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ABSTRACT 

Reliable and ultrasensitive detection of mercury ions is of paramount importance for   toxicology 

assessment, environmental protection and human health. Herein, we present a novel 

optoelectronic approach based on nanoachitectonics of small molecule templated DNA system 

that consists of an adenine (A) conjugated small organic semiconductor (BNA) and deoxyribo-

oligothymidine (dTn). This mutually templated dynamic chiral co-assembly system (BNAn-dTn) 

with tunable chiroptical, morphological and electrical properties is tapped in to enable ultra-

sensitive and selective detection of inorganic and organometallic mercury in water. We observe a 

rapid transformation of the BNAn-dTn co-assembly into a metallo-DNA duplex [dT-Hg-dT]n in 

the presence of mercury which is utilized for a chiro-optical and conductivity based rapid and 

sub-nanomolar sensitivity (≥ 0.1 nM, 0.02 ppb) to mercury ions in water (~ 100 times lower than 

United States Environmental Protection Agency tolerance limit). This ultra-sensitive detection of 

inorganic and organometallic mercury is driven by a novel chemical design principle which 

allows strong mercury thymine interaction. This study is anticipated to inspire the development 

of future templated DNA nanotechnology based optoelectronic devices for the rapid and 

ultrasensitive detection of numerous other toxic analytes. 
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1. INTRODUCTION 

Monitoring ultra-low concentration levels of toxic heavy metal ions in the ecosystem is crucial 

owing to their widespread adverse impacts on human health and the environment.1-3 Mercury 

(Hg) is one of the most predominant heavy metals in the environment with both natural (volcanic 

and oceanic emissions) and anthropogenic (major industrial sources, such as coal and gold 

mining, and fossil fuel combustion) sources and exists in multiple forms (i.e., elemental (Hg0), 

inorganic salts (Hg2+) and organometallic compounds (CH3Hg+ and CH3HgCH3)).4 Alarmingly, 

very low concentrations of mercury in any form (neutral or ionic) can be readily absorbed by the 

human body and accumulate in the brain, heart, kidneys and lungs owing to tight binding to 

proteins, which can cause fatal diseases.5-6 Contaminated natural bodies of water, drinking water 

and parts of the food chain, particularly fish, are considered some of the major sources of 

mercury exposure for humans.7 Despite its high toxicity, mercury has been widely used for 

decades as a chemical additive and energy source in many industrial applications, including 

cosmetics, thermometers, batteries, agricultural chemicals and fluorescent lamps. Owing to the 

increasing threat and adverse effects of mercury on human health and the environment, the use 

and manufacture of mercury-based products have been regulated by many developed countries. 

According to a United States Environmental Protection Agency (USEPA) report, the maximum 

permissible level of Hg2+ in food and drinking water is ∼2 ppb (~10 nM).5 Therefore, selective 

and sensitive detection of different forms of mercury at ultra-low concentrations is important for 

eliminating potential hazards as well as protecting and maintaining good human health. Many 

efforts have been focused on developing methods for the detection of mercury using various 

spectroscopic,8-29 electrochemical30-31 and conductivity32-35 based techniques. However, low 

selectivity and sensitivity or the ecological footprint of the sensor materials used in these 
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techniques limit their application. Hence, development of a selective and ultrasensitive detection 

method to monitor different forms of mercury in situations that involve matters of public health 

is of paramount importance. 

 Strong and specific thymine-mercury-thymine (T-Hg-T) interactions36-39 have been used 

as a promising approach for the selective detection of Hg2+.8,14,16,18,21-22,40-46 Several colorimetric 

and fluorometric sensors that are based on thymine and contain DNA sequence-functionalised 

gold nanoparticles,18,40-43 fluorophores,8,44 hydrogels16,45 and DNA-based machines8,14,21,46 have 

been developed. The templated DNA nanotechnology approach47-49 was selected for the 

development of a sensor platform for mercury with high selectivity and sensitivity, robustness or 

stability, rapid detection time and low cost. Herein, we report a novel nanoarchitectonics50-55 of 

mutually templated organic semiconductor (adenine conjugated naphthalenediimide, BNA) and 

complementary (thymine) single strand (ss) DNA (deoxyribo-oligothymidine: dTn) for the 

ultrasensitive detection of mercury based on the changes in the chiroptical signal and electrical 

conductivity. Surprisingly, dTns with n>6 have not been employed to achieve an extended 

metallo-DNA duplex ([dT-Hg-dT]n), probably because of the lack of an appropriate molecular 

design to drive the formation of these extended structures. In principle, a successful molecular 

design involving relatively longer dTn sequences would significantly enhance the sensitivity of 

detection compared to those in previous studies where mixed aptamers and ssDNA containing 

only a few thymine units have been used. We choose to use longer homothymidine sequences 

(dTn, n= 6, 10, 20) in the form of a mutually templated and noncovalent co-assembly with BNA 

and its transformation into metallo-DNA as the platform for the detection of ultra-low 

concentrations of mercury. In our design, the molecular template (BNA) strategically contains a 

butyl group to support noncovalent hydrophobic interactions and an NDI-core for aromatic  

Page 4 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

5 

interaction and to serve as an electrically active moiety for electrical conductivity-based 

measurements.54,56-58 Adenine (A) was selected as a complementary nucleobase to facilitate 

interactions with thymine units of dTn through Watson-Crick (WC) hydrogen bonding, which is 

supported by the hydrophobic (butyl) and aromatic  (NDI core) interactions, to aid the 

mutually templated and extended co-assembly of BNA and dTn. Although DNA templated dyes, 

extended conjugated systems and polymers have been previously studied, the conductivity 

property and sensor applications of these systems have not been investigated.47-49,59-69 Herein, we 

exploit the intrinsic property of dTn for complementary base pairing with stacks of adenine 

containing BNA to achieve a mutually templated and chiral co-assembly with functional 

properties suitable for the ultrasensitive detection of mercury (Figure. 1). Interestingly, the BNA 

alone self-assembles into 1D tapes. However, the mutually templated co-assembly of BNAn-dTn 

forms 2D sheets with variable lateral dimensions that depend on the dTn sequence length, which 

demonstrates the tunability of the 2D nanostructures (Figure. 1). This templated co-assembly 

behaviour allowed us to modulate the chiroptical, morphological and conductivity properties of 

BNAn-dTn. Furthermore, the BNAn-dTn co-assembly enabled us to achieve maximum thymine-

mercury interactions in the form of a mercury supported metallo-DNA duplex ([dT-Hg-dT]n). 

The transformation of BNAn-dTn into a [dT-Hg-dT]n metallo-DNA duplex gives rise to distinct 

chiroptical, morphological and electrical conductivity properties that can be exploited for use as 

a highly selective and sensitive opto-electronic sensor for mercury detection in solution and a 

thin film state (Figure. 1). Remarkably, the BNAn-dTn sensor platform enabled the rapid 

detection of organic (CH3Hg) and inorganic (Hg2+) mercury in water with sensitivity to ultra-low 

concentrations of ≥ 0.1 nM (0.02 ppb), which is 100-fold lower than the USEPA tolerance limit 

(10 nM, 2 ppb). 

Page 5 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

6 

2. RUSUTS AND DISCUSSION 

2.1. Design and synthesis of BNA  

N-butyl and adenine-functionalised naphthalenediimide (BNA) was synthesised via a two-step 

reaction route. 1,4,5,8-Naphthalenetetracarboxylic dianhydride (NDA) was substituted with n-

butylamine and 9-(2-aminoethyl)-9H-purin-6-amine as the imide functionalities to obtain 

asymmetrically functionalised BNA in good yield. In the BNA molecular template, the adenine 

on one end is expected to hydrogen bond with the complementary thymines of dTn through WC 

base pairing, and the n-butyl chain on the other end is expected to provide hydrophobic van der 

Waal interactions to support extended NDI-NDI stacking to form a helical co-assembly (i.e., 

BNAn-dTn) (Figure. 1).70 

2.2. Nanoarchitectonics of small molecule templated dTn co-assembly 

The mutually templated co-assembly of BNA (100 M) and dT10 was investigated by 

photophysical measurements upon mixing in phosphate-buffered saline (PBS, 10 mM, pH = 7, 

5% DMSO) at 294 K. The UV-Vis absorption spectra of BNA contained broad absorption bands 

at 300-420 nm (band-I) and 220-260 nm (band-II), which correspond to  transitions 

polarised along the long and short axis of the stacked NDI chromophores, respectively. In 

addition, dT10 exhibited an intense broad absorption band at 263 nm. Interestingly, upon mixing 

