Journal of Materials & Environmental Sustainability Research (2022), 2(1): 39-52
p-ISSN: 2811-1338; e-ISSN: 2811-132X
DOI: https://doi.org/10.55455/jmesr.2022.003

Original Research Paper

ICEESR

Comparative AFM studies on the morphology of conducting polymers/DNA
templated nanowires

Yahaya Mansur Ibrahim*

Chemistry Department, Sokoto State University, Sokoto, Nigeria
*Correspondence: ymansur64@gmail.com

Received: January 25, 2022; Revised: March 23, 2022; Accepted: April 3, 2022; Published: April 16, 2022
© 2022 Centre for Energy and Environmental Sustainability Research, University of Uyo, Uyo, Nigeria

Handling Editor: Hooi Ling Lee

Abstract

Comparative morphological studies of three conductive polymers (polyimidazole (PIm), polyindole (Pln), and
polypyrrole (Ppy)) templated with deoxyribonucleic (DNA) were carried out on silicon (Si)/mica substrate with
the aim of finding more insight about the extent of mixing of the polymers with the DNA and the size of the
nanowires formed. Atomic force microscope (AFM) height images of bare DNA on pre-treated substrates
revealed a two-dimensional network structure with an average height of approximately 1.60 + 0.01 nm; which is
close to the double stranded DNA chain height. PIm/DNA exhibits globular and agglomerate nanostructures for
the concentrated polymers, while the diluted form reveals a dispersed network with a diameter of 3 - 5 nm mostly.
In PIn/DNA, the AFM images show dense networks of nanowires in their concentrated form, while the diluted
samples displayed individual single wires with regular and smooth morphologies. Statistical analysis of the
nanowires AFM heights revealed the dominance of wires with diameters in the range of 3 - 4 nm. The most
common nanowire height range was 9 - 10 nm. Comparing the three polymer AFM studies, it can be said that
polypyrrole has the highest nanowires range of 9 - 10 nm, then PIm/DNA (3 - 5 nm) and the least is PIn/DNA
with 3 - 4 nm range. From the nanowire sizes and morphologies (uniform, smooth and continuous), it can be
concluded that both polymers have good potentials for DNA templating and application in nanoelectronic
devices as they can be aligned on nanoelectrodes for passage of electricity.
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1. Introduction

Conductive polymers (CPs) are polylink compounds having conventional organic polymers electronic properties
and at the same time, retaining those similar to metals. Since the success in changing the electrical properties of
some conductive polymers to exceptionally electrical conductivity, several conjugated polymers have been
transformed from an insulator to a highly conductive state via halogenation (Narducci 2022; Park et al. 2021).
Chain conformational changes, redox reactions, ion adsorption/desorption, volume/weight changes or charge
transfer/screening are among the sensing mechanisms in conductive polymers. The above features, along with
chemicals sensitivity, room temperature operation, and tunable charge transport properties, have launched
conductive polymers as a major class of chemical transducers. Additionally, their synthetic routes are compatible
with several functionalization schemes, including covalent bonding to the monomer, entrapment during
synthesis, and surface chemistries, which can impart a high degree of selectivity and are conducive to several
sensor modalities (Wang et al. 2021; Li et al. 2018).

DNA is an effective template for the conformation of nanowires (NWs) by wet chemical styles because it's
available as extremely monodisperse samples with exceptional control over the length and it's chemically robust.
It will retain its introductory structural integrity under the response conditions necessary to form conductive
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polymers and metals in as much as high temperature or strong acid are not required (Mitchell and Olley 2018).
Conductive polymers are attractive materials to template on DNA because together they form smooth,
conductive nanowires (NWs) which provide access to a wide range of chemical functionality for subsequent
applications. Whilst inorganic NWs may be functionalised using methods originally developed for bulk
substrates, the polymer NWs can be functionalised simply by derivatisation of the monomer and the density of
functional groups are adjusted by copolymerisation. (Mohamed et al. 2012; Wei et al. 2019).

AFM is a microscope used for the characterization of various processes at the nanoscale that involve
investigations of quantitative single molecules (Maver et al. 2016) It is an exceptional tool for studying the
application of temporal shifts in the morphology of polymers (Magonov 2008). As an important tool, AFM is
commonly used in the field of polymer crystallisation (Nguyen-Tri et al. 2020). It does not require sample staining
or metal coating. Hence, it is straightforward to prepare the specimen for imaging (Odijk and Vanden 2018).

Although many studies about the morphology of polymer/DNA templated nanowires using AFM have been
conducted and there are numerous publications dealing with the subject, but comparative AFM height image
studies on the morphology of different conducting Polymers/DNA templated nanowires can give more insight
about the extent of mixing of the polymers with the DNA, size of the nanowires formed and their possible
applications in nanoelectronics devices, which is the aim of our research.

2. Materials and Methods

Exactly, 5 puL of the mixture of conductive polymer and DNA samples, which were obtained from Biolab, UK,
prepared as explained in previous reports (Yahaya, 2020a; Yahaya, 2020b) were dropped-cast on a cleaned silicon
substrate. The samples were dried in an airflow cabinet for 12 hours prior to AFM analysis. The MultiMode 8
Scanning Probe Microscope was used to obtain AFM height images. The equipment was operated in tapping
mode using silicon doped cantilevers, resonant frequency range of 230 to 410 kHz, with force constant ranging
from 20 to 80 Nm. The sensitivity of the cantilevers was determined with the assumption that there was no
deformation of the tip and sample. An isolation table was used to minimise noise from vibration.

3. Results and Discussion

DNA-templated deposits of conducting polymer nanowires display a lower and more constant width than metal
nanowires, presumably owing to the fairly slow reaction rate and thereby good controllability of polymerization.
The tapping mode AFM height images of water-diluted DNA on Silicon substrates are displayed in Figure 1. A
lattice of DNA bundles and some Rope-like structures can be seen in the Figure 1. The result is similar to other
reported works on the formation of well-defined DNA structures on silicon substrates. When deposited using
divalent cations, upon drying, shortening of DNA molecules were observed and were consistent in magnitude
with a partial B- to A-form conformational transition (Konrad et al. 2021; Bose and Tuan 2017). Despite the fact
that concentration and kinds of DNA and counterions present in solutions, network treatment after formation
and surface properties were among the factors that were assumed to be responsible for network formation, even
though it is not a conclusive idea. Overlapping of circles where divalent charged positive ions serve as salt bridges
between DNA, surface and between chains were suggested as mechanisms for network formation in DNA. Triple
strand splitting and double strand DNA organisation is another similar mechanism for network formation by
overcrossing of linear DNA chains (Yamaguchi et al. 2021; Marchetti and Guo 2020).

In Figure 2, an AFM image of bare DNA molecules adsorbed on mica surfaces were revealed. In this work, bare
DNA refers to the DNA prior to templating of conductive polymers. From the figure, it can be seen that the mica
substrate was enveloped by a two-dimensional network of DNA. The fibre heights of the network structures were
evaluated using height measurements of the DNA molecules acquired using the bearing function of the image
analysis software (Bruker: NanoScope Analysis version 1.5) to calculate the height of the strands in 3 different
spheres and it was found to be approximately 1.60 + 0.01 nm, which is very close to the double stranded DNA
chain height, that was found to be around 1.5 to 2.0 nm (Cervantes and Medina 2014; Ganguli et al. 2004). Just
like in our work, single stranded DNA molecules on mica have compact structures, while on another substrate,
like modified highly oriented pyrolytic graphite (HOPG), acquires a conformation without secondary structures,

40



J Mater Environ Sust Res (2022), 2(1): 39-52

based on which Adamcik et al. (2006) concluded that the intramolecular base-pairing was eliminated by
restriction of ssDNA under standard conditions on modified HOPG.

Figure 1: Bare DNA AFM images and height profile: (a) network of DNA bundles with some rope like structures
being formed (b) zoomed image of the rope like molecule (c) DNA height profile (d) unfolding coil like network
of the bare DNA molecule

Figure 2: Height AFM images of water diluted bare DNA on mica substrate: (a) 3D image of A-DNA (b) AFM
image showing the individual ropes (c) bare DNA molecules adsorbed on mica surface and d) AFM height profile

In our work, it was assumed that when mica Substrates are immersed in DNA solution, molecules are deposited
on the mica. surfaces and network structures are formed due to entanglement and aggregation of the DNA chains
and the added MgCl2 solution makes mica positive and easily adsorb the nanowire film. The attractive forces
(van der Waals, intermolecular forces, electrostatic forces and so on) of all kinds between DNA and mica were
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likely to be responsible for the morphological transformation of DNA molecules (Gosika et al. 2020; Yamada and
Kobayashi 2019). Andreyuk (2006), found similar results like ours when they visualised net-like structures
formed by several bases pair long DNA molecules that were transferred from solution to mica surface using
contact and tapping mode AFM. They also investigated the influence of DNA end structure and found single
strand ends increase the efficiency of the network formation and proposed that network junctions may occur at
distortion sites of the DNA chain.

In Figure 3, the AFM images and profile heights of PIm/DNA nanostructures are delineated. The images exhibit
a spherical shape, agglomerate and dense rope-like networks for the diluted and undiluted nanomaterials
respectively. The result obtained, as shown in figure 3, is in agreement with Al-Hinai et al. (2016) findings that
AFM images of PIm/DNA hybrids can prove the formation of polyimidazole beside the DNA strands. Their work
clearly distinguished PIm/DNA nanowires from bare DNA using their AFM height measurements by comparing
the heights of the wires appearing in the AFM image which are aligned after approximately 2 hours of incubation,
they confirmed that the polymer begins to coat DNA, but at the same time there is plenty of uncoated DNA
strands and a lot of agglomerated material of the DNA template. This agglomeration is believed to be due to
either free polymer or the presence of residuals of buffer salts or both (Cervantes and Medina 2014). Likewise,
condensation of DNA strands due to shielding of charges on the phosphate groups of the DNA by the action of
metal ions can be another reason (Moreno-Herrero et al. 2003).

Figure 4 further elucidates the rope-like network of the PIm/DNA nanowires, which demonstrates the suggestion
that the DNA/polymer composite in which the charge on the DNA is atone by the cationic polymer forming rope-
like structures (Nagarajan et al. 2008) The importance of tuning the incubation time with monomer unit and DNA
concentrations to find an agreeable balance between non-specific depositions, rope formation and nanowire
coverage have been proved by this result as was the case in similar studies elsewhere. It was suggested that when
high concentration of monomer, DNA and/or extended incubation times are utilised, polymerisation is no longer
directed along the duplex in a linear fashion but instead DNA/polymer simply aggregates in an uncontrolled
manner, identical to condensation of DNA by multivalent cations and cationic polymers, giving rise to a greater
degree of height variation in addition to difficulties during nanowire deposition (Watson et al. 2012).

Figure 3: AFM images of PIm/DNA on Silicon substrate after 24 hours incubation (a) Spherical shaped images
(b) enlarge strand bound by the CP (c) agglomerate disperse structures (d) small spherical shape nanostructures
(e) AFM height profile] (f) Dense rope like network of concentrated mixture.
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Figure 4: PIm/DNA nanostructures AFM height images: a, b and ¢ show a network of white polymer materials
along the DNA and (d) nanowires strand with polymer coating

In previous studies (Yahaya 2020a, b), numerical analysis of 150 Plm/DNA nanowires with more than one hour
incubation period revealed 3 - 4 nm as the modal diameter. Few structures with diameters greater than 13 nm
were also observed. Watson et al. (2013) attributed these larger structures to the wrapping of the CPs/DNA
structures into larger rope-like assemblies. They assumed that the formation of polymer on DNA takes place
initially through low density binding spherical conducting polymer particles on the duplex DNA. The size and
density of these polymer particles on the DNA increases as the reaction proceeds, leading to a beads-on-string
appearance. The loading of DNA with CP is increased with increasing reaction time and the polymer begins to
undergo change in shape, becoming elongated along the DNA axis and amalgamate into one another, finally
producing polymer nanowires of highly smooth and regular structure.

To probe the results of incubation time on topography of nanowires, PIn/DNA nanomaterials with different
polymerisation time were drop cast on SiO2 surface and AFM height images were captured and shown in Figures
5 and 6 for short and long time incubation respectively, the differences observed are that network/bundles of
polymer materials were observed for a short time while with a long synthesis time, thick polymer films were
seen. This is similar to previous observations elsewhere (Wadatkar and Waghuley 2019; Meers et al. 2016), it was
believed that hydrophobic surfaces favoured the observation of individual nanowires, and hydrophilic surfaces
adsorbed high density nanowires (Soler et al. 2019).

Some researchers observed changes in morphology of polypyrrole nanostructures upon standing in the
polymerisation solution, individual nanowires were found to combine together to form ropes and adjusting the
hydrophobicity of the substrate leads to an increase in the extent of silanization (Stejskal & Prokes, 2020). In
another study, Hassanien et al. (2010) found that the distinction between the Ppy/DNA and PIn/DNA systems is
that the latter structure is smoother and their thickness is uniform along the length of the nanowire after a reaction
time of 24 h. In their work, AFM measurements were carried out on samples of Ppy/DNA structures, aligned
upon silicon substrate after different reaction times (5, 10 and 30 minutes and 1, 4 and 24 hours). AFM imaging
of the sample isolated after a reaction time of 5 minutes shows evidence for the formation of conductive polymers
as approximately spherical particles bound to DNA strands at random points along the duplex structures. They
are bound to the DNA at low density with free DNA clearly seen between adjacent particles. A range of particle
sizes, from 18 - 28 nm, is observed. After increasing the reaction time to 10 minutes, the density and size of the
polymer particles on DNA are noticeably increased. In this case, the polymer particles have a density ~ 6
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particles/micron, and diameters ranging from 13 - 47 nm. At this incubation time, however, although the majority
of the polymer particles attached to DNA still have their initial spherical shape, one can also see some which have
become extended along the DNA axis, which is similar to our result.

