet deposition method, in comparison
to the immersion method, was also tested using the same PNA se-
quence. All the AFM experiments were performed in ambient
atmosphere, in the intermittent contact mode using acoustic AC
signal. The Reflection Absorption Infra Red Spectroscopy (RAIRS)
experiments were performed for PNA concentrations 0.1 lM,
0.25 lM, 0.5 lM and 1.0 lM. The samples were prepared by
immersion method as in case of the AFM experiments.

3.1. Effect of PNA concentration

In order to monitor the effects of PNA concentration, freshly
annealed gold substrates were immersed in PNA solutions of
different concentrations and incubated at room temperature
(25 ± 1 �C) for 8 h uninterrupted.

For the lowest PNA concentration of 0.1 lM, only scattered PNA
molecules were observed (Fig. 2a), while a linear arrangement of
PNA molecules, which we name as ‘PNA ribbon’, could be detected
for concentrations of 0.25 lM and above (Fig. 2b–f). The PNA rib-
bons usually formed well-ordered parallel arrangements (Fig. 2c–
f) that often resulted in formation of domains of approximately
few hundreds of nm in size. Clear domain boundaries were not al-
ways observed. However, when the boundaries could be detected
they were found to make average angles of 60� and 120� between
each other (Fig. 3). Such domains were found to occupy an overall
surface area greater than 10 lm � 10 lm, at a stretch, for all the
three concentrations of 0.25 lM, 0.5 lM and 1.0 lM. The bright
spherical features (Fig. 2d–f), about 24–26 nm in width and 1.3–
1.6 nm in height, could be gold islands that are often formed upon
chemisorption of thiols onto gold surface and/or some particles
from the PNA solution. From AFM images, it was found that the
minimum PNA concentration required for obtaining a dense cover-
age of ordered PNA self-assembled monolayer over a large area
(>10 lm � 10 lm) was 0.25 lM. However, the nature of arrange-
ment of PNA ribbons all over the area was not consistent for
0.25 lM, since in some areas the arrangement was not ordered
(Fig. 2b), while for 0.5 lM and 1.0 lM, the PNA ribbons were all ar-
ranged in an ordered fashion over the total scanned area of the
substrate surface. The average AFM height value of the ribbons
was found to be about 1.0 nm for the highest concentration ap-
plied, i.e., 1.0 lM. Since the AFM tip can trace only the top part
of the molecule that is protruded out from the layer, when scan-
ning over full-coverage as in the present case, the AFM height value
could only be a fraction of the real height. For this reason, a corre-
lation between a change in the AFM height value and a change in
PNA molecular orientation with varying PNA concentration could
not be drawn.

In order to obtain an idea about the change in orientation of the
PNA molecules with increase in PNA concentration, we performed



Fig. 2. AFM topographs of the PNA-coated gold surface prepared using different PNA concentrations, at room temperature and for 8 h incubation time: (a) 0.1 lM, (b and c)
0.25 lM, (d and e) 0.5 lM and (f) 1.0 lM (scale bar for (a–f)100 nm and Z range for (a) 0–0.57 nm, (b) 0–1.52 nm, (c) 0–1.65 nm, (d) 0–0.98 nm, (e) 0–1.09 nm, (f) 0–1.61 nm).

Fig. 3. Some examples of PNA domains separated by domain boundaries (see the
white dotted lines) that form average angles of 60� and 120� between each other are
shown (scale bar 200 nm).
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Fig. 4. Effects of change in PNA concentration (0.1 lM, 0.25 lM, 0.5 lM and
1.0 lM) on the RAIR spectra obtained on gold(111) surface, at room temperature
and for 8 h incubation.
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reflection absorption infra red (RAIR) spectroscopy experiments,
which is widely used for obtaining information on the orientation
of surface-immobilized molecules [23,24]. In Fig. 4, are shown the
RAIR spectra of PNA layers taken on gold(111) surface for PNA con-
centrations of 0.1 lM, 0.25 lM, 0.5 lM and 1.0 lM. Clear changes
in terms of new bands appearing and some other bands reducing
in intensity and change in shape indicate PNA backbone reorienta-
tion with increase in concentration. Three main absorption regions
could be identified – (a) the region 2993–2876 cm�1 for the C–H
stretching frequencies [25], (b) the region 1730–1533 cm�1 for
the vibrational frequencies of the four nucleic bases and the vibra-
tional frequencies of the backbone amide groups, the most impor-
tant of which are the C@O stretch that appear at about 1640 cm�1

