
SCIENCE CHINA 
Chemistry 

© Science China Press and Springer-Verlag Berlin Heidelberg 2010  chem.scichina.com   www.springerlink.com 

                           
*Corresponding author (email: wang@mail.chem.sc.edu, tianhe@ecust.edu.cn) 

• ARTICLES • June 2010  Vol.53  No.6: 1287–1293 

 doi: 10.1007/s11426-010-3191-0 

Crosslinking of viral nanoparticles with “clickable” fluorescent 
crosslinkers at the interface 

KAUR Gagandeep1, ZHAN WenHai2, WANG Chao3, BARNHILL Hannah1,  
TIAN He2* & WANG Qian1* 

1Department of Chemistry and Biochemistry and Nanocenter, University of South Carolina, Columbia, SC 29208, USA 
2Institute of Fine Chemicals, East China University of Science and Technology, Shanghai 200237, China 

3Natural Products Research Center, Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu 610041, China   

Received December 18, 2009; accepted April 9, 2010 

 

Cu (I) catalyzed alkyne-azide cycloaddition (CuAAC) reaction, a typical “click” reaction, is one of the modular synthetic ap-
proaches which has been broadly used in various organic syntheses, medicinal chemistry, materials development and biocon-
jugation applications. We have for the first time synthesized two dialkyne derivatