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Abstract 
Development of multiple chemical tools for deoxynucleic acid (DNA) labeling has facilitated wide use 
of their functionalized conjugates, but significant practical and methodological challenges remain to 
achievement of site-specific chemical modification of the biomacromolecule. As covalent labeling 
processes are more challenging in aqueous solution, use of nonaqueous, biomolecule-compatible 
solvents such as an ionic liquid consisting of a salt with organic molecule architecture, could be 
remarkably helpful in this connection. Herein, we demonstrate site-specific chemical modification of 
DNAs through a tetrazene-forming amine-azide coupling reaction using an ionic liquid. This ionic 
liquid-enhanced reaction process has good functional group tolerance and precise chemoselectivity, 
and enables incorporation into DNA of various useful functionalities such as biotin, cholesterol and 
fluorophores which could be incorporated into DNA through this method. A site-specifically labeled 
single stranded nucleotide, or aptamer interacting with a growth factor receptor (Her2) was 
successfully used in the fluorescence imaging of breast cancer cell lines. The non-traditional medium-
promoted labeling strategy described here provides an alternative design paradigm for future 
development of chemical tools for applications involving DNA functionalization. 
 
Introduction 
Chemically functionalized deoxyribonucleic acid (DNA) have become invaluable in various 
applications such as molecular beacons,1,2 polymerase chain reaction (PCR) technologies,3 
deoxyribozymes (DNAzymes),4,5 asymmetric catalysis,6 and therapeutics7 such as antisense 
sequences,8,9 transcription-factor decoys,10,11 and CpG motifs.12,13 The methods of chemical synthesis 
of DNA have significantly facilitated the introduction of desired functionalities onto a specific 
position,14 and post-synthetic modification methods are also powerful chemical tools, especially for 
labeling of large DNA targets.15–18 Bioinspired enzymatic post-synthetic labeling technologies have 
emerged as useful approaches through sequence- or structure-dependent substrate recognition,19 
and chemical modification is an alternative means for site-specific DNA labeling by incorporation of 
a chemical handle that is inert toward endogenous chemical functional groups but reactive toward 
a labeling reagent.20,21 However, despite the remarkable advance of the bioconjugation technologies 
during the past decades, site-specific chemical modification remains a serious challenge due to its 
demanding criteria which include adequate reactivity of the labeling reagents toward the target site 
and high selectivity in biomolecule-compatible solvents such as aqueous buffer. Finding the 
appropriate balance between the reactivity and selectivity of a labeling reagent requires careful, 
time-consuming screening, and the need for an aqueous solution renders the realization of selective 
DNA bioconjugation even more problematic, as development of organic reactions in aqueous media 
is difficult.22  
 
Bioconjugation processes based on ionic liquids represent an alternative strategy to address the 
compatibility issue between DNAs and organic chemical reactions. Owing to the ionic nature and 
solubility of DNAs, water or aqueous buffer is often a common choice for bioconjugation processes, 
although aqueous reaction conditions are not preferable from the perspective of the reaction 
because of their negative effects, which include the solubility and stability of labeling reagents and 
sluggish kinetics. As an alternative, ionic liquids, compounds completely composed of ions have 
organic frameworks with a constant charge state and have been successfully employed for 
dissolution and stabilization of various DNA molecules.23,24 However, ionic liquids have not been 
employed in DNA bioconjugation processes even though their modular properties suggest they may 
be preferable for both the DNA and labeling processes. 
 



In this Article, we report that a tetrazene forming reaction based on an ionic liquid enables site-
specific labeling of the alkylamine tag on a desired position of DNA (Fig. 1). Our research program 
(Bioconjugation In Nonaqueous-Driven Reaction Solvent or BINDRS) to develop novel bioconjugation 
using nontraditional media, recently discovered that triphenylphosphine promotes a coupling 
reaction between an azide and an alkylamine in peptides or proteins, forming a tetrazene group with 
four consecutive nitrogen atoms.25 With no noticeable effect on the target peptides or proteins, this 
reaction, which takes place in an ionic liquid, displays excellent chemoselectivity for alkylamines in 
the presence of a variety of other NH groups in for example, guanidine or imidazole. The tetrazene 
formed in this reaction serves as a linker which can survive pH changes and redox mediators. We 
have found that the phosphine-azide reaction has virtually no effect on native DNA functional groups 
such as DNA bases, phosphate backbone and ribose groups. This capability presents the possibility 
of site-specific modification at a desired location in DNA through incorporation of an exogenous 
alkylamine group. Reagent screening revealed the wide tolerance of the phosphine-azide reaction of 
various chemical functionalities, enabling preparation of a variety of functionalized DNA aptamers 
such as fluorophores and cholesterol and biotin conjugates. The aptamer conjugates were 
successfully used in staining experiments of cancer cell lines, validating the compatibility of the ionic 
liquid-based modification processes with biomolecules such as DNA. 
 

 
Fig. 1. Site-specific tetrazene-forming reaction on DNA substrates. 

 
Results and discussion 
 
Our initial survey of the reactivities of the adenine (A), thymine (T), cytosine (C), guanine (G), and 
uracil (U) nucleotides in a simple DNA substrate revealed their inertness toward the phosphine-azide 
coupling reaction (Fig. 2). In order to understand the applicability of the phosphine-azide coupling 
reaction, we first applied nonfunctional azide reagent (1a) to a tetrathymidine containing an 
additional nucleotide at the 5’ terminus (Figs. 2A-2C). Notwithstanding the presence of different 
types of NH2 groups in native DNAs, only traces of tetrazene-modified DNAs were observed in mass 
spectrometric analysis after the reaction and subsequent buffer exchange processes (Figs. 2D-2H). 
On the other hand, introduction of alkylamine at the 5’-terminus of the backbone led to a significant 
increase in the signal from the peak corresponding to the formation of the tetrazene group (Fig. 2I). 
Those results suggest that the ionic liquid-based phosphine-azide reaction has a high specificity for 
alkylamines over other endogenous arylamine groups. 
 



 
Fig. 2. Alkylamine-selective tetrazene-forming reaction with pentanucleotides in an ionic liquid. Reaction conditions: 
Reaction conditions: KHCO3 (20 mM), XTTTT (0.2 mM), azide 1a (7.5 mM), and PPh3 (20 mM) in 1-butyl-1-
methylpyrrolidinium trifluoromethanesulfonate (BMPy OTf) at 50 °C for 2 h. (A) Chemical structure of nucleotide 
backbone in an XTTTT sequence with or without an alkyl amine. (B) Chemical structure of the azide (1a). (C) Structure 
of the ionic liquid, BMPy OTf. (D-I) Matrix-assisted laser desorption/ionization (MALDI-MS) analysis of the reaction of 
XTTTT where X = adenosine (D), thymidine (E), cytosine (F), guanosine (G), deoxyuridine (H), and thymidine (T) with 
alkylamine (I) containing a 12 carbon linker (5AmMC12). 

 
The high functional group tolerance of the modification process allowed incorporation of a variety 
of alkyl azide reagents to the alkyl amine-tagged DNA (Figs. 3 and S1). The trimethyl-silyl (TMS) group 
has been used increasingly as a chemical reporter in structural biology research because of its 
characteristic chemical shift in nuclear magnetic resonance (NMR) spectra.26,27 Despite the relatively 
large steric bulk of the trimethylsilyl group, the TMS-methylazide (1b) could be used to introduce the 
TMS group to the DNA. Tertiary amine-containing reagents such as 1c or 1d did not decrease the 
efficiency of the modification, and could be useful for introduction of an additional positive charge 
to the biomolecule. Incorporation of the morpholine group (1d) is noteworthy as the resulting tag 
could be useful in endoplasmic reticulum-targeting applications.28 Aromatic rings and a fluorophore 
scaffold are also compatible with the modification, enabling preparation of a color-palette of 
DNA-fluorophore conjugates. Interestingly, despite the versatile reactivities of azides and phosphine, 
and their derivatives, such as phosphazide and iminophosphorane, a single product was observed 
with an alkyl bromide substituted azide (1g) without loss of the bromide group. As the incorporation 
of the dimethylalkyl bromide is common in radical polymerization processes,29–31 the successful 
attachment of the group assists further development of DNA-polymer conjugates. Thus, the 



phosphine azide reaction in not affected by a series of functional groups such as silyl, tertiary amino, 
ether, ester, aryl alcohol, tertiary alkyl bromide and alkene groups. 
 