6.6 nm

54 nm

44 nm

3.2nm 28nm

Figure 6: AFM height images of concentrated PIn/DNA on Si/SiO2 surface with long synthesis time.
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When the Polyindole/DNA nanomaterials were imaged on silicon and mica (Figures 7 and 8, respectively),
nanostructures were clearly observed which exhibited a regular and smooth shape with complete and continuous
coverage of the duplex DNA by the polymer material. The nanostructures have shown relatively similar
morphologies to other polymer nanowires prepared using DNA as a template (Pruneanu et al. 2008; Park et al.
2020).

Despite the fact that the complete, regular and smooth appearance of the Polyindole DNA templated nanowires
was attained in a shorter time in contrast with the earlier mentioned examples of polymer nanomaterials, a huge
number of agglomerated materials were also observed and believed to be due to the effect of their local
hydrophobicity/hydrophilicity relative to the supporting surface (Peil et al. 2020).

The dominance of 3 - 4 nm diameter range nanowires was revealed by numerical analysis of 150 PIn/DNA
nanowires in our previous work (Yahaya 2020b). Larger structures were also recorded indicating the
prolongation of the polymerisation reaction after the nanowire formation was further revealed by the presence
of nanowires with diameters greater than 13 nm.

Figure 9 reveals the PPy/DNA nanowires AFM height images, that shows different morphologies with materials
indicating both a small number of bare DNA strands, (a-b) indicating that not all the DNA molecules were
involved in templating, well aligned polymeric nanomaterials with regular coverage extended across the
substrate and high density PPy/DNA films. In image (c) the height image shows a granular morphology,
consisting of a linear assembly of nanomaterials densely arranged together along the DNA.

Figure 7: DNA templated polyinidole AFM images and profile heights: (a) multilateral network of PIn/DNA films
(b) Profile height of the aligned nanowires (c) thick nanomaterials film (d) capillaceous shaped nanomaterials
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Figure 8: PIn/DNA AFM height images absorbed on mica surface, showing the hexagonal surface covered by the
DNA-templated indole polymer.

90nmnm 6.0 nm

15.2 nm

Figure 9: AFM images of PPy/DNA nanowires.: (a-b) PPy/DNA nanowires film’s image showing (blue cycles) the
polymer materials incorporating/ bounding to the DNA material(c) well aligned, polymeric nanomaterials with
regular coverage extended across the substrate (d) nanostructures films.
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Our results on pyrrole polymer, are similar to other work on the same polymer and have the same interpretation,
for instance, Mao et al. (2016) explained in their studies of polypyrrole film diffusion through the self-affine
surface, that fractal dimensions calculated by electrochemical methods represent more chaotic and complex
behaviour for the polypyrrole film than fractal dimension obtained by AFM image, because some parts of porous
media in the surface is not accessible to imaging devices just lie in our study. In another work, Marandi et al.
(2010), found that over prolonged time of incubation, a self-assembly process occurs in which DNA templated
conductive polymers nanowires to form ring-like structures which they refer to as nanoropes, by carefully
analysing the AFM images they believed that the assembly process that form the rope-like structures consists of
individual nanowire twisted around each other as in Figure 12b. They showed that silanization can be used to
control the density of the nanoropes on silicon dioxide which allows for connecting them to a two terminal
electrical device that can measure their electrical properties.

In Figure 10 are shown average AFM images and profile height of PPy/DNA nanomaterials. From the figure it is
shown that (a-b) the substrate was covered by a two-dimensional meshwork of PPy/DNA, in (c) individual
nanowires (green square) and an AFM height profile (d) indicating the uniform height of the PPy/DNA
nanowires. These results may be due to the extent of polymerisation and level of mixing between the polymer
and DNA. Moonet al. (2010), found that images from different aminopropyl silatrane treatment times and using
the vortex process clearly showed the effect on the synthesis of individual and continuous polypyrrole nanowires.
The nanowires at various polymer concentrations had similar heights while for the higher concentration a lot of
residues were observed, just like in our work.

From a more elaborate statistical analysis of the PPy/DNA AFM height as shown in figure 11, the most common
height was 9 - 10 nm range, which can be attributed to the standing time, that increases the thickness of the
nanowires as the cluster process is gradual and continues for days, producing even thicker ropes (Chee et al. 2014;
Sharifi-Viand et al. 2015).

