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 DNA molecules have been widely recognized as promising building blocks for 
constructing functional nanostructures with two main features, that is, self-assembly 
and rich chemical functionality. The intrinsic feature size of DNA makes it attractive 
for creating versatile nanostructures. Moreover, the ease of access to tune the surface 
of DNA by chemical functionalization offers numerous opportunities for many 
applications. Herein, a simple yet robust strategy is developed to yield the self-assembly 
of DNA by exploiting controlled evaporative assembly of DNA solution in a unique 
confi ned geometry. Intriguingly, depending on the concentration of DNA solution, 
highly aligned nanostructured fi brillar-like arrays and well-positioned concentric 
ring-like superstructures composed of DNAs are formed. Subsequently, the ring-
like negatively charged DNA superstructures are employed as template to produce 
conductive organic nanowires on a silicon substrate by complexing with a positively 
charged conjugated polyelectrolyte poly[9,9-bis(6′- N,N,N -trimethylammoniumhexyl)
fl uorene dibromide] (PF2) through the strong electrostatic interaction. Finally, a 
monolithic integration of aligned arrays of DNA-templated PF2 nanowires to yield 
two DNA/PF2-based devices is demonstrated. It is envisioned that this strategy can 
be readily extended to pattern other biomolecules and may render a broad range of 
potential applications from the nucleotide sequence and hybridization as recognition 
events to transducing elements in chemical sensors. 
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  1.     Introduction 

 Many biological molecules are known to self-assemble into 

ordered and complex structures using their selective molec-

ular recognition properties. [ 1 ]  Intermolecular self-assembly 

programmed by molecular recognition events that are 

dynamically driven by energy dissipation has been recog-

nized as the spontaneous process of molecules. This enables 

to build spatially defi ned molecular architectures from the 

nanoscale to macroscopic dimensions. [ 2–4 ]  DNA have been 

capitalized on as a structural material to arrange organic and 

inorganic molecular components using DNA as a template 

has been demonstrated. [ 5–8 ]  DNA self-assembly has attracted 

signifi cant attention as it offers a bottom-up manufacturing 

technique to provide effi cient templates for the subsequent 

assembly of either organic or inorganic nanoelements such as 

metallic charged nanoparticles or streptavidin proteins. [ 9–12 ]  

Surface modifi cation of individual DNAs and their con-

fi gurations is of crucial importance to develop nanoscale 

devices based on DNA-templated assembly. [ 13,14 ]  In this con-

text, the specifi c immobilization of a large number of DNA 

molecules on a solid substrate has progressed over the past 

years for many potential applications such as electronic, mag-

netic, optoelectronic, and sensors, in which DNA molecules 

are “addressable” only when they are highly ordered or 

stretched. Moreover, suffi cient mechanical rigidity, rich chem-

ical functionality, and the programmable structures of DNA 

provide opportunities to construct 1D and 2D templates such 

as nanowires, ribbons, nanotubes, and nanotiles, [ 4,9 ]  while 

retaining its structural integrity under the mild reaction con-

ditions in order to form metals, semiconductors, or conduc-

tive polymers. [ 15,16 ]  

 In order to form the effi cient DNA assembly by stretching 

and organization, the moving meniscus of DNA solutions has 

offered a wide variety of combing-based means to elongate 

and fi x DNA molecules on substrates. For instance, a natural 

drying process (i.e., drop casting), spin-stretching on a spin-

ning disk, Langmuir–Blodgett technique, fl owing DNA solu-

tions on the air/liquid interface in microfl uidic channels, and 

electrophoresis separation have been demonstrated to form 

well-defi ned shapes and arrays of DNA molecules. [ 17–21 ]  

These results suggested the possibilities of precise control of 

the orientation and curvature of DNA molecules, although 

DNA was still randomly distributed with a signifi cant 

number of unwanted defects, which restricted the develop-

ment of device arrays. Moreover, a soft lithography method 

was applied to realize the highly effective periodic alignment 

of DNA via a polydimethylsiloxane stamp assisted molecular 

combing process. [ 22,23 ]  However, the use of a lithographic 

method often requires expensive equipment and multistep 

procedures. Clearly, a cost-effective strategy for organizing 

DNA molecules at large length scale still remains challenging. 

 Recently, highly regular self-organized concentric arrays 

composed of polymers, nanoparticles, single-walled carbon 

nanotubes, etc., have been reported by allowing a drop of 

solution containing nonvolatile solutes noted above to evap-

orate in a constrained geometry comprising a spherical lens 

on a fl at substrate. [ 24–27 ]  With such a geometric confi nement, 

the maximum evaporative loss of solvent via evaporation is 

induced only at the edge of evaporating solution instead of 

the entire droplet surface as in the conventional approaches 

which yields coffee ring-like stains. [ 28 ]  Within a certain con-

centration regime, a number of concentric ring patterns 

are spontaneously formed by controlled, repetitive pinning 

and depinning events of the contact line (i.e., “stick–slip” 

motion). [ 29 ]  This dynamic motion due to the evaporative loss 

of solvent leads to the formation of patterned fi lms where 

the solute lines are deposited during a “stick” event and the 

spacing is dictated by the “slip” of the meniscus which are 

governed by the competition between the capillary force and 

the pinning force. [ 25 ]  Therefore, it is essential to control the 

evaporation fl ux, the solution concentration, and the inter-

facial interaction between the solute and substrate for fi ne-

tuning the ordered structures. [ 30–32 ]  

 Herein, we report a simple yet facile technique to craft a 

set of intriguing patterns composed of salmon sperm DNA 

(≈2000 bp, Sigma-Aldrich) from the drying-mediated self-

assembly in a confi ned geometry where the DNA solution 

is held by capillary force. The straight DNA bundles, curled 

structure, and concentric ring patterns were created by var-

ying the DNA solution concentration. In particular, periodi-

cally spaced concentric line patterns of DNA strands with 

unprecedented regularity over large area were produced. In 

order to engineer these self-organized DNA structures for 

their integration into electronic devices, the surface modifi -

cation is essential due to the poor electrical characteristics 

of DNA. To this end, a cationic conjugated polyelectrolyte 

(CPE), poly[9,9-bis(6′- N,N,N -trimethylammoniumhexyl)fl u-

orene dibromide] (PF2) was used to form a complex with 

DNA in aqueous solution. [ 33,34 ]  The complexation of cati-

onic PF2 with anionic biological polyelectrolytes (i.e., salmon 

sperm DNA) offers an effective means of building the pat-

terned structures of semiconducting conjugated polymers. 

The current–voltage characteristics of patterned DNA and 

DNA/PF2 complex structures were investigated. PF2 car-

ries the advantage of mechanical fl exibility and chemical 

similarity, which enables not only the fabrication of well-

organized arrays of a biological polyelectrolyte in a control-

lable manner but also the functionalization of biomolecules 

with electrostatic complementarity of CPE and DNA. [ 33,35,16 ]  

As such, this preparative strategy may suggest a viable route 

to incorporating biomolecules and semiconducting organic 

materials into the highly organized patterns for poten-

tial applications in surface-bound biosensors, bioelectronic 

devices, etc. [ 34,36,37,16 ]   

  2.     Results and Discussion 

  2.1.     Drying-Mediated Assembly of DNA Strands in 
Sphere-On-Flat Geometry 

 A schematic illustration of a droplet of salmon sperm DNA 

(hereafter referred to as DNA) solution loaded in a confi ned 

geometry consisting of a spherical lens on a Si/SiO 2  substrate 

(i.e., a sphere-on-fl at geometry) is shown in  Figure    1  a. The 

two surfaces are initially separated by a few hundred micro-

meters apart using a micropositioning stage with a lens holder, 
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and then the aqueous DNA droplet was loaded in between 

the two surfaces. Next, the upper spherical lens was slowly 

brought into contact with the lower Si/SiO 2  substrate such 

that a capillary-held DNA solution forms with the highest 

evaporation rate only at the edge of a solution. [ 25,26 ]  Conse-

quently, an initial circular pinning contact line was exerted 

(a red dashed line in Figure  1 b). During the course of solvent 

evaporation in a sealed chamber, cyclic stick–slip motions of 

the three-phase contact line were preceded until the solvent 

was completely dried out; the circular-shaped pinning contact 

line gradually moved toward the center of the sphere–sub-

strate contact (contact center, Figure  1 a). Afterward, the two 

surfaces were carefully separated and the formed patterned 

structures on the substrate were examined by an optical 

microscope. Shown in Figure  1 c is a representative optical 

micrograph of the remarkably regular concentric DNA ring 

patterns over a lateral distance of millimeter scale obtained 

by the deposition of DNAs from 50 µg mL −1  DNA water solu-

tion. The formation of periodic patterns can be understood 

as a direct consequence of controlled, repetitive stick–slip 

motions of receding contact lines as illustrated in Figure  1 d. 

The consecutive motions of the contact line are governed 

by the balance between pinning (i.e., mainly refl ected by 

the friction force) and depinning forces (i.e., the capillary 

force caused by the surface tension of solvent) at the liquid/

substrate interface. [ 38 ]  The assembly of DNA strands also 

depends on many factors such as solution concentration, sol-

vent evaporation rate, and solute/substrate interactions. Most 

of all, however, we postulate a periodic temporal-spatial vari-

ation of DNA concentration in the receding meniscus should 

play an important role in pattern formation where the local 

change in concentration of solution drop leads to periodic 

deposition on the substrate. [ 32 ]  During the drying process, 

an outward fl ow of solution diffuses from the bulk solution 

to replenish the highest evaporation loss at the extremity of 

a solution, which also transports DNA molecules from the 

bulk solution (Figure  1 d, left panels). Therefore, the local 

concentration in the meniscus becomes increasingly higher. 