 

 
Fig. 3. Tetrazene-forming DNA bioconjugation with a variety of alkyl azides. Modification reaction conditions: KHCO3 
(20 mM), 5’-TTTTT-3’-alkyl-NH2 (0.2 mM), azide derivatives 1b-1j (7.5 mM), and PPh3 (20 mM) in BMPy OTf at 50 °C 
for 2 h. *Reaction was incubated overnight. Conversion rates in the parentheses were calculated based on matrix-
assisted laser desorption/ionization (MALDI-MS) analysis. 

 
In an effort to understand the compatibility of the functional groups and enhance the reaction 
efficiency, we tested different types of phosphine and phosphite reagents (Fig. 4). A DNA aptamer 
for human serum albumin was chosen as a model substrate for this study of phoshines.32 We focused 
only on reasonably air-stable phosphines including triaryl-phosphines with a range of substituents 
(2a-2g), alkylphosphine (JohnPhos, 2h), and aryl phosphite (2i) and used triphenylphosphine oxide 
(3) as a negative control (Figs. 4A,4C).33 The degree of the modification reaction was assessed with 
biotin-azide which provides an analysis handle for anti-biotin southern blotting with a 
streptavidin-fluorophore conjugate. With the sole exception of tris(pentafluorophenyl)phosphines 
(2b), all the triarylphosphines (2a, 2c-2g) displayed a fluorescence signal at a similar level, indicating 
the minor effect of the subtle changes of the electronic properties of the aryl substituents (Figs. 4D, 
S2). On the other hand, substantially weaker fluorescence signals were observed from reactions 
involving bisalkyl-monoarylphosphine (2h) or triphenylphosphite (2i), which suggests the necessity 
of triarylphosphine for the reaction. In order to visualize the total DNA amount on a blot membrane, 
Mayer’s hemalum solution (Fig. S3), which relies on coordination of aluminum with the phosphate 
backbone was employed.34 In contrast to the southern blot showing a varied fluorescence signal 
dependent on the biotin attachment on DNA, Mayer’s hemalum stain showed similar intensity across 
all the conditions, confirming the validity of the experimental design (Fig. S2). The triarylphosphine-
dependent modification was also confirmed by mass spectrometry (Fig. S2). We also found that 
different types of ionic liquid could be utilized for this chemical transformation (Figs. 4B, S4). 
Furthermore, double-stranded DNAs with the alkylamine tag exhibited comparable reactivity to the 
single-stranded DNA system as well (Fig. S5). 
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Fig. 4. Screening of phosphine reagents on tetrazene formation reaction on a DNA aptamer toward human serum 
albumin (HSA). Sequence of the HSA aptamer: 5’-TGCGGTTGTAGTACTCGTGGCCG-3’.32 Reaction conditions: HSA DNA 
aptamer (0.1 mM), KHCO3 (20 mM), biotin azide (7.5 mM), and phosphine (3.0 mM) in a mixture of 1-ethyl-3-

methylimidazolium acetate (EMIM OAc)/DMF (1:1) at 50 C for 2 h. (A) General chemical structure of phosphine. 
Green circle, red square and blue triangle each represents the aryl or alkyl groups shown in Fig. 5C. (B) Chemical 
structure of ionic liquid 1-ethyl-3-methylimidazolium acetate, EMIM OAc. (C) Chemical structures of the aryl or alkyl 
groups of different phosphine/phosphite reagents. (D) Bar graph showing the anti-biotin southern blot after 
modification of the HSA DNA aptamer with biotin azide with different phosphines. Error bars represent standard 
deviation (n = 3). Representative blot membrane images for the anti-biotin southern blot (Cy5) and total stain with 
Mayer’s hemalum solution (MHS) are shown below the bar graphs. Full-width southern blot membrane images are 
shown in Fig. S2. 