[25], and (c) the region 1243–1198 cm�1 for the C�N stretching



Table 1
Assignment of the primary IR frequencies of PNA (for 0.1 lM, 0.25 lM, 0.5 lM and
1.0 lM concentrations) adsorbed onto gold(111) surface.

Assignment PNA concentration (lM)

0.1 0.25 0.5 1.0

m(C–H)aromatic – – 2990 2993
masym(CH3) 2960 – 2964 2964
masym(CH2) 2934 2946 2940 2939
msym(CH3) 2898 2905 2898 –
msym(CH2) 2880 2880 2880 2876
m(C@O)nucleobase 1722 1730 1730 1730
m(C@O)amide,nucleobase 1643 1644 1640 1637
m(C–N), d(N�H) 1533 1536 1535 1536
m(C@N)ring, m(C–C)ring d(C�H), d(N�H) 1550 1556 – –
marom.amine(C�N) 1243 1242 1231 1229
maliph.amine(C�N), d(C�H) – – 1198 1201
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frequencies [25]. The detail assignment of the bands is shown in
Table 1. The region 2964–2960 cm�1 corresponds to the asymmet-
ric stretching of the –CH3 groups [25] that are present in thymine
bases. The asymmetric stretching frequencies for the –CH2– groups
that are present in hexyl spacer, peptide backbone and methyl car-
bonyl linker appear in the range of 2940–2934 cm�1. A significant
increase in intensity and broadness of the band in the region 2940–
2934 cm�1 was observed with increase in PNA concentration and
this band became stronger and broader than the band for –CH3