BNA with dT10 in a 1:1 ratio (BNA:T of dT10), a significant hypochromic effect followed by a 

bathochromic shift in the band-I absorption maxima were observed, suggesting edge-to-face (J-

type) stacked NDI chromophores with dT10 wrapped around the stack. To understand the long-

range molecular orientations within the co-assembly of BNA and dT10, we carried out circular 

dichroism (CD) spectroscopic studies owing to its ability to provide rapid assessment of induced 

chiral organisation in the mutually templated co-assembly (Figure. 2). BNA (100 M) 
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independently exhibited a flat CD signal in the 250-420 nm absorption region, indicating the 

absence of any preferential helical order in its organisation. The complementary dT10 (10 M) 

alone exhibited a bisignate CD cotton effect with a negative maximum at 250 nm and a positive 

maximum at 276 nm. Remarkably, upon mixing dT10 with BNA, the CD spectrum exhibited 

intense negative induced CD (ICD) signals in the band-II (220-260 nm) and band-I (300-420 nm) 

absorption regions of the NDI chromophore. The observed ICD signal with a negative maximum 

at 400 nm corresponded to stacked NDI chromophores (Figure. 2a), which revealed the left-

handed (M-type) helical organisation of BNA accompanied by edge-to-face stacking of transition 

dipoles along the NDI long axis upon co-assembly with dT10 (Figure. 2a).71-72 At this stage, 

although we assume that dT10 in BNA10-T10 has a left-handed helical organization owing to the 

mutually templated co-assembly, the overlap of the NDI band II (240- 260 nm) absorption region 

with that of the nucleobase absorption complicated the assignment. However, our subsequent 

studies, which are discussed in the following sections, confirmed that dT10 adopted a left-handed 

structure in the mutually templated hybrid co-assembly. Furthermore, the attenuated total 

reflection infrared (ATR-IR) spectrum of BNA exhibited a N-H (adenine-NH2) symmetric 

stretching frequency at 3419 cm-1, and upon mixing with dT10, this band shifted to a lower 

wavenumber (3366 cm-1, broad) (Figure. S3).70 The significant change (~ 53 cm-1) in the N-H 

symmetric stretching frequency indicated hydrogen bonding interactions among the 

complementary base pairs (i.e., adenines bases of BNA molecules interact with thymines of dT10 

through form WC base pairing, Figure. S3), which is one of the main driving forces for the 

formation of the mutually templated helical co- assembly of BNA10-dT10.  

 The nucleobase preference and selectivity for the mutually templated chiral co-assembly 

of BNA with deoxyribo-oligonucleotides (dB10, B = A/T/G/C) were assessed by evaluating the 
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interaction of BNA with four different dB10 (dA10/T10/G10/C10) (Figure. 2b). The CD data 

revealed that among all of the dB10, only complementary dT10 exhibited an ICD in the 300-420 

nm region, which confirms that WC base pairing (A=T) is one of the main driving forces for the 

formation of the BNA10-dT10 helical co-assembly. To determine the binding stoichiometry, CD 

Job-titration experiments were performed by keeping the total number of binding sites constant 

but varying the dT10 and BNA concentration ratio ([BNA]+[dT10]= 110 M with fraction of 

BNA in BNA10-dT10 (f) = [BNA]/110 M). The Job plot generated by monitoring the CD 

ellipticity (at 400 nm as a function of f contained an inflection point at f= 0.5, and this point 

corresponds to a thymine (in dT10): BNA ratio of 1:1. Therefore, the Job plot data revealed that 

the number of BNA molecules that bind to dT10 is equal to the number of thymine units in dT10 

to form the mutually templated BNA10-dT10 co-assembly (Figure. 2c). Systems driven by 

hydrogen bonding strongly depend on the pH of the media, and therefore, the impact of pH on 

the BNA10-dT10 co-assembly at 293 K was investigated (Figure. 2d). The pH of the BNA10-dT10 

solution was varied from strongly basic to acidic (pH = 11 to 1), and the ICD signal at 400 nm 

was monitored. The maximum ICD intensity was observed under neutral conditions (pH = 8-6). 