 

The site-specific incorporation of the tetrazene functional group proved to be independent of the 
alkylamine introduction site (Figs. 5A, 5B). In order to determine if the reactivity of the alkylamine 
group is affected by its location on the DNA sequence, we tested the reaction of a small DNA (TTTTT) 
with an alkylamino group on the internal thymidine (alkylamine on thymidine base), 3’ terminus, and 
5’-terminus (Fig. 5A). Assessment of the modification was performed by using fluorophore-azide (1k, 
boron dipyrromethene, BODIPY) to compare the reaction efficiency of the different DNAs (Fig. 5B), 
because the fluorescence intensity from the DNAs after the reaction reflects the efficacy of the 
reaction process. The DNAs were subjected to the reaction cocktails containing the fluorophore azide 
(1k) and triphenylphosphine, and the reactions were quenched at a different time points (0, 30 and 
60 min). After the buffer exchange process to remove the ionic liquid and excess reagents, the 
fluorescence intensities of the DNA were visualized on a nylon blot membrane (Figs. 5A and S6). 
There is a slight difference of the labeling efficiency tendency, but we did not observe substantial 
difference of the reactivity at any position, and the negative control without amine groups displayed 
no meaningful reactivity. The similar observation was also confirmed by MALDI-MS analysis (Fig. S6), 
and this demonstrated the generality of the reactions on different location of alkylamines. 

Taking advantage of the minimal reactivity of the phosphine-azide toward endogenous DNA 
functional groups, we were able to selectively modify alkylamine-labeled DNA in a mixture with other 
untagged DNAs (Fig. 5C). Thymidine pentamer (TTTTT) with and without the alkylamine tag at the 5’ 
terminus was incubated with BODIPY-azide (1k) and triphenyl-phosphine in the presence of a series 
of DNAs ranging from 10 to 300 base pairs. Agarose gel analysis showed a single fluorescence band 
at the bottom of the gel representing the alkylamine-containing condition. In contrast, a total stain 
of the gel with a SYBR fluorophore confirmed the presence of a number of DNAs, demonstrating that 
the modification process indeed occurred preferentially on the alkylamine-tagged DNA over other 
untagged DNAs. 

 



 
Fig. 5. Reactivity and selectivity analysis of the tetrazene forming reaction on pentanucleotides with an alkylamine in 
different locations. (A) Bar graph showing fluorescence intensity of 5’-TTTTT-3’ with and without an alkyl amine and 
treated with fluorophore azide 1k. Reaction conditions: KHCO3 (20 mM), 5’-TTTTT-3’ with and without amine group 
(0.2 mM), azide 1k (3 mM), and PPh3 (3 mM) in BMPy OTf at 50 °C for a specific time. Error bars represent standard 
deviation (n = 3). (B) Chemical structure of alkylazide containing a boron dipyrromethene (BODIPY) group (1k). (C) 
Agarose gel images for the reaction of TTTTT-5’-NH2 with azide 1k in the presence of DNA ladder (10-300 bps). Total 
DNA samples were visualized by the fluorescence from SYBR Gold nucleic acid gel stain (Cy3 excitation and emission), 
while modified DNA samples were visualized by the fluorescence from BODIPY (Cy2 excitation and emission). Reaction 
conditions: KHCO3 (20 mM), TTTTT with or without NH2 tag at 5’ position (0.2 mM), DNA mixture (0.9 mg/mL), azide 
1k (3 mM), and PPh3 (3 mM) in BMPy OTf at 50°C for 2 h. 

 
The ionic liquid-based approach also enabled the introduction of a hydrophobic anchor onto a DNA 
aptamer (Fig. 6). Synthetic DNAs with hydrophobic tags have been studied increasingly as 
hydrophobic DNAs exhibit unique properties such as formation of nanostructures and cell 
permeability for molecular transport across cell membranes.35,36 However, due to the strong 
preference of an aqueous or highly polar solution of DNA with its polyionic nature, introduction of 
nonpolar, hydrophobic groups including lipids and steroids is chemically challenging. With the ionic 
nature of the hydrophobic scaffold of ionic liquids, we hypothesized that our BINDRS strategy could 
address the dilemma of a reaction solvent incorporating a hydrophobic tag reacting with hydrophilic 
DNA molecules. A DNA aptamer toward the RNA hairpin of human immunovirus (HIV)-1 
transactivation-responsive (TAR) element37 was incubated with cholesterol azide (1l) and different 
types of phosphine reagents (Fig. 6a). Consistent with the known cholesterol-dependent aggregation 
of DNA38 as well as with the phosphine screening experiments in Fig. 5, the agarose gel analysis 
showed the aggregation of the DNAs with active triarylphosphine reagents in a high conversion but 
not from sterically bulky alkylphosphines nor from phosphine oxide negative control conditions (Fig. 
6B). Even though the polarity or solubility of DNAs would have been altered by the cholesterol 
modification processes, no significant loss of nucleotides was observed after the buffer exchange, as 
confirmed by results from the use of Mayer’s hemalum stain (Fig. S7). The high efficiency of the 
modification process with cholesterol was confirmed by MALDI-MS too (Fig. 6C). The aggregation 
observed in the agarose gel is indicative of the potential capability of the aptamer modified with a 
hydrophobic tag to diffuse into the cell membrane, and accordingly, we tested the cholesterol-
tagged aptamer in confocal microscope experiments using a cancer cell line. Cultured HeLa cells were 
incubated with the cholesterol aptamer hybridized with its complementary sequence bearing a 
cyanine fluorophore (Cy5), and the fluorescence signal was visualized on a confocal microscope (Fig. 



6D). As anticipated,39 the fluorescence signal derived from the Cy5 fluorophore was observed to be 
dependent on the modification. Staining of the actin filament with a phalloidin-fluorophore 
conjugate shows the presence of cells in both conditions. Together, these experiments demonstrate 
the successful introduction of cholesterol to the aptamer sequence through the ionic liquid-based 
reaction. 
 

 
Fig. 6 Attachment of cholesterol to a DNA aptamer toward the RNA hairpin of human immunovirus (HIV)-1 
transactivation-responsive (TAR) element through the tetrazene-forming reaction. Sequence of the HIV-1-TAR 
aptamer: 5’-CCCTAGTTAGCCATCTCCC-3’.37 Modification conditions: HIV-1-TAR-5’-NH2 aptamer (0.1 mM), KHCO3 (20 

mM), azide 1l (7.5 mM), and PPh3 (2) or O=PPh3 (3) (20 mM) in EMIM OAc/DMF/DMSO (2:1:1) at 50 C for 2 h. (A) 
Chemical structure of cholesterol azide (1l). (B) Agarose gel analysis of HIV-1-TAR-5’-NH2 aptamer modified with 
cholesterol azide (1l) in the presence of triphenylphosphine oxide (3), triphenylphosphine (2a) JohnPhos (2h), and 
sulfonate-substituted triphenylphosphine (2e). Degree of conversion was calculated by quantification of the 
unmodified DNA bands in comparison with the triphenylphosphine oxide condition as 100% of the starting material. 
(C) Matrix-assisted laser desorption/ionization (MALDI-MS) analysis of the modification of HIV-1-TAR-5’ NH2 aptamer 
with azide 1l and triphenylphosphine oxide (top, negative control) or triphenylphosphine (bottom). (D) Confocal 
microscopy images of HeLa cells stained with HIV-1-TAR aptamer hybridized with its complementary DNA-Cy5 
conjugate (magenta). Top: Cholesterol-modified aptamer (azide/PPh3-treated aptamer). Bottom: Unmodified 
aptamer (azide/O=PPh3-treated aptamer). Green: Actin filament stain with Phalloidin-CF488 conjugate. Scale bar: 20 

m. 

 
Finally, the ionic liquid-based phosphine-azide reaction was applied to labeling of a therapeutically 
important DNA aptamer (Fig. 7). The Her2 receptor is an epidermal growth factor related protein 
(ErbB2) family of receptor tyrosine kinases and an emblematic example of overexpressed proteins in 
several types of cancer cells (Fig. 7A).40 We have adopted sequence (42 nucleotides) of a DNA 
aptamer to the Her2 receptor originally reported by Yarden et al.41 Modification of the Her2 aptamer 
with biotin-azide reagent proceeded smoothly in the same reaction conditions as those used with 
other aptamers, and was confirmed by MALDI-MS and anti-biotin southern blotting (Fig. S8). A gel 
shift assay using streptavidin also demonstrated the consumption of the unmodified aptamer (Fig. 
S9). We used the biotinylated aptamer for cell imaging experiments on an Her2-overexpressing cell 
line, SK-BR-3. Treatment of SK-BR-3 cells with the biotinylated aptamer gave the streptavidin-
fluorophore (Cy5) conjugate which displayed strong fluorescence signals while negligible 
fluorescence was observed from the unconjugated aptamer (Fig. 7B). Importantly, cells treated with 
the biotinylated aptamer hybridized with its complementary sequence showed substantial decrease 
in the fluorescence signals, showing the importance of the single-strand aptamer structure for its 



binding with the target protein. As such, we have confirmed the conservation of the aptamer’s 
binding capability toward antigen targets even after treatment with ionic liquids and 
phosphine/azide reagents, demonstrating the practical utility of the ionic liquid-DNA bioconjugation 
approach. 
 
 

 
Fig. 7. Tetrazene-forming reaction of DNA aptamer with the Her2 receptor. Sequence of the Her2 aptamer: 5’-
GCAGCGGTGTGGGGGCAGCGGTGTGGGGGCAGCGGTGTGGGG-3’.41 Modification conditions: Her2 aptamer-5’-NH2 
aptamer (0.1 mM), KHCO3 (20 mM), biotin azide (7.5 mM), and PPh3 (20 mM) in EMIM OAc/DMF/DMSO (2:1:1 ratio) 

at 50 C for 2 h. (A) Partial crystal structure of Her2 receptor (PDB ID: 1N8Z). (B) Confocal microscopy images of Her2-
overexpressing SK-BR-3 cells stained with biotin-modified Her2 aptamer (top), unmodified aptamer (middle), or 
biotin-modified Her2 aptamer hybridized with complementary DNA sequence (bottom). The bound aptamer was 
visualized by streptavidin-fluorophore (Cy5) conjugate (1:50 dilution) shown in magenta. Blue: Nuclear stain with 

DAPI. DIC: differential interference contrast. Scale bar: 20 m. 

 

Conclusion 

The ionic liquid-based tetrazene-forming reaction has been successfully applied to the site-specific 
modification of DNA substrates. The high reaction efficiency at a desired location and high tolerance 
toward a variety of functional groups on azide and phosphine reagents could be of significant help in 
tailoring the technology to more specific applications. Thanks to the widespread use of azide-alkyne 
cycloaddition reactions in the chemistry and biology communities,42 there are numerous 
commercially available alkyl azide reagents, and the current research technologies can be readily 
adopted for diverse applications. The shelf-stable nature of the alkyl azide and triarylphosphine 
reagents would also be practically helpful in this context. Persistent issues of common amine-
targeting reagents originate from instability issues such as the hydrolytic decomposition of N-
hydroxysuccinimide (NHS) ester reagents for the acylation reaction and the aerobic oxidation of 
aldehyde reagents used in the reductive alkylation reaction. Our initial success of ionic-liquid 
bioconjugation development for nucleotide substrates may serve to provide further access to 
untapped chemical labeling methodologies for preparation of nucleotide conjugates. 
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