
Creation of Linear Carbon Dot Array with Improved Optical 
Properties through Controlled Covalent Conjugation with DNA

Sonam Kumari†, Apurv Solanki‡, Saptarshi Mandal†, Deepa Subramanyam‡, Prolay Das†,*

†Department of Chemistry, IIT Patna, Bihta, Patna 801103, India

‡National Centre for Cell Science, Pune 411007, Maharashtra, India

Abstract

Controlled conjugation of fluorescent carbon dots (CDs) with DNA and subsequent fabrication of 

the CDs into an array through hybridization mediated self-assembly in the solution phase is 

reported. Covalent conjugation of CD with DNA and the subsequent array formation change the 

mobility of the CD-DNA array in gel electrophoresis and HPLC significantly. Interspatial distance 

in the CD-DNA array is tuned by the DNA sequence length and maintained at ~8 ± 0.3 nm as 

revealed by electron microscopy studies. An increase in fluorescence lifetime by ~2 ns was 

observed for the CD-DNA array compared to a solitary CD, vis-á-vis better imaging prospects of 

HEK293 cells by the former. Thus, the array displays improved fluorescence and unhindered cell 

penetration.

Nanoparticles organized in linear array have numerous interesting applications including 

energy harvesting, plasmonics, and biosensing.1–3 Metal nanoparticles and quantum dots 

have been fabricated into arrays mainly by lithographic techniques.4–6 However, so far, very 

few literature reports have shown the fabrication of arrays from carbon dots (CDs), the latest 

member of the carbon nanofamily.7–9 The CD arrays were developed through plasma jet, 

electron beam lithography methods, and others for electrochemical hydrogen generation and 

potential microarray biosensing. Nonetheless, there is absolutely no report of biomolecule 

mediated CD array formation. Evidently, there is a lack of general methodology to make CD 

arrays that may unearth a plethora of interesting applications. For the first time, we report 

the DNA mediated construction of linear CD array in solution phase based on simple 

Watson and Crick base pairing that offers precise control over interparticle distance in the 

array. Reportedly, biomolecules such as DNA and peptide mediated patterning have been 

applied to fabricate nanoparticles into linear arrays.10–12 In particular, the remarkable base 

recognition properties of DNA have been taken advantage of to direct selfassembly of 

nanoparticles.13–15As an obvious consequence, such assemblies that offer temperature 

dependent tenability are heat labile and reversible.16,17 However, controlled conjugation of 

nanoparticles to DNA strands presents challenges that are prerequisite for array formation to 

suppress unwarranted branching, thus reducing fidelity of the bottom-up approach. While 
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conjugation conditions are paramount to achieving the desired nanoparticle–DNA conjugate, 

wise selection of purification methods takes precedence where controlled reaction conditions 

often fail to provide the required template comprehensively. Gold nanoparticles, quantum 

dots (QD), etc., have been conjugated to DNA for nanopatterning by virtue of surface 

functional groups following simple yet intelligent chemistry and purification technologies.
18,19 It remains to be seen whether methods could be engineered to affect patterning of CDs 

in the nanoscale using DNA as a template. Fluorescent CDs are considered successful 

substitutes of organic dyes and semiconductor quantum dots due to their easy and 

inexpensive production, small size (~3–8 nm), high water solubility, surface 

functionalization, and biocompatibility.20–22 Conse-quently, CDs have found a variety of 

potential applications in biosensing, imaging technologies, and others.23,24 CDs are being 

synthesized today from virtually any carbon source and their doping with heteroatoms has 

resulted in notable optical properties.25,26 Moreover, CDs can be decorated with a variety of 

functional groups like −COOH, −NH2, and others that provide an excellent opportunity to 

covalently conjugate them with DNA and peptides.27–29 However, the presence of numerous 

functional groups on the surface of CDs poses an inevitable challenge as to how to effect a 

controlled conjugation where one or two single-stranded DNA (ssDNA) or a single peptide 

could be conjoined to a single CD. Even if such controlled conjugation takes place, isolation 

and purification of the species for further downstream applications are greatly sought after. 

Herein, we demonstrate a simple methodology to conjugate amine functionalized CDs with 

terminal phosphate of ssDNA in a zero linker approach. Reaction conditions of conjugation 

were carefully optimized to maximize yield of the CD conjoined with two ssDNA of the 

same sequence. Hybridization-mediated self-assembly of CD-ssDNA conjugate (S1)2-CD 

and its complementary (S2)2-CD resulted in the creation of a CD array [(S1)2-CD-(S2)2-

CD]n (Scheme 1). The distance between adjacent CDs is dictated by the DNA sequence 

length and hence the number of bases in the DNA. Since the CD array displayed efficient 

cell penetration and enhanced optical properties, we foresaw potential advantages in its use 

for imaging studies.

Aqueous soluble CDs were synthesized by low temperature pyrolysis using citric acid and 

branched polyethylene imine (BPEI) as precursors.30,31 BPEI was used as a capping ligand 

that presented −NH2 groups as adornment on the CDs having ~4–5 nm diameter. The CDs 

exhibit a broad band at ~27° having a d-spacing between the (002) planes of 0.3 nm in the 

powder XRD spectrum indicating weak graphitic crystallinity (Figure S1, SI). Signature 

FTIR peaks were also observed that confirm the presence of pendant amine functionality on 

CDs (Figure S2, SI). Estimation of molar concentration of amine groups on the surface of 

CDs was performed by ninhydrin assay (Figure S3).32 The assay confirms the presence of 

~1 nmol −NH2 groups per 1 μg of CD. Considering the abundance of −NH2 groups on CDs 

and limited yield of the phosphoramidation reaction, a balance was struck to optimize 

reaction conditions. The ratio of CD to DNA was maintained as 1:2 to minimize multiple 

conjugation of DNA with the same CD. 5’-PO4 groups of ssDNA (S1) were preactivated 

with 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC·HCI) and 1-methyl 

imidazole at pH 6 at 37 °C to facilitate coupling with NH2 groups of CDs. A similar reaction 

was also done with ssDNA (S2) with a separate aliquot of CD. Successful conjugation of S1 

and S2 with CDs were confirmed by agarose gel electrophoresis where reduced band 
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mobility with increase in DNA content in the reaction mixture was observed. Evidently, 

multiple conjugation of DNA strands with several NH2 groups of a single CD reduces gel 

mobility that justifies the careful optimization of reaction conditions (Figure 1). Crude 

reaction mixtures of CD-DNA conjugates (1:2) presumably containing (CD-S1)2 and (CD-

S2)2 were subjected to multistep dialysis (MWCO-10KDa) to remove the excess of salts, 

unconjugated DNA, and CDs. The success of biconjugation for the creation of (CD-S1)2 and 

(CD-S2)2was further confirmed by Reverse Phase-HPLC. A highly reproducible method 

with Tris.HCl-acetonitrile based buffer in HPLC was developed that enabled the detection of 

distinct bands corresponding to (S1)2-CD, well separated from other higher-ordered 

products where multiple (more than two) ssDNA are conjugated to the same CD (Figure S4, 

SI). Interestingly, this is the first report to demonstrate that HPLC based methods could be 

useful to characterize and purify DNA-CD conjugates. Purified (CD-S1)2 and (CD-S2)2 

were hybridized by heating at 90 °C for 10 min in appropriate buffer solution and gradually 

cooled to room temperature to obtain CD-DNA array [(S1)2-CD-(S2)2-CD]n in aqueous 

phase. The annealed CD-DNA conjugates showed limited gel electrophoresis mobility 

confirming the formation of higher ordered structures. However, the absence of distinct band 

and smearing of the same indicate wide distribution of products with very high effective 

molecular weight (Figure 1). Proof of array formation was also obtained indirectly by 

observing the significant increase in ethidium bromide (EtBr) fluorescence upon 

hybridization (Figure S5, SI). This confirms the formation of dsDNA and subsequent 

intercalation of EtBr in the array whose fluorescent intensity in CD solution and in the 

presence of ssDNA is otherwise subdued.