However, basic (pH= 11-8) and acidic (pH= 2-6) conditions resulted in a decrease in the ICD 

intensity. Interestingly, under strongly acidic conditions (pH = 1), a relatively less intense but 

inverted (negative to positive) ICD signal was observed. This chiroptical switching is most likely 

due to protonation of the adenine moiety of BNA, which triggers chiral inversion through 

additional electrostatic interactions between negatively charged phosphate groups on the dT10 

backbone and positively charged adenine (AH+) of BNA.73 Next, we studied the influence of the 

dTn sequence length on the BNAn-dTn co-assembly by varying the sequence length of dTn (n= 6, 

10 and 20) and employing various spectroscopic techniques (Figure. 2e). Upon mixing of BNA 

Page 8 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

9 

(100 M) with dTn (n= 6, 10 and 20) in a stoichiometric ratio of 1:1 (BNA:T), the CD spectra 

exhibited an ICD signal at 400 nm with a gradual increase in the CD ellipticity (values as a 

function of the dTn sequence length [-67.5° (BNA6-dT6), -83.3° (BNA10-dT10) and -92.2° 

(BNA20-dT20)] (Figure. 2d). Similarly, the extent of bathochromic shift of the band-I absorption 

maxima in the UV-Vis absorption spectra varied with dTn the sequence length (max ~ 3.0, 6.5, 

9.5 nm for dT6, dT10, dT20, respectively), indicating control over the degree of host-guest 

interactions for the co-assembly of BNA and dTn (Figure. S1). Then, the thermal stability of the 

BNAn-dTn co-assemblies was examined using variable-temperature CD (VT-CD) experiments. 

All of the BNAn-dTn (n=6, 10 and 20) co-assemblies exhibited relatively high thermal stabilities 

compared to that of a regular (dAn-dTn) DNA duplex (melting temperature, Tm = 286.3 K (dA6-

dT6), 294.2 K (dA10-dT10) and 318.8 K (dA20-dT20); Table S1),47 which was due to the 

synergistic effect of WC base pairing, NDI-core aromatic  stacking and hydrophobic 

interactions of the n-butyl chain that stabilise the BNAn-dTn helical co-assembly (Figure. 2f). 

Moreover, the Tm values of BNAn-dTn were strongly dependent on the sequence length of dTn 

(Tm = 343.1, 346.5 and 353.1 K for co-assemblies of BNA with dT6, dT10 and dT20, respectively). 

The observed dTn sequence length dependent increase in the Tm values indicated that a longer 

dTn sequence length improves the structural stability and integrity of the BNAn-dTn co-assembly.  

       To visualise the morphology of the BNAn-dTn co-assembly structures, field emission 

scanning electron microscopy (FESEM) measurements were performed by drop-casting their 

solutions (PBS, pH=7.4) onto a silicon (111) surface followed by washing with Milli-Q water to 

remove excess salt and drying under high vacuum at room temperature. BNA alone self-

assembled into high aspect ratio 1D tapes that were micrometres in length and 20-60 nm wide 

(Figure. 3a). Under similar conditions, the mutually templated BNAn-dTn (n = 6, 10, 20) co-
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assemblies formed 2D sheets with variable lateral dimensions that were dependent on the dTn 

sequence length, as shown in Figure. 3b-d. The 2D BNA6-dT6 sheets exhibited an average lateral 

length and width of ~200 nm and ~500 nm, respectively. However, the average lateral length and 

width of BNA10-dT10 were ~1.5 m and ~400 nm, respectively, and for BNA20:dT20, these lateral 

dimensions were ~1 mM and 3 m, respectively (Figure. 3b-d). These results were supported by 

the dynamic light scattering (DLS) data for BNA in the absence and presence of dTn (Figure. 

S5). BNA alone exhibited aggregates with a relatively small size distribution of approximately 

164 nm. Under similar conditions, the BNAn-dTn co-assemblies exhibited a size distribution with 

mean sizes of 396 nm, 531 nm and 615 nm, corresponding to the various dTn lengths (n = 6, 10 

and 20, respectively) (Figure. S5). Therefore, significant changes in the nanoscale morphology 

and DLS size distribution of the BNAn-dTn co-assemblies as well as the perfect correlation with 

the dTn sequence length indicate the robustness of our methodology. In addition, we were able to 

construct and control extended BNAn-dTn co-assemblies in solution as well as in the form of 

nanostructures by varying the sequence length of dTn. In a majority of the cases, the chiral 

molecular organisation observed in solution was lost in the corresponding nanostructures. 

Therefore, to confirm the chiral molecular packing within the 2D BNAn-dTn sheets, we 

performed thin film CD studies (Figure. S3). Interestingly, in agreement with the solution 

studies, the thin film CD spectra exhibited an intense negative ICD signal in both the band-II 

(220-260 nm) and band-I (300-420 nm) absorption regions for the NDI chromophore with max at 

400 nm, confirming the retention of chiral molecular packing within the 2D sheets. Moreover, 

the powder X-ray diffraction (PXRD) data of the 1D and 2D nanostructures of BNA and BNAn-

dTn contained sharp diffraction signals, suggesting crystalline molecular organisation within the 

nanostructures (Figure. 3e and S5). Interestingly, the 2D sheets of the BNAn-dTn co-assemblies 
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exhibited new dTn-sequence length dependent diffraction signals in the 2= 26º- 28º region, 

corresponding to the aromatic NDI-NDI  stacking distance. The 2D sheets of BNA6-dT6 

exhibited diffraction signals at 2= 26.6º, which shifted upward as the dTn sequence length 

increased (i.e., 27 for BNA10:dT10 and 27.5 for BNA20:dT20). Therefore, the gradual decrease in 

the d-spacing values for the NDI-NDI  stacking as a function of the sequence length of dTn 

(Table S2) indicates the formation of tighter packing of the BNA molecules within the BNAn-

dTn co-assembly owing to increased cooperative interactions between the constituent partners 

supported by hydrophobic, aromatic  stacking and hydrogen bonding interactions. These 

structural insights into the BNAn-dTn co-assemblies inspired us to construct a field-effect 

transistor (FET) device and examine the charge transport characteristics of BNA in the presence 

and absence of dTn.  

2.3. FET characteristics of BNA and BNAn-dTn co-assembly structures 

Transport measurements were performed on the self-assembled BNA and BNAn-dTn structures 

to understand the role of dTn on the mutually template co-assembly and resulting BNA 

organisation (Figure. 3f). Bottom contact top gate FET structures were fabricated by introducing 

the supramolecular structures from the solution phase onto a benzocyclobutene (BCB) dielectric 

layer followed by coating the Au source-drain electrode (Figure. S6). All of the supramolecular 

structures exhibited typical n-type transport with FET in the range of 10-3 cm2V-1s-1 (Figure. 3f, 

Table S3 in Supplementary Section). It was observed that FET scaled linearly with the dTn 

sequence length (n = 6, 10, 20) used for the templated co-assembly, indicating that the transport 

variation is inherent to the co-assembly. From a microscopic point of view, the dTn and BNA co-

assembled structures exhibited a higher degree of crystallinity as the - stacking distance 

among the BNA stacks decreased (Figure. 3e). Therefore, BNAn-dTn exhibited tighter packing of 
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BNA with ordered lamellae, which is expected to promote charge transport with more tolerance 

towards defects and disorder.74-75 Macroscopically, the molecular structure originating from the 

co-assembly of dTn and BNA resulted in the formation of a 2D sheet-like structure, which is 

more tolerant to molecular disorder compared to 1D tapes obtained from pristine BNA (Figure. 

3). The role of various nanostructure morphology on the transport at a dielectric-semiconductor 

interface can be elucidated by comparing the doping level of the 1D tapes and 2D sheets. For a 

capacitance of 4nF/cm2, the doping levels were determined to be 109 for 1D tapes consisting of 

pristine BNA and 1011 for 2D sheets obtained from BNA20-dT20. A combination of all of these 

factors contributed to the better transport properties of the BNAn-dTn 2D sheets compared to 

those of the 1D tapes consisting of pristine BNA. 