asymmetric stretching vibrations for the PNA concentrations of
0.5 lM and 1.0 lM. The enhancement in intensity could be related
to an increased surface coverage with increase in PNA concentra-
tion, and especially to the presence of a far greater number of –
CH2– groups compared to the –CH3 groups in one PNA molecule.
The increase in broadness of the band could be related to a greater
variety of –CH2– stretch modes from a number of sources (hexyl
spacer/backbone/methyl carbonyl linker) getting active with in-
crease in PNA concentration. This is possible when the molecular
backbone adopts a more upright orientation as the PNA concentra-
tion is increased, since the selection rule of RAIR spectroscopy
states that ‘‘only vibrational modes with a dipole moment change
normal to the surface will be observed’’. The band in the region
2905–2898 cm�1 corresponds to the –CH3 symmetric stretching
frequencies and the band in the region 2880–2876 cm�1 corre-
sponds to the –CH2– symmetric stretching frequencies. The inten-
sity and broadness of the band for –CH2– symmetric stretching
modes became so enhanced compared to the band for –CH3 sym-
metric stretching modes that for concentrations of 0.5 lM and
1.0 lM the –CH3 band could not be clearly detected any more. This
relative increase in intensity and broadness of the –CH2– symmet-
ric stretching band compared to the –CH3 symmetric stretching
band supports the proposition that a change in molecular orienta-
tion to a more upright one takes place with increase in PNA
concentration, as also reasoned in case of the asymmetric
stretch modes. A new band appeared at 2993 cm�1 from 0.5 lM
concentration that became more intense and broader at 1.0 lM
concentration. This band could be due to the aromatic
C–H stretch modes [25]. With increase in concentration, a greater
number and a greater variety of the aromatic C–H stretch modes
must have become active and the related closely spaced frequen-
cies together gave rise to one broad band. This indicates a distinct
change in the molecular orientation, which is most likely a change
of the chain becoming more normal to the surface so that the aro-
matic C–H stretch modes become dipole active. The bands that ap-
pear in the region 2844–2818 cm�1 for 0.1 lM and 0.25 lM
concentrations could only be detected weakly with increase in con-
centration to 0.5 lM. At 1.0 lM, they could not be detected at all.
These bands might be due to the C–H modes interacting with the
substrate surface. At higher concentrations when the backbone
becomes more upright the interactions with surface could cease
to occur and the bands could shift to the higher frequencies. The
region 1730–1533 cm�1 mainly corresponds to the stretching fre-
quencies of the nucleobases and the backbone amide groups. The
band in the region 1730–1722 cm�1 is for the C@O stretching
modes of the nucleobases thymine and guanine and the band in
the region 1644–1637 cm�1 is for the C@O stretching modes from
nucleobases cytosine and adenine, and the C@O stretch of the
backbone amide groups. Previously, it has been shown that pure
thymine and guanine give rise to bands at 1716 cm�1, while pure
cytosine and pure adenine give rise to bands at 1648 cm�1 and
1639 cm�1, respectively [26,27]. The bands in the range 1624–
1612 cm�1 could be due to the C@O stretch of the methyl carbonyl
linker moiety. The bands due to N–H deformation and C–N stretch
appear in the region 1536–1533 cm�1. The bending vibrations
d(C�H), d(N�H) and in-plane ring vibration modes (of C�C and
C@N) of adenine and cytosine appear in the range 1556–
1550 cm�1 [26,27]. It is important to note here that though this
band was prominent for the lower two concentrations of 0.1 lM
and 0.25 lM, it could not be clearly detected as the concentration
was increased. Since the in-plane ring vibrations were distinguish-
able at lower concentrations of 0.1 lM and 0.25 lM, while they
were not so at the higher concentrations of 0.5 lM and 1.0 lM, it
could be that the interaction between the ring components of the
adjacent PNA molecules increased resulting in a frequency red shift
as the PNA backbone drastically changed its orientation to a more
upright one at higher PNA concentrations. Due to the frequency red
shift, one small peak at 1544 cm�1 for concentration of 0.5 lM and
one single band at 1536 cm�1 for concentration of 1.0 lM could be
observed. It is also possible that with increase in PNA concentra-
tion, due to reorientation of the chain away from the surface, the
N–H deformation could take place more freely, and the band in
the region 1536–1533 cm�1 developed to an extent that it could
overcome the band in the region 1556–1550 cm�1. The general in-
crease in the intensity of all the major bands in the region 1730–
1533 cm�1 with increase in PNA concentration indicates increased
surface coverage, which is consistent with the AFM observation of
increased coverage with the increase in PNA concentration (see
Fig. 2). The region 1243–1198 cm�1 corresponds to the C�N
stretching vibrations from the aromatic amines and the peptide
backbone, and to C�H bending vibration [25,26,28]. There are
two types of C�N present in the peptide backbone – one in second-
ary amine environment and the other in tertiary amine environ-
ment. The bands due to C–N stretch of the aliphatic amines
appear in the range 1250–1020 cm�1 while, the C–N stretch of
the aromatic amines appear in the region 1342–1266 cm�1 [25].
The higher frequency band in the region 1243–1229 cm�1 could
therefore be due to the C–N stretch of adenine, cytosine and guan-
ine amines. This band appeared for all the concentrations though it
was red shifted from 1243 cm�1 to 1231–1229 cm�1 when concen-
tration was increased to 0.5 lM and 1.0 lM. This indicates an in-
crease in intermolecular interactions as a consequence of
increased coverage and change to a more upright configuration
of the PNA molecules at higher concentrations of 0.5 lM and
1.0 lM. The C–N stretch for the backbone secondary and tertiary
amines did not appear for the lower concentrations of 0.1 lM
and 0.25 lM, possibly as a result of the backbone lying down on
the surface at these concentrations. At 0.5 lM, the appearance of
a peak at 1198 cm�1 indicates that the C–N stretch modes due to
the backbone amines become active, as the backbone becomes
more normal to the surface. The observation of the lower fre-
quency band at 1198 cm�1 being broader than the higher fre-
quency band at 1231 cm�1 could be due to contributions from C–
N stretch modes of both the secondary and tertiary backbone
amines. Ultimately for 1.0 lM concentration, the lower frequency
band at 1201 cm�1 overcomes the higher frequency band at
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1229 cm�1, indicating further reorientation of the backbone to the
normal with respect to the surface, and also reflecting the presence
of a greater number of backbone amines compared to the aromatic
amines. The absence of the S–H stretching frequency at
�2550 cm�1 [25] indicates that there was no S�H bond present
in the system. This reflects the fact that the PNA molecules were
effectively immobilized onto the gold substrate via formation of
gold–sulfur linkages.