Fluorescence quantum yield of CD and CD-(S1)2 was found to be similar at ~44%, while a 

slight increase was found for CD array [(S1)2-CD-(S2)2-CD]n at ~48%. Subsequently, 

optical properties of CDs, CD-DNA conjugates [CD-(S1)2 and CD-(S2)2], and CD array 

[(S1)2-CD-(S2)2-CD]n were thoroughly investigated. The absorption peak of CD in UV–vis 

spectra at 350 nm remained consistent for (S1)2-CD, (S2)2-CD, and [(S1)2-CD-(S2)2-CD]n 
array with the emergence of a shoulder peak at 260 nm due to the presence of DNA (Figure 

2A). All the aforementioned samples were excited at 350 nm and emission peaks 

corresponding to CDs were obtained at 450 nm (Figure 2B) at similar CD concentration. A 

substantial increase in fluorescence emission intensity was observed for the CD array 

compared to normal CD solution and CD-DNA conjugates. Time-resolved fluorescence 

decay was recorded at 400 nm for all the CD, CD-DNA conjugates, and CD-DNA array 

samples employing time correlated single photon counting (TCSPC) technique with a 375 

nm pulsed diode laser (5 MHz) as excitation source (Figure 2C). The excited state lifetime 

of CD, CD-(S1)2, CD-(S2)2, and [(S1)2-CD-(S2)2-CD]n array were found to be 8.12, 8.13, 

8.13, and 10.13 ns, respectively. An increase in lifetime by ~2 ns for [(S1)2-CD-(S2)2-CD]n 
array is very noteworthy, as it attests to significant fluorescence enhancement. The 

remarkable fluorescence enhancement is attributed to DNA self-assembly that prevents the 

CDs from aggregation. Also, steric repulsion between the DNA could play an important role 

in increasing the colloidal solubility of the CD in the array. In addition to this, Brownian 

motion of the nanoparticles is also restricted in the assembled CD-DNA array.33,34 

Unmistakably, this study has shown that DNA self-assembly could be a reliable source for 

patterning CDs in aqueous phase that convey added advantages such as improved optical 
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properties. A comparative steady-state spectrum shows negligible loss in fluorescent 

emission intensity for a period of over eight months for both the CD and CD-DNA array 

samples stored at 4 °C confirming the solution phase stability of the array (Figure S6, SI).

S1 and S2 hybridize to form normal B-conformation of DNA that displays a negative peak 

(~248 nm) and positive peak (~280 nm) in circular dichroism spectra (Figure 2D). The B-

conformation and hence Watson and Crick base pairing are also maintained in the [(S1)2-

CD-(S2)2-CD]n array. However, the array showed a slight shift in the peak position 

compared to S1–S2 from 248 to 251 nm for negative peak and 280 to 278 nm for the 

positive peak with enhanced peak intensity. This is attributed to possible changes in average 

turn per base resulting from conformational variability upon array formation. Interestingly, 

loose addition of CD to S1 or S1–S2 results in increase in the intensity of the both negative 

and positive peaks owing to noncovalent interaction of the DNA bases with the CDs (Figure 

S7, SI) that results in more compaction of the DNA duplex.35,36 Such interaction was absent 

in the array, which shows remarkable similarity with S1–S2. This indirectly points toward 

covalent conjugation of CDs with S1 or S2. Decrease in configurational entropy and increase 

in sticky end association (additive effect) takes place upon array formation as evident from a 

slight increase in the DNA melting temperature (T m) (Figure S8, SI). A moderately sharp 

transition also indicates reduced contribution of terminal dangling ends in the array.37While 

measurement of chirality and melting transition are indirect proof of array formation, they 

provide important information regarding the conformational and configuration attributes of 

the self-assembly of CD-(S1)2 and CD-(S2)2 into the array.

Drop-cast samples of CD and [(S1)2-CD-(S2)2-CD]n array on APS mica were imaged with 

atomic force microscopy (AFM). CDs displayed narrow size distribution with average size 

(diameter) of about 4–5 nm (Figure 3A). Arrays are clearly visible with AFM images with 

definite interparticle distance between CDs maintained at ~8 ± 0.3 nm (Figure 3B and 

Figure S9, SI). This distance is characteristic of the length of the 24-bases-long S1 and S2 

DNA sequences used for array formation (24 × 0.34 ~8.2 nm). Duplex flexibility, 

contractions in DNA strands and surface van der Waals forces may be the reason for minor 

nonuniformity of the distance between CDs that affects sample preparation in both AFM and 

HRTEM. HRTEM correlates well with powder XRD data and showed lattice spacing of CDs 

as 0.28 nm. Average particle size of CD from HRTEM was found to be similar to AFM data 

as ~4–5 nm (Figure 3C and Figure S10, SI). The images for [(S1)2-CD-(S2)2-CD]n clearly 

show the formation of CD arrays (Figure 3D). The distance between two consecutive CDs in 

the array was estimated to be ~8–8.3 nm in HRTEM (Figure S11, SI). Hybridization defects 

and different angles of conjugation of the ssDNA to CDs impose conformational strain in 

the array limiting the length of the array. Nevertheless, electron microscopy images from 

both AFM and TEM display consistent inter CD distance dictated by the DNA sequence 

length. Evidently, this opens avenues to tune the array for desired interparticle distance using 

DNA.

The inherent fluorescence, resistance to photobleaching, high aqueous solubility, improved 

biocompatibility, and low cytotoxicity of CDs make them valuable candidates for 

bioimaging applications.38,39 In order to determine whether CDs conjugated to ssDNA in 

array possessed superior fluorescent properties, they were introduced into HEK293 cells, a 
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common cell line widely used for fluorescence-based imaging and biochemistry. Confocal 

microscopy revealed improved fluorescence in cells incubated with the CD-arrays compared 

to the control CDs (Figure 4 and S12, SI), without any increase in toxicity (Figure S13, SI). 

Thus, the CD-Array functions as an excellent imaging probe with potential to be used for 

diagnostic applications.

This study provides a convenient methodology for patterning of CDs where choice of the 

DNA sequence dictates the selfassembly outcome. Apart from precise control over the inter 

CD distance in the array, the nanosystem is thermally reversible with accurate knowledge of 

the dis-assembly temperature. Moreover, one big advantage of using DNA is that, 

potentially, two different CD/Nanoparticles (having emission in different wavelength) can be 

patterned in the array in alternate fashion, upon hybridization of two complementary DNA-

CD conjugates. This is the first report that confirms controlled DNA functionalization of 

CDs for fabrication of higher ordered nanostructures potentially serviceable in the field of 

theranostics, bioimaging, and smart materials, and we forecast an optimistic start to other 

futuristic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Agarose gel image showing the mobility of conjugation products of DNA (S1) with CD 

in various ratios. B. Agarose gel image showing mobility of purified CD array after 

hybridization.
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Figure 2. 
A. UV–vis absorption spectra. B. Steady-state fluorescence spectra. C. Time-resolved 

fluorescence spectra of CD, (S1)2-CD, and [(S1)2-CD-(S2)2-CD]n array. D. Circular 

dichroism spectra.
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Figure 3. 
A and B. AFM image of CD and [(S1)2-CD-(S2)2-CD]n array. C and D. TEM images of CD 

and [(S1)2-CD-(S2)2-CD]n array.
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Figure 4. 
Confocal images of HEK293 cells incubated with CD and CD-Array.
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Scheme 1. Scheme for Creation of DNA Templated CD Array through Hybridization
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