When it reaches a certain threshold value, DNA molecules 

begin to form densely packed aggregates on the substrate. [ 39 ]  

Therefore, more DNA molecules can be continuously pre-

cipitated and jammed on the substrate. In the meantime, the 

meniscus is shrunk forming concave curvature, and the ini-

tial contact angle at the edge of contact line decreased via 

continuous solvent evaporation, at which the depinning force 

exceeds the pinning force. When the contact angle becomes 

smaller than the critical contact angle, the contact line moves 

quickly inward, and thus a new position develops (Figure  1 d, 

right lower panel). [ 38 ]  Meanwhile, the solution recovers the 

initial DNA concentration again and the continuous cyclic 

pinning–depinning process regularly repeats until it moves 

into the sphere/Si contact center. It is noteworthy that this 

simple sphere-on-fl at geometry facilitates the suppression 

of hydrodynamic instabilities, and thus providing a precisely 

controlled environment for the solvent evaporation, [ 24–27,30 ]  

compared to single-droplet drying approaches. [ 28,29 ]   
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 Figure 1.    a) Schematic illustration of the sphere-on-fl at geometry: cross-sectional view of a capillary-held DNA solution placed in a capillary 
bridge, where X  n   ( n  = 1–3) indicates the radial position away from the contact center. b) Close-up, cross-sectional view of the right capillary edge 
forming an initial pinning contact line (dashed line). c) Representative optical microscopy images of highly regular concentric DNA-ring patterns 
over large area obtained from drying-mediated self-assembly with 50 µg mL −1  DNA aqueous solution in the confi ned geometry (a). The arrow on 
the left marks the moving direction of the solution front during the course of evaporation. X 1 , X 2 , and X 3  are the distances of ring away from the 
sphere/substrate contact center at outermost region (X 1 ), intermediate region (X 2 ), and innermost region (X 3 ), respectively. Scale bar = 150 µm. 
d) Schematic representation of the stepwise formation of DNA rings (upper panels) via a controlled evaporation of solvent at the edge of a DNA 
droplet and repetitive “stick-slip” motion of the contact line (lower panels).
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  Figure    2   summarizes the details about the highly ordered 

DNA ring patterns formed by the controlled evaporation in 

the sphere-on-fl at geometry. Figure  2 a represents a highly 

magnifi ed optical micrograph of DNA ring patterns created 

from the 50 µg mL −1  solution; locally, it shows extremely reg-

ular periodic striped patterns, with no residual DNA strands 

between the adjacent stripes, where the deposited stripes 

are parallel to the receding contact line and have typical 

distances noted as  λ  C-C  (the center-to-center distance of the 

stripes, marked in Figure  2 a). In Figure  2 b, the experimental 

results show that the trend of a “jumping distance”  λ  C-C  

between consecutive stripe patterns increases with increasing 

distance from the contact center. The inset images at the 

different radial distance away from the center of sphere/

fl at substrate contact (noted X 1 , X 2 , and X 3  in Figure  1 a,c) 

show different densities of DNA stripes in the same observed 

area. It has been investigated that the origin of this gradient 

fashion (the rate of change of  λ  C-C ) is expected to be due to 

a delicate interplay of the geometrical constraint (i.e., the 

surface profi le of the spherical lens). [ 38 ]  To explore the sur-

face morphology of parallel stripe patterns of DNA shown 

in Figure  2 a, atomic force microscope (AFM) measurements 

were performed (Figure  2 c). It reveals that several microns 

wide and several nanometers high DNA stripes were formed 

with high regularity and fi delity. Figure  2 d shows the surface 

profi ling of micro-patterned DNA; the average height,  H  ring , 

was measured to be 9.1 ± 0.5 nm corresponding to several 

stacking layers of dsDNA molecules and 

the average width of patterns,  W  ring , was 

measured to be 4.2 ± 0.4 µm, respectively.   

  2.2.     Effects of DNA Concentration on 
Morphological Changes of DNA Patterns 

 A range of different intriguing sur-

face patterns were crafted by varying 

the droplet concentrations. In the pre-

sent study, as shown in  Figure    3  , gradual 

but clear morphological changes were 

observed with decreasing the DNA con-

centration from 1000 to 10 µg mL −1 . As for 

the concentration as high as 1000 µg mL −1 , 

the assembled DNA pattern was not of 

a ring pattern horizontally to the contact 

line (Figure  2 ) but of a textured fi lm that 

covers the axially symmetric sphere-on-

fl at geometry (Figure  3 a), so-called spoke-

like structures. The local orientation of 

DNA assemblies within this concentration 

regime was very uniform with nematic-

like ordering of densely packed straight 

DNA bundles over the entire macroscopic 

areas as shown in Figure  3 a; optical micro-

scopic image shows that the DNA strands 

were “woven” into ordered fi bril bundles 

parallel to the drying direction (i.e., mole-

cular combing of DNA). [ 19,40 ]  Notably, 

the individual DNA fi laments were fi rmly 

tethered on a fl at surface with highly uniform orientation 

toward the contact center (i.e., radial spokes) without posi-

tional ordering as a result of intermolecular condensation 

during the drying process. Analogous to the aligning deposi-

tion process of other small molecules such as nanoparticles [ 41 ]  

or carbon nanotubes, [ 42 ]  the formation of DNA spokes can be 

easily understood as follows. At the early stage of the depo-

sition process, when a suffi ciently concentrated DNA solu-

tion was provided in confi ned geometry, a large number of 

DNAs were precipitated and supersaturated at the pinned 

contact line on the substrate. These anchored DNAs initially 

served as nucleation sites and grew into DNA bundles that 

are aligned perpendicular to the contact line by continuously 

replenished DNA solutes from the interior solution. Hence, 

the DNA molecules were straightened and condensed at 

the same time due to the lateral evaporation-induced capil-

lary force acting on the length direction of DNA molecules 

at the receding solution front during the successive drying 

of the liquid fi lm. This resulted in highly packed spoke pat-

terns. It is worth noting that this type of long-range textured 

DNA structures were created only by confi ning the drying 

process within geometries (Figure S1, Supporting Informa-

tion); on a fl at single surface, the dispersion readily wets and 

large aggregates of DNAs were found to be randomly dis-

tributed. Interestingly, at the inner-most site (denoted as X 3  

in Figure  1 a), the deposited DNA bundles exhibited alter-

nating slightly jammed and regularly elongated DNA bundle 
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 Figure 2.    a) Optical micrograph of a small zone of highly ordered DNA rings on Si/SiO 2  substrate 
(locally, they appeared as parallel straight stripes) at intermediate region, X 2  in Figure  1 c ( c  = 
50 µg mL −1 ). DNA stripes were formed perpendicular to the moving direction of solution front. 
Center-to-center distance between the DNA stripes is marked as  λ  C-C . Scale bar = 20 µm. 
b) Gradient periodic DNA-stripe pattern formation;  λ  C-C  values are plotted as a function of  X , 
where  X  is the distance from the sphere/substrate contact center. Two representative optical 
microscopy images are given as insets. Scale bar = 40 µm. c) A typical AFM height image of 
DNA stripes on Si/SiO 2  substrate. Scale bar = 10 µm. d) The corresponding AFM height profi le 
taken along the direction marked by the dashed line in (c).
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regions (Figure  3 b). This topological variation of ordered 

fi bril bundles is due presumably to the concentration changes 

of DNA solution. As the solution front moves inward 

through the evaporative loss of solvent, the solution volume 

becomes slowly decreased and thin liquid fi lm of DNA solu-

tion recedes deeper toward the contact center since the cur-

vature changes by spherical lens in confi ned geometry. [ 24 ]  

Subsequently, the DNA spokes may undergo slowly jammed 

period as more DNAs were bundled to the existing DNA 

nucleation sites, as shown in Figure  3 b. A similar phenom-

enon has also been observed from other previously reported 

biological material systems. [ 43,44 ]  As for the DNA concentra-

tion of 500 µg mL −1 , DNA bundles were less densely packed 

and partially lost their orientation as shown in Figure  3 c. 

This optical micrograph shows that DNA 

bundles tend to form a variety of curled 

and looped strands following the capillary 

fl ow (marked by the arrows in Figure  3 c). 

The weakened alignment of DNA chains 

can be attributed to the loose inter-

molecular interaction between DNA 

chains and the larger capillary force com-

pared to anchoring force (see interme-

diate DNA concentration in Figure S2, 

Supporting Information).  

 With further decrease in the DNA 

droplet concentration to 100 µg mL −1 , 

concentric ring patterns were fi rst 

appeared (Figure  3 d) due to the cyclic pin-

ning–depinning process at the receding 

meniscus edges, showing morpholog-

ical similarity in clear comparison with 

50 µg mL −1  solution (Figure  2 ). In the pre-

sent study, one of the noticeable results is 

the transition of the DNA arrangement 

from perpendicular (i.e., spoke-like pat-

terns) to parallel (i.e., coffee ring-like 

deposition) to the receding contact line 

by decreasing the solution concentra-

tion. Such morphological transitions of 

the resulting DNA patterns are due pre-

sumably to the concentration-dependent 

variation in the balance between the pin-

ning force of DNA sedimentation and 

the hydrodynamic dragging force acting 

on the laterally mobile DNA molecules 

at the thin fi lm of liquid bridge (i.e., air/

water interface); both of these forces are 

strongly infl uenced by DNA concentration 

in solution. [ 38,32 ]  At a low concentration 

such as 100 µg mL −1 , the amount of DNA 

deposition at the drying solution front was 

relatively smaller than high concentration 

case; fewer solutes were available with 

which to pin the contact line. On the other 

hand, the lack of the DNA molecules sur-

rounding the solution at the pinned con-

tact line prohibited the successive growth 

of DNA bundles and the formation of tex-

tured continuous fi lm. As a consequence, limited DNA mole-

cules are accumulated at the edge of contact line for a period 

of time during the solvent evaporation (i.e., pinning) to reach 

a critical value before the meniscus is retracted to inward by 

the interfacial capillary (i.e., depinning), which produce dis-

crete stick–slip motions. It is interesting to note that a large 

number of DNA fi laments that are interconnected with the 

main periodic rings were shown as an example of the tran-

sition stage from DNA-spoke to ring arrays. These fi brillar 

“branches” of DNA along the main stripe patterns display 

radial orientation, perpendicular to the moving contact line 

which covers all the spacing between adjacent stripe pat-

terns (Figures S3 and S4, Supporting Information). Upon 

further dilution of DNA solution up to 50 µg mL −1 , the 
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 Figure 3.    Representative optical micrographs of morphological evolution of DNA 
nanostructures by changing the concentration of DNA solutions in confi ned geometry. 
a) Macroscopically nematic-like ordering of densely packed straight DNA bundles was formed 
at highly concentrated DNA solution,  c  = 1000 µg mL −1 ; continuously textured DNA strands 
covered the entire substrate surface with the axially symmetric spoke-like confi guration 
toward the contact center. b) Periodically textured DNA pattern formation of slightly jammed 
and regularly elongated DNA bundled structures at the inner-most site of sphere-on-fl at 
geometry (X 3  region in Figure  1 a) with the same DNA concentration in (a). c) The curled 
and looped DNA strands marked by arrows were observed at the DNA concentration of  c  = 
500 µg mL −1 . d) Concentric DNA ring patterns appeared with a large number of branched-DNA 
fi laments interconnected with main rings at the DNA concentration of  c  = 100 µg mL −1 . 
e) Fluorescent optical microscopy images of a large number of highly regular DNA ring patterns 
formed with the extremely diluted DNA solution,  c  = 10 µg mL −1  in sphere-on-fl at geometry. 
The white arrows shown in each micrograph indicate the moving direction of the solution 
front.



www.MaterialsViews.com

4259© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

discrete and well-defi ned circular patterns were developed 

(Figure  2 a) without the immobilization of DNA branches. 

Finally, when the concentration of DNA solution decrease as 

low as 10 µg mL −1 , the highly fi ne and dense DNA ring pat-

terns were obtained with a full surface coverage as shown in 

Figure  3 e and Figure S5 (Supporting Information). To clarify 

the pattern formation of DNAs, we used a dye molecule 

(YOYO-1) for fl uorescent optical microscope image. 

  Figure    4   shows AFM height images and the corresponding 

cross-sectional height profi les of the detailed morphological 

changes with changing solution concentration. At the high 

concentration (1000 µg mL −1 ), it shows straight DNA fi brillar 

bundles in a radially oriented confi guration parallel to the 

drying direction with tens of nanometer scale. Dilution of the 

solution to 500 µg mL −1  induces the formation of the curled 

and loosely oriented DNA chains (Figure  4 b). As shown in 

Figure  4 c,d ( c  = 100 µg mL −1 ), stripe patterns with branched-

DNA fi laments were observed. Here, the  W  Ring ,  H  Ring , and 

 H  Branch  were measured to be 2.02 ± 0.31 µm, 19.4 ± 4 nm, 

and 13.6 ± 2 nm, respectively. In contrast, in the case of 

10 µg mL −1  DNA solution, somewhat different morpholo-

gies were measured (Figure  4 e), which were not immediately 

noticed by the previous optical microscopy images. As shown 

in Figure  4 f, the zoom-in AFM image clearly reveals that each 

individual stripe consists of discontinuous DNA agglomer-

ates, which is attributed to the droplet breakup due to the 

insuffi cient replenishment of solutes near the drying front, 

leading to the formation of DNA dotted arrays or nanorings 

(marked as circles in Figure  4 f) via the surface tension driven 

Rayleigh instability at the pinned contact line that minimized 

the surface free energy. [ 25 ]  In addition, at this diluted DNA 

condition, the hydration of separated DNA chains becomes 

dominant and thus the hydrated random coiled DNA chains 

tend to agglomerate to form a cluster at the late stage of 

water evaporation as schematically described in Figure  4 g. [ 45 ]  

The overall observed results of our experiments substanti-

ated that the concentration of the DNA solution in confi ned 

geometry is an important factor in determining the character-

istics of the assembled DNA shape and stability on the sur-

face (Figure S6, Supporting Information). Conclusively, the 

competitive advantage of this method is to provide a unique 

environment such as capillary bridge, toward controlling the 

motion of moving meniscus within the drying droplet, which, 

in turn, regulates not only the precise deposition of DNA 

molecules but also the DNA interchain attractions to form 

different patterned assemblies.   

  2.3.     DNA Template-Assisted Assembly of CPE 

 The well-aligned arrays of DNA patterns can be utilized as 

a template for conjugated polymers, imposing the electrical 

properties to the defi ned structures of DNA for further appli-

cation in electronic devices. [ 46,47,16,48,49 ]  Negatively charged 

DNA surfaces are easily modifi ed with positively charged 

CPEs to form an electrostatic complex in aqueous solution. In 

this work, we choose a water soluble cationic CPE, poly[9,9-

bis(6′- N,N,N -trimethylammoniumhexyl)fl uorene dibromide], 
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 Figure 4.    Representative AFM images of DNA surface patterns under different concentration conditions and the corresponding cross-sectional 
height profi les. a) Straight and densely packed DNA bundles with tens of nanometer scale ( c  = 1000 µg mL −1 ). b) The curled and loosely oriented 
DNA chains ( c  = 500 µg mL −1 ). c,d) DNA stripe patterns covered with the branched-DNA fi laments between adjacent spacing and zoom-in image 
( c  = 100 µg mL −1 ). e,f) DNA stripes consist of discontinuous DNA agglomerates and zoom-in image with dotted arrays or nanorings ( c  = 10 µg mL −1 ). 
g) Schematic drawing of hydrated coiled DNA chains forming a cluster.
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(PF2,  M  n  = 15 000 g mol −1 , PDI = 2.57) as a model system 

to coat the individual DNA surfaces forming electrostatic 

complexation in an aqueous solution. [ 34–36 ]   Figure    5  a shows 

a chemical structure of PF2 which is composed of the back-

bone of polyfl uorene with cationic trimethylammoniumhexyl 

side chains. A schematic illustration of forming the complex 

is displayed in Figure  5 b, which is involved with continuous 

decoration of CPEs on the surface of DNA fi brils via elec-

trostatic attractions. We measured the UV–vis absorption 

and photoluminescence (PL) spectra for PF2 and DNA/

PF2 complexes in water and in patterned fi lm (Figure  5 c,d). 

The DNA/PF2 complex in water (20:1 concentration ratio 

of DNA to PF2) shows two absorption peaks at 390 and 

260 nm that originate from PF2 and DNA, respectively. The 

PL maximum ( λ  PL ) of PF2 was measured at 426 nm in water 

and at 432 nm in patterned fi lm, clearly showing a redshift in 

fi lm due to increased effective π-conjugation via interchain 

aggregation of PF2 in a solid state. In the case of the DNA/

PF2 mixture in aqueous solution, the PL spectrum shows 

 λ  PL  = 428 nm which is similar to that of PF2 in water, sug-

gesting that electrostatic complexation with DNA does not 

disturb the electronic structure of PF2. Interestingly, almost 

identical PL spectra were measured for the DNA/PF2 mix-

ture in solutions and solid states (electrostatic complex of 

PF2 on the patterned DNA), indicating negligible interchain 

aggregation of PF2 by electrostatic complexation with DNA 

(see  λ  PL  = 432 nm for PF2 in fi lm). It would be acknowledged 

that DNAs may interrupt the polymer–polymer interchain 

aggregation, thereby inducing a stretched polymeric chain via 

electrostatic complexation on the patterned DNA arrays. [ 33,48 ]  

The DNA/PF2 complexes were tethered on a substrate with 

highly aligned confi guration through droplet evaporation in a 

unique geometry (i.e., sphere-on-fl at) with optimized concen-

tration,  c  = 100 µg mL −1  (inset image in Figure  5 , see details in 

the Experimental Section).  

 The use of highly aligned DNA-templated conjugated 

polymers as electrically conductive channels is of great 

interest in device construction, such as positioning the DNA 

patterns with electrode arrays.  Figure    6  a shows a schematic 

illustration of a fabrication process for two terminal devices 

using a shadow mask. In the device fabrication process, a 

major technical challenge was the integration of the aligned 

nanoscale patterns onto the desired locations of electrodes 

(i.e., electrical channel between electrical bridges), which 

was performed using a micropositioner under an optical 

microscope for the precision alignment. Then, the metal elec-

trodes were deposited by thermal evaporation of aluminum 

(200 nm thick) in a high vacuum chamber. The metal layers 

on top of DNA-templated PF2 nanowires were electrically 

isolated (right panel in Figure  6 a), which enables the cur-

rent measurements on multichannel devices of each PF2 

and DNA-templated PF2 nanowires. Figure  6 b shows a rep-

resentative channel region in the optical microscope image 

between two electrodes; the width and separations of the Al 

electrodes were 50 and 25 µm, respectively; the integrated 

individual electrically conductive channels (i.e., individual 

DNA/PF2 nanowires) were conformally wrapped by the 

overlying metal electrodes. It is noteworthy that the DNA-

templated PF2 nanowires maintain excellent alignment 

throughout the process without any degradation. The width 

and height of such nanowires between two electrodes were 

measured to be 1.5 ± 0.19 µm and 18.7 ± 3 nm, respectively 
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 Figure 5.    a) Molecular structure of PF2. b) Schematic sketch of electrostatic complexation between DNA and PF2; PF2 chains distributed along DNA 
chains via complementary charge interactions. c) Normalized UV–vis absorption spectra of PF2 and DNA/PF2 complex in water. d) PL spectra of PF2 
in the presence and absence of DNA in water and in pattern (inset: optical micrograph of highly ordered arrays of DNA/PF2; scale bar = 10 µm).
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(inset AFM image in Figure  6 c). Finally, the electrical char-

acteristics measured in ambient condition are presented in 

Figure  6 c. The associated current–voltage ( I–V ) curves yield 

the successful electrical responses of the DNA-templated 

PF2 nanowires. The current levels measured from devices 

built with DNA-templated PF2 nanowires are approxi-

mately two times higher than that of the PF2 nanowire itself 

(without the DNA template), for both positive and negative 

bias cases. The typical values of recorded conductance for 

the DNA-templated PF2 nanowires were 11–14 pS, which 

is comparable to the reported values. [ 50 ]  This large increase 

in conductivity can be primarily attributed to the aligned or 

stretched conjugated polymer chains (PF2) along the DNA 

strands, [ 48 ]  supported by the previously reported direction-

dependent conductivity enhancement of the DNA and con-

jugated polymer complexes. [ 35 ]     

  3.     Conclusion 

 In summary, we developed a simple yet robust evaporative 

self-assembly strategy for creating highly regular DNA arrays 

over large area (i.e., millimeter scale) by allowing a drop of 

DNA solution to dry in sphere-on-fl at geometry. This geomet-

rical confi guration provides a unique environment for con-

trolling DNA to fl ow within the evaporating droplet, thereby 

precisely regulates the anchoring of DNA solutes on a sub-

strate in a remarkably controllable, cost-effective, and repro-

ducible manner. Subsequently, by varying the concentration 

of DNA solutions, either fi brous textured nanostructures or 

high density of patterned DNA nanowires was formed on the 

Si/SiO 2  substrates. More interestingly, by subjecting the solu-

tion composed of the complex of DNA and PF2 to evaporate 

in sphere-on-fl at geometry, highly ordered DNA/PF2 pat-

terns were formed and utilized as templates to fabricate two 

terminal device arrays. We envision that the ability to modify 

DNA molecules (e.g., complexation with CPE) and deposit 

them in a controllable manner (i.e., possessing desirable spa-

tial arrangement) may provide opportunities to realize the 

potential of DNA-based nanotechnology for more advanced 

molecular nanoelectronic devices and transducing elements 

in chemical sensors. [ 37,51,16 ]   

  4.     Experimental Section 

  Preparation of Salmon Sperm DNA Solution : To prepare the 
DNA solution, salmon sperm DNA (≈2000 bp, Sigma-Aldrich) was 
used as supplied without further purifi cation. Dried DNA powder 
(10 mg) was placed in a 15 mL Falcon tube, and then DI water 
(10 mL) was added to yield a concentration of 1000 µg mL −1 . 
Next, the solution was heated for 24 h at 80 °C to dissolve DNA 
completely, and then it was treated by ultrasonication for 20 min. 
Series of DNA solutions were prepared by dilution to yield the 
desired concentration ranging from 500 to 10 µg mL −1 . All the 
prepared DNA solutions were vigorously stirred by using a vortex 
mixer for 15 min just before use. 

  Sphere-On-Fat Confi ned Geometry : A spherical lens 
( R  = 10.94 mm,  D  = 10.15 mm) made of fused silica and Si/SiO 2  
wafer was used as the upper and lower surfaces, respectively, to 
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 Figure 6.    a) Schematic diagram of a fabrication process of DNA-templated devices; metallization was performed with the precise alignment of a 
shadow mask on patterned nanowire arrays of DNA/PF2 complex. b) Optical micrograph of a pair of Al electrodes on aligned DNA/PF2 arrays on a 
Si/SiO 2  substrate. c) Current–voltage ( I–V ) characteristics; linear fi ts defi ne the effective resistance. The inset shows the AFM image of patterned 
nanowire arrays of DNA/PF2.
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construct a confi ned geometry, i.e., the sphere-on-fl at geometry. 
The lens and substrates were cleaned with a mixture of hydrogen 
peroxide and sulfuric acid (0.3/0.7 by volume), rinsed with DI 
water, and dried by blowing nitrogen gas. The contact of the lens 
with Si/SiO 2  was made using a micropositioning stage with a lens 
holder, and then the aqueous DNA droplet (25 µL) was loaded 
in between the two surfaces, then the upper spherical lens was 
slowly brought into contact with the lower stationary fl at substrate 
(Figure  1 a). All procedures were conducted in a sealed chamber 
to maintain constant temperature (≈30 °C) during the evaporation 
process. 

  Synthesis of Poly[9,9-bis(6′-bromohexyl)fl uorene] (n-PF2) : 
The neutral polyfl uorene precursor was synthesized by fol-
lowing the previously reported procedure. [ 52 ]  The  1 H NMR 
spectra were recorded on a Bruker AVANCE 400 spectrometer, 
with tetramethylsilane as the internal reference. A mixture of 
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-bis(6′-
bromohexyl) fl uorene (0.220 g, 0.301 mmol), 2,7-dibromo-9,9-
bis(6′-bromohexyl)fl uorene (0.196 g, 0.301 mmol), and (PPh 3 ) 4 Pd 
was added in a round bottom fl ask in a dry box. Degassed toluene 
(8 mL), aqueous 2  M  K 2 CO 3  (4 mL) solution, and phase transfer cat-
alyst Aliquat 336 were transferred to the above fl ask. After stirring 
the reaction solution at 85 °C for 24 h, bromobenzene (5 mg, 0.03 
mmol in 1 mL toluene) as an end capper was added and stirred at 
85 °C for 12 h. The reaction mixture was cooled to room tempera-
ture and added slowly to a viscously stirred methanol (200 mL). 
The polymer was collected by fi ltration and purifi ed by Soxhlet 
extraction with acetone to remove oligomers and catalyst resi-
dues. The fi nal product, a white polymer, was obtained after drying 
under vacuum. Yield: 71% (210 mg),  1 H NMR (400 MHz, CDCl 3 , 
δ): 8.12–7.86 (m, 6H), 3.28 (m, 4H), 2.10 (m, 4H), 1.68 (m, 4H), 
1.30–1.12 (m, 8H), 0.89–0.75 (m, 4H). 

  Synthesis of Poly[9,9-bis(6′-N,N,N-trimethylammoniumhexyl)-
fl uorene Dibromide] (PF2) : Cationic water-soluble PF2 was 
obtained through a simple quaternization reaction. [ 53 ]  Condensed 
trimethylamine (3–5 mL) was added dropwise to a solution of neu-
tral precursor polymer (n-PF2, 100 mg) in tetrahydrofuran (10 mL) 
at −78 °C. The mixture was allowed to warm up to room temper-
ature gradually. The precipitate was redissolved by addition of 
excess methanol and additional 2 mL trimethylamine was added at 
−78 °C. The resulting mixture was stirred for 24 h at room tempera-
ture. After removal of solvents under reduced pressure, PF2 was 
precipitated by adding the concentrated polymer solution drop-
wise into acetone. The fi nal cationic PF2 was then collected and 
dried in a vacuum oven. Yield: 87% (108 mg),  1 H NMR (400 MHz, 
DMSO-d 6 , δ): 8.27–7.96 (m, 6H), 3.35 (m, 4H), 3.19 (br, 4H), 2.96 
(s, 18H), 1.54 (br, 4H), 1.15 (br, 8H), 0.83 (br, 4H). 

  Preparation of Salmon Sperm DNA/PF2 Complex : The DNA/
PF2 complex in an aqueous solution was prepared by mixing 20:1 
concentration ratio of DNA to PF2 in water, inducing the comple-
mental electrostatic interaction between the backbone of polyfl u-
orene with cationic trimethylammoniumhexyl side chains and the 
anionic phosphate backbone of DNA. For more information, the 
stoichiometric ratio (PF2:phosphate) was approximately estimated 
in the complex as follows. Because the number average molecular 
weight of salmon sperm DNA (≈2000 bp) was determined to be 
1.3 × 10 6  g mol −1 , [ 54 ]  the prepared solution in confi ned geometry 
was composed of [DNA] = 100 µg mL −1  = 7.69 × 10 −8   M  and [PF2] = 
5 µg mL −1  = 1.1 × 10 −5   M  (per repeat unit) for the evaporative self-

assembly. Each phosphate group in DNA contains one negative 
charge (total [− charges] per single DNA chain = −2000), while PF2 
has two positive charges per repeating unit. The resulting DNA/PF2 
complex possesses [−] = 1.54 × 10 −4   M  and [+] = 2.2 × 10 −5   M , with 
a charge ratio of [−]/[+] = 7. 

  Characterization : Optical microscopy (Olympus BX51) was 
performed in the refl ective mode, and AFM imaging of DNA pat-
terns with different dimensions was obtained by using a scanning 
force microscope (Park Systems, XE-100) in noncontact mode. 
To measure electrical characteristics of DNA/CPE patterns, Al 
electrodes were deposited by thermal evaporation of aluminum 
(≈200 nm) in a high vacuum chamber. Prior to the evaporation 
step, the shadow mask was aligned on a fi xed substrate using a 
micropositioner under an optical microscope. Finally, the meas-
urement of electrical properties was carried out using a probe sta-
tion with a semiconductor parameter analyzer (Agilent 4145b) in 
ambient condition.  
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