3.2. Effect of incubation time

The effect of incubation time was monitored by incubating
freshly flame-annealed gold substrates in an aqueous solution of
PNA of 0.5 lM concentration at room temperature (25 ± 1 �C) for
the time periods of 1 min, 20 min, 1 h, 4 h and 8 h. PNA concentra-
tion was chosen to be 0.5 lM, since 0.25 lM was a concentration
too low for preparing an ordered PNA SAM over a large area within
Fig. 5. Effect of incubation time shown over time periods of (a) 1 min, (b) 20 min, (c) 1 h
immersing freshly annealed gold(111) surface in an aqueous solution of PNA (0.5 lM)
0.99 nm, (b) 0–1.01 nm, (c) 0–1.11 nm, (d) 0–2.83 nm, (e) 0–1.14 nm, (f) 0–1.07 nm, (g) 0
across the parallel PNA ribbons, b. 8 h incubation, along the long axis of one PNA ribbon
axis of one PNA ribbon.
a practical time limit, i.e., less than 8 h. The concentration was not
chosen to be as high as 1.0 lM either, so that requirement of
expensive PNA sample could be kept at the minimum.

For incubation time of 1 min, single isolated PNA molecules,
scattered all over the surface, were observed (Fig. 5a). After incuba-
tion for 20 min, the gold substrate was found to be more covered
with the PNA molecules (Fig. 5b). When incubation time was in-
creased to 1 h and then to 4 h , it was clearly observed that the den-
sity of coverage increased (Fig. 5c and d). For 4 h incubation, the
density of coverage became so high that the underlying gold sur-
face was not visible any more (Fig. 5d). At the end of 4 h incuba-
tion, apart from observing clustered PNA molecules (without any
ordering) in a few areas (Fig. 5d), we observed PNA ribbons, which
were arranged parallel to each other, in all the other areas (Fig. 5e).
At higher magnification, it was observed that each ribbon was con-
sisted of the PNA molecules, positioned one after another, along
the long axis of the ribbon (Fig. 5f). After 8 h incubation, single
, (d–f) 4 h, (g and h) 8 h (scale bar for (a–h) 100 nm). The samples were prepared by
and incubating at room temperature for specific time periods (Z-range for (a) 0–
–1.02 nm, (h) 0–1.14 nm). The cross-sectional diagrams are for (i) a. 8 h incubation,

, c. 4 h incubation, across the parallel PNA ribbons, d. 4 h incubation, along the long
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Fig. 6. (a) Area available per single PNA molecule as a function of incubation time and (b) density of coverage as a function of incubation time.
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isolated PNA molecules were rarely observed and we could find
mostly the ordered PNA ribbons (Fig. 5g and h). In Fig. 5i, several
cross-section profiles are shown. The cross-sections across the rib-
bons show very periodic profiles, for both 8 h and 4 h incubation.
The cross-sections along the long axis of the ribbon are also indic-
ative of well-ordered arrangement of the molecules, for both 8 h
and 4 h incubation. No appreciable difference in the peak to peak
distance could be detected in the cross-sections for these two incu-
bation periods, indicating that there was no major change in the
nature of ordering, from 4 h onwards. We plotted the area available
for single PNA molecule as a function of incubation time (Fig. 6a),
and the number of PNA present per lm2 surface area as a function
of incubation time (Fig. 6b). It was evident from the plots that the
saturation coverage could be reached after a minimum of 4 h
(240 min) incubation time.
3.3. Effect of temperature

The effect of incubation temperature on PNA self-assembly on
gold(111) surface was investigated for room temperature
Fig. 7. Effect of heating shown for preparations with PNA solutions of concentrations (a)
60 �C) and (f) 0.5 lM (at 70 �C) (scale bar for (a–f) 100 nm and Z range for (a) 0–1.69 nm
(25 ± 1 �C), 60 �C and 70 �C. All the samples were incubated unin-
terrupted for 8 h at one of these specified temperatures. For
0.1 lM concentration, almost no change was observed upon heat-
ing at 60 �C, except that some short PNA ribbons could be detected
(Fig. 7a). For all the other concentrations, the overall coverage be-
came denser and more compact and the characteristic ordered
arrangement of PNA ribbons could not be observed in most cases
(Fig. 7b–e). While the parallel alignment of the PNA ribbons re-
mained intact in some areas, new interconnections between the
PNA ribbons were formed, for example as shown in Fig. 7c and d.
When incubation was carried out at further higher temperature
of 70 �C the ribbon-like features were all lost, and PNA islands,
well-separated from each other, were observed (Fig. 7f).
3.4. Effect of PNA deposition method

PNA modification by droplet contact method was tested by tak-
ing PNA solution of concentration 0.5 lM and applying a contact
time period of 4 h, since the minimum PNA concentration and
the minimum incubation time required for generation of a good
0.1 lM (at 60 �C), (b) 0.25 lM (at 60 �C), (c and d) 0.5 lM (at 60 �C), (e) 1.0 lM (at
, (b) 0–1.81 nm, (c) 0–1.19 nm, (d) 0–1.07 nm, (e) 0–2.05 nm, (f) 0–1.89 nm).



Fig. 8. AFM topographs of (a) a region showing some extent of ordering of PNA
ribbons and (b) more frequently observed areas showing accumulation of PNA
molecules only, but no ordering. The PNA layer was generated on gold(111) surface
from an aqueous solution of PNA (0.5 lM) by droplet contact method (contact time
4 h) (scale bar for (a and b) 100 nm, Z range for (a) 0–1.61 nm and (b) 0–0.86 nm).
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coverage of well-ordered PNA SAM in case of immersion method
were 0.5 lM and 4 h, respectively. Some areas having densely or-
dered PNA ribbons could be observed (Fig. 8a). However, most of
the areas showed accumulation of PNA molecules only, and no spe-
cific ordered assembly of them (Fig. 8b). Effectiveness of the drop-
let deposition method was also tested. Some PNA ribbons could be
detected, but dense and well-ordered PNA layers could never be
observed, even at high concentrations of 1.0 lM and 1.5 lM (see
Fig. 1 in Supporting Information).

No effect of ionic strength of PNA solution was tested in this
study since PNA has a neutral backbone and it remains unper-
turbed in a wide range of ionic strength. It has been shown that
in contrast to pure DNA duplex, the stability of PNA–DNA hybrids
is not affected by changes in ionic strength except in the limit of
low ionic strength, where the stability increases [29].
1 The average AFM width value of the PNA globules was estimated to be 17.83 nm
After deconvolution using an equation [32,33], which is valid for spherical particles
dt = d2

m/8rtip, where dm is the measured diameter, dt is the true diameter of the
particle, and rtip is the tip radius of curvature, which is 10 nm, as provided by the
supplier, we obtained a width value of 3.97 nm.
4. Discussion

In this work, we have shown that PNA molecules self-assemble
into a 2-dimensionally ordered monolayer over a large area
(>10 lm � 10 lm) of gold(111) surface and formation of such or-
dered film depends directly on the choice of PNA concentration,
incubation time, incubation temperature and deposition method.
It is important to note here that an ordered arrangement could
not be found in case of ssDNA molecules (see Fig. 2 in Supporting
Information). In fact, ordering in case of ssDNA is not even ex-
pected since repulsion between the negatively charged ssDNA
strands would prevent close proximity between the strands, unlike
in case of neutral PNA. Also, the ssPNA strands can exist in more
compacted form than the ssDNA strands in aqueous environment
[30] that makes them less prone to non-specific adsorption via
nucleobases, whereas the ssDNA strands can be adsorbed via rela-
tively more exposed nucleobases. The random defects formed in
the molecular layer, due to non-specific adsorption via nucleo-
bases, would therefore be more in case of DNA than in case of
DNA, inhibiting formation of an ordered arrangement in case
of DNA, but not in case of PNA. In the present study, two types of
ordering of the PNA molecules were observed. First, the PNA mol-
ecules were positioned one after another to generate a 1-dimen-
sional ordered arrangement (see Fig. 5f) that we named as
‘ribbon’. Second, these ribbons were positioned parallel to each
other, forming an extended 2-dimensional ordered network.
Though initially, in the first few minutes, only the isolated PNA
molecules were observed (Fig. 5a and b), within an hour’s time
the PNA molecules self-assembled to form very short ribbons of
few nm length (Fig. 5c). The process of self-assembly continued
for few hours to give rise to longer ribbons (100–200 nm) and their
parallel alignment (Fig. 5e–h). This is in accordance to the fact that
self-assembled monolayer formation occurs in two steps – an ini-
tial fast step of adsorption and a second slower step of monolayer
organization [31]. Each of the single isolated features observed in
the first few minutes of adsorption (Fig. 5a and b) could be due
to one single PNA molecule. These features were of similar shapes
and sizes – the AFM deconvoluted width value for each of such fea-
tures being 3.97 nm1. Somewhat match between this size value and
the dimension obtained from the energy-minimized configuration
(see Fig. 3 in Supporting Information), which is 3.18 nm, could be ob-
served. The lack of close similarity between the size values could be
due to a number of approximations e.g., absence of surface etc., con-
sidered in the simulation. The AFM image size of the PNA molecules,
which is about 21 nm, remained the same for all the PNA concentra-
tions ranging from 0.1 lM to 1.0 lM. This means that events like
aggregation could be ruled out at higher PNA concentrations. The
fact that the AFM width value of the PNA ribbons was also found
to be about 21 nm for all the PNA concentrations (0.25–1.0 lM) indi-
cates that the basis of formation of ribbon structure was the same 1-
dimensional molecule-after-molecule arrangement for different PNA
concentrations. Formation of the PNA ribbons and their parallel posi-
tioning must be a surface phenomenon, since had it been a solution
phase phenomenon we would have observed some of such struc-
tures, however small in number, after 1 min or 20 min of incubation.
In a schematic diagram shown in Fig. 9, the 1-dimensional ordering
of PNA molecules forming ribbons and the parallel alignment of the
PNA ribbons forming 2-dimensionally ordered regions are shown.