10.5 nm 6 p

Figure 10: PPy/DNA AFM height image: (a—b) hexagonal/mesh like structures (c) individual PPy/DNA nanowires
(green square) spread across the surface (d) height profile indicating the uniform height across the nanowires'
length
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Figure 11: Bar chat revealing the heights of 150 PPy/DNA nanowires

Mechanism of Polymer DNA Templating

According to some researchers, nanowire formation by the growth mechanism of supramolecular structure
method relies on the complementarity of the conductive polymer chains which are initially formed as short
cationic oligomers, bind to the DNA through supramolecular interactions, like electrostatics plus additional
noncovalent bonding, possibly in a manner analogous to small groove binding drug molecules. This then
influences the growth of further polymers along the double-helix axis (Hogan 2018).

The mechanism may be considered to pass through several, rather structurally distinct forms and to involve a
dramatic reorganisation of the conductive polymer strands over an exceptionally large, micrometre, length scale
once bound to the DNA duplex. In the synthesis and immobilisation of bulk polypyrrole (PPy) films on DNA-
modified silicon electrodes, for example (Fig. 12), the immobilisation arises from electrostatic interaction between
the cationic, oxidised PPy and the polyanionic DNA. It was reasoned that, because pyrrole oligomers formed
during the initial stages of oxidative polymerisation exhibit DNA-binding motifs, the formation of individual
DNA/PPy hybrid strands should also be possible through supramolecular interactions.

The characteristics of the mechanism of DNA-templating are of fundamental interest, but also have significance
for the major proposed applications of templated NWs as interconnects in electronic devices and as transducing
elements in chemical sensors. In the case of interconnects, it is clearly desirable for the NWs to be uniform and
continuous to attain the maximum possible conductivity, while in sensing, where the signal is typically a
fractional change in conductivity upon exposure to the analyte, it may be more important for them to have a high
surface: volume ratio to maximise the sensitivity and therefore a uniform, smooth morphology is not necessarily
optimal. From our results, all the polymer nanowires have both uniform, continuous and smooth morphologies.
Therefore, can be used as interconnects in electronic devices and as transducing elements in chemical sensors
(Watson et al. 2014).
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Figure 12.: Proposed mechanism of self-assembly of DNA-Polypyrrole nanowires. a) Oxidation of pyrrole
monomer with FeCls, b) association of oligomers on DNA through supramolecular interactions, c) polymer
growth on DNA template (Dong et al., 2007). Reproduced with permission from John Wiley & Sons.

4. Conclusion

AFM images of free DNA on pre-treated silicon substrates reveal a two-dimensional network of DNA structures
with an average height of approximately 1.60 + 0.01 nm, which is close to a double stranded DNA chain height
of 1.5 — 2.0 nm. Similar behaviour was observed when the bare DNA images were acquired on mica substrate.
PIm/DNA exhibits globular and agglomerate nanostructures for the concentrated polymers, while the diluted
form reveals a dispersed network of the nanomaterials with a diameter of 3 - 5 nm mostly. In Pn/DNA materials
imaged on mica and silicon substrate, where pretreatment modifies the surfaces to a hydrophobic form that
reduces surface interactions with the hydrophilic nanowires, the AFM images show dense networks of nanowires
in their concentrated form while the diluted nanowires displayed individual single wires with regular and
smooth morphologies. Statistical analysis of the nanowire AFM heights indicated the predominance of 3 - 4 nm
diameter nanowires. Polypyrrole DNA-templated nanomaterials on silicon and mica substrates show different
morphologies in their AFM height images indicating both small numbers of bare DNA strands (because not all
the DNA was involved in the templating of the polypyrrole); well aligned polymeric nanomaterials with regular
coverage that extended across the substrate and high density PPy/DNA films (from the concentrated
nanomaterials. The most common nanowire height range was 9 - 10 nm. Comparing the three polymer AFM
studies, it can be said that all the three polymers revealed similar images under AFM, which is not surprising as
both polymers are conjugated and have similar polymerisation mechanisms and the same mixing behaviour with
the DNA template. Polypyrrole has the highest nanowire range of 9 - 10 nm, then PIm/DNA (3 - 5 nm) and the
least is PIn/DNA with 3 - 4 nm range. The difference can be attributed to the rate of polymerisation of the different
polymers, that results in their having different morphologies. From the nanowire sizes and morphologies
(uniform, smooth and continuous), it can be said that all the three polymers have potentials for application as
interconnects in electronic devices and as transducing elements in chemical sensors as they can be aligned on
nanoelectrodes for passage of electricity.
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