2.4. Chiroptical detection of Hg2+ 

After successfully achieving the mutually templated co-assembly of BNA and dTn with tuneable 

chiroptical, morphological and electronic properties, we investigated the selective disruption of 

the BNA10-dT10 co-assembly with Hg2+ via T-Hg-T interactions to develop a versatile detection 

platform for the mercury ion (Figure. 4). By monitoring ICD intensity at 400 nm, the results 

from our preliminary investigations on thin films of BNA10-dT10 in the absence and presence of 

Hg2+ (Hg(ClO4)2.xH2O) are shown in Figure. 4a. Interestingly, the addition of Hg2+ (100 M) to 

BNA10-dT10 (110 M) resulted in a significant reduction in the ICD signals in both the band II 

(220-260 nm) and band I (300-420 nm) regions of BNA (Figure. 4a inset). Moreover, in the 

presence of Hg2+, a huge red shift (~38 nm) of the CD signal in the nucleobase absorption region 

(from max= 252 nm to 290 nm) was observed, indicating the transformation of the BNA10-dT10 

helical co-assembly into a metallo-DNA duplex [dT-Hg-dT]10 (Figure. 4a inset) and subsequent 

displacement of BNA.76 Similar chiroptical response was observed in presence of CH3Hg+ which 
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confirmed the ability of the BNA10-dT10 system to effectively detect organic mercury (Figure 

S8c). Therefore, the CD data indicated that BNA10-dT10 disassembles in the presence of mercury 

ions owing to the formation of stable [dT-Hg-dT]10 (Figure. 1). To assess the selectivity, 

perchlorate salts of Na+, Mg2+, K+, Ca2+, Co3+, Ni2+, Cu2+, Hg2+ and Pb2+ were tested at 100 M 

concentrations in water (Figure. S8). Except for Hg2+, the ICD signals of BNA10-dT10 in the 250-

420 nm region were unaffected by most of the tested metal ions, indicating a selective response 

towards Hg2+ due to preferential transformation of BNA10-dT10 into [dT-Hg-dT]10. To estimate 

the sensitivity of the detection, the ICD signal intensity of BNA10-dT10 at 400 nm was monitored 

upon addition of various Hg2+ concentrations (0.1 nM to 50 M ) (Figure. 4b). The titration data 

revealed that Hg2+ concentrations up to 0.1 nM could be easily detected owing to a significant 

change in the ICD signal intensity. The binding constant of N-Hg-N was calculated from the 

binding isotherm curve fitting using the formula 1/CD = (1/bG][H]Ka)+ (1/b[H] The 

slope (1/b[H]Ka) = 6.547x 10-11 and intercept (1/b[H] = 0.1144 extracted from the linear 

fitted curve were used to calculated the binding constant which is found to be  Ka= 1.74x109 M. 

Furthermore, the practical utility of the detection platform is demonstrated by measuring the 

levels of Hg2+ in simulated real sample (Figure S7). We performed CD measurements of samples 

containing tap water, well water, lake water and serum albumin with and without Hg2+ 

contamination employing BNA10-dT10 chiral assembly in PBS buffer. Remarkably, all the Hg2+ 

(5 nM) contaminated samples exhibited significant and quantifiable change in the CD intensity 

of 20% and 40% corresponding to 5 nM and 10 nM of Hg2+, respectively. This study validated 

that BNAn-dTn is a robust system and practically viable platform for monitoring mercury in real 

samples without the interference from other biological or environmental constituents (Figure S7). 

Interestingly, the morphology study indicated that the addition of Hg2+ transformed the 2D sheets 
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of BNA10-dT10 into 1D tapes, which may be due to the self-assembled structures of displaced 

BNA (Figure. 4c). Overall, the change in the ICD signals and morphology (2D to 1D) owing to 

transformation of BNA10-dT10 into [dT-Hg-dT]10 in the presence of Hg2+ can be effectively used 

to detect the metal ion at sub-nanomolar concentrations.  

2.5. Conductometric detection of CH3Hg+. 

The ability to tune the transport property of BNA through BNAn-dTn co-assembly was further 

utilised to develop electrical devices for a sensing application (Figure. 5). As demonstrated, Hg2+ 

drives the transformation of BNA10-dT10 into a metal-DNA duplex [dT-Hg-dT]10 owing to the 

preferential selectivity of Hg2+ to thymine (T). This selective transformation, which involves the 

displacement of BNA by Hg2+/CH3Hg+, was employed to design an ultrasensitive detection 

platform. The device structure involved fabrication of lateral two terminal devices (L = 60 m, 

W = 1 mm) to monitor the conductivity (σ) variation of the BNA10-dT10 co-assembled structures 

upon the addition of different organic and inorganic forms Hg2+ at different concentrations 

(Figure. 5a inset). A typical σ of ~ 10-6 S/cm and current density (J at 5 V) as high as 5 103 

A/m2 were obtained for the BNA10-dT10 active layer (Figure. 5a). For the sensing measurement, 

20 L of different forms of mercury (CH3Hg+ or Hg2+) salt solution in Milli-Q water were 

introduced onto the co-assembled active layer. Upon addition of the salt solution onto the lateral 

device with co-assembled active layer, a decrease in the current density was observed (Figure. 

5a). This decrease in the observed conductivity could originate from a number of external factors 

like degradation of the device due to introduction of water or it could be due to the inherent 

modification of the active semiconducting layer. Hence, control measurements were performed 

on different metallic salt solutions of Na+, K+ (20 L of 0.1 M solution) on similar devices. 

Interestingly, the introduction of Na+, K+ solutions on the lateral devices resulted in an increase 
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in conductivity by an order of magnitude, indicating that no inherent degradation of the device is 

observed upon addition of the salt solution (Figure S9). Furthermore, the increase in conductivity 

can be related to the additional ionic channels created for conduction in these devices. In 

addition, it was also observed that the conductivity of the devices were restored to the original 

value when the salt treated (Na+, K+) devices were washed with water. These control 

measurements indicate that for devices where mercury ions were added to the BNA10-dT10 active 

layer, the decrease in J and σ can then be correlated to the assembly transformation. The 

preferential binding of mercury ions to T’s (dT10) break the co-assembly of BNA10-dT10, which 

results in the formation of [dT-Hg-dT]10 and release of pristine BNA molecules. Furthermore, it 

was also observed that the extent of dissociation in the co-assembled nanostructure is 

proportional to the amount of Hg2+/ CH3Hg+ added. Therefore this BNAn-dTn platform is capable 

of detecting mercury ions either from inorganic (Hg2+) or organic (CH3Hg+) sources with high 

selectivity and sensitivity, although do not distinguish the two types. Notably, appreciable 

variation in the conductivity was observed for Hg2+ concentrations as low as 0.1 nM, which 

dictates the lower detection limit of our conductometric-based mercury sensing device. We 

defined the sensitivity of the device () by the plotting the σbefore/σafter ratio as a function of the 

added Hg2+ concentration (Figure. 5b). To confirm that the observed variation in the conductivity 

and current density was directly related to the change in the assembly structure, we performed 

conductive AFM measurement (CAFM) on a single sheet (Figure. 5c). CAFM measurements on 

the 2D sheet of the BNA10-dT10 co-assembly indicated an order of magnitude decrease in the 

conductivity when 0.1 M Hg2+ was added. The CAFM measurements provide a direct evidence 

of Hg2+ induced assembly transformation from BNA10-dT10 to the [dT-Hg-dT]10 metallo-DNA 

duplex as the factor responsible for the observed changes in the bulk conductivity.  
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3. CONCLUSIONS 

We developed a novel nanoarchitectonics based on the mutually templated co-assembly (BNAn-

dTn) of an organic semiconductor (BNA) and deoxyribo-oligothymidine (dTn) for the selective 

and ultrasensitive detection of aqueous mercury. The metal ion-assisted selective transformation 

of BNA10-dT10 into a metallo-DNA duplex [dT-Hg-dT]10 was used as a chiroptical and 

conductivity based sensor platform for mercury detection. Interesting correlation in terms of the 

dTn sequence length and the stability, integrity and functional properties of the BNAn-dTn co-

assembly was obtained from a range of microscopic and spectroscopic measurements. This 

dynamic self-assembly property is utilized for a chiroptical and conductivity-based sensor which 

exhibited sub-nanomolar sensitivity (0.1 nM or 0.02 ppb) towards mercury ions (inorganic and 

organometallic forms) in water. Such a design strategy involving mutual templated small 

molecule and ssDNA/deoxyribo-oligonucleotide co-assembly is expected to aid in the 

development of new templated DNA nanoarchitectonics approaches to design potentially useful 

bio-optoelectronics and sensor application platforms. 
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Figure 1. Schematic illustration of the proposed nanoarchitectonics of BNA and dTn Co-

assembly as well as the corresponding molecular structures. Molecular packing model for the 

BNAn-dTn mutually templated co-assembly via complementary Watson-Crick (WC) A-T 

hydrogen bonding interactions. In addition, the mutually templated co-assembly driven electron 

hopping among the stacked BNA molecules as well as the mercury mediated disassembly and 

transformation of BNAn-dTn into a metallo-DNA duplex [dT-Hg-dT]n are shown. Schematic 

representation of the corresponding morphology of the self-assembled BNA, BNAn-dTn co-

assembly and [dT-Hg-dT]n along with their lateral dimensions (l= length, w= width). The 2D 

lateral dimensions and conductivity () of the resulting BNAn-dTn co-assembled structures were 

directly proportional to the length of the dTn used. Molecular structures and corresponding 

pictorial representation of BNA, dTn and Hg2+/CH3Hg+. 
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Figure 2. Circular dichroism (CD) spectroscopic characterisation of BNA and BNAn-dTn co-

assembly. (a) CD spectra of BNA (100 M), dT10 (10 M) and BNA10-dT10 (1:1, BNA:T) in 

PBS buffer (10 mM, pH = 7, contain 5% DMSO) at 293 K. Inset: pictorial representations of 

BNA, dT10 and BNA10-dT10 with respective spectra. (b) Columnar graph comparison of ICD 

intensity at 400 nm for BNA in the presence of different deoxyoligonucleotides (dB10) ([BNA]= 

100 M, [dB10]= 10 M). Schematic representation of the formation of the mutually templated 

co-assembly of BNA10-dT10 via selective A-T base pairing interactions. (c) ICD Job plot 

monitored at 400 nm as a function of the fraction of BNA (f) in BNA10-dT10 ([BNA]+[dT10]= 

110 M with f= [BNA]/110 mM). (d) pH dependent ICD spectral studies of BNA10-dT10 

(BNA:T (1:1)) at 400 nm and 293 K. (e) and (f) dTn (n=6, 10 and 20) sequence length dependent 

ICD signal intensity (pictorial representation of corresponding dTn length dependent BNAn-dTn 

co-assembly) and respective ICD melting temperature values of BNAn-dTn (BNA:T (1:1)) 

monitored at 400 nm respectively. 
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Figure 3. Morphological and structural analysis of the BNA and BNAn-dTn co-assemblies. 

FESEM micrographs of BNA (a), BNA6-dT6 (b), BNA10-dT10 (c) and BNA20-dT20 (d). Inset: 

schematic representation of respective structures with their lateral dimensions. (e) PXRD 

diffraction patterns in the aromatic stacking region (2= 26º-27º). (f) Typical transconductance 

plots for the different self-assembled BNA and BNAn-dTn co-assembly structures. (g) Schematic 

representation of mutually templated BNAn-dTn co-assembly into conducting 2D organisation. 
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Figure 4. Chiroptical sensing of Hg2+. (a) Relative thin film ICD intensity of BNA10-dT10 at 400 

nm in the presence of various metal ions (where [Mn+]= 100 M, = 0- 0 and  are ICD 

intensity values at 400 nm before and after addition of metal ions, respectively). Inset: thin film 

CD spectra of BNA10-dT10 before and after addition of Hg2+ and schematic representation of the 

respective assemblies. (b) Relative thin film ICD intensity of BNA10-dT10 at 400 nm as a 

function of added [Hg2+]. Inset: enhanced selected spectral region of dotted line box (0.1 nM to 

10 M). (c) FESEM micrograph of BNA10-dT10 after the addition of Hg2+. (d) Schematic 

representation of Hg2+ induced displacement of BNA from the BNAn-dTn 2D assembly via 

formation of a metallo-DNA duplex [dT-Hg-dT]n and self-assembled BNA 1D tapes, as shown 

in c. 

 

Page 21 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

22 

 

 

Figure 5. Conductometric sensing of CH3Hg+. (a) Schematic representation of CH3Hg+ detection 

device structure. (b) BNA10-dT10 device response before and after addition of different CH3Hg+ 

concentrations (0.1 nM and 0.5 mM). (c) CH3Hg+ sensitivity study based on conductometric 

measurements obtained for different concentrations of CH3Hg+ ions. (d) Conductive AFM 

(CAFM) measurements of an individual 2D sheet of BNA10-dT10 confirmed the change in the 

assembly and conductivity upon addition of CH3Hg+ ions, this further supports the data from the 

bulk measurements. 
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