The high degree of PNA ordering on gold(111) surface that en-
sued from self-assembly of the PNA molecules could be, in part,
due to the relatively flat and defect-free gold on mica substrate
that we employed in our study. An additional reason could be that
we prepared the samples by immersing the gold pieces into PNA
solution. The immersion method would allow the weakly and
non-specifically adsorbed molecules to travel back to the solution
rather than getting irreversibly adsorbed on the surface. An
obstruction to thiol-specific adsorption of other molecules, due to
presence of the non-specifically attached molecules, can therefore
be minimized. In the droplet contact method however, partial dry-
ing of the solution can take place from periphery of the droplet that
would create a convective flux of solvent molecules within the
droplet. The PNA molecules will not then enjoy free movement
within the droplet due to the convective solvent flow and reaching
an effective orientation prior to thiol-specific adsorption may get
inhibited. After adsorption, further events of intermolecular reori-
entation and arrangement, which are essential for ordering, are
also only possible when the substrate surface is well-solvated
and some extent of reversibility in chemisorption can be main-
tained. It is evident in Fig. 8 that the extent of ordering was appre-
ciably less in case of the droplet contact method compared to that
observed in case of the immersion method (Figs. 2c–f and 5e–h).

It was apparent in most of the AFM images that the number of
molecules adsorbed on gold(111) surface at 60 �C was higher than
that for room temperature preparation. Similar observation of acti-
vated adsorption of ssDNA in water onto gold surface at 60 �C was
made earlier [14]. When the incubation temperature was increased
further to 70 �C, we found that the area of coverage reduced com-
pared to that for 60 �C and even for room temperature. At 70 �C, the
mobility of the PNA molecules over gold surface might have in-
creased to such a level that even though the ribbon structures were
.
,



Fig. 9. A schematic diagram (motivated by Figs. 3 and 5f) for showing the ordered
arrangement of the PNA molecules. The 1-dimensional arrangements of PNA
molecules and their parallel disposition leading to formation of 2-dimensional
arrangements in separate domains are shown.
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not disrupted, this enhanced molecular mobility was enough to
disrupt the parallel arrangement of the PNA ribbons. Therefore, it
must be that the interaction forces (possibly Van der Waals inter-
actions) that are weaker compared to those that held the PNA mol-
ecules in 1-dimensional arrangement of a ribbon, were responsible
for the parallel alignment of PNA ribbons. It is likely that the 1-
dimensional molecule-after-molecule arrangement was aided by
intermolecular hydrogen bonding interactions.

In the present study, the following developments as compared
to the previous works including one report by Mateo-Marti et al.
[34], which was based on a spectroscopic investigation on the
self-assembled PNA monolayers, have been made. First, molecu-
larly resolved AFM data on the structure of a PNA ribbon, i.e. that
the ribbon is basically a 1-dimensional arrangement of PNA mole-
cules, has been shown (see Fig. 5f). Such level of internal details has
not been reported yet. Second, a new type of PNA molecular orga-
nization in terms of 2-dimensional ordering has been presented
(see Figs. 3 and 5f). The PNA ribbons are observed to be aligned
in parallel arrangements leading to 2-dimensional ordering that re-
sults in formation of a densely ordered coverage over a large area
of about 10 lm � 10 lm. Third, high-resolution AFM information
on how the PNA coverage changes with varying incubation time
period (1 min, 20 min, 1 h, 4 h and 8 h) has been provided, most
likely for the first time. Fourth, the effect of heating on PNA film
structure that indicates stronger interactions between the PNA
molecules within a ribbon compared to the inter-ribbon interac-
tions has been shown for the first time. Last, we show that applica-
tion of the immersion method better results in formation of a
dense and ordered molecular coverage over a large area compared
to the droplet contact and the droplet deposition methods.

5. Conclusions

In summary, we have studied self-assembled ordered PNA
structures formed over a large area (about 10 lm � 10 lm) on
gold(111) surface by high-resolution AFM. From the molecularly
resolved AFM data, it is found that both 1-dimensional ordered
arrangements of PNA molecules forming ribbons as well as 2-
dimensionally ordered layer due to ordering of the PNA ribbons
can be generated. It is further observed that such ordering of
PNA molecules can be directly influenced by the choice of PNA
concentration, incubation time, incubation temperature and depo-
sition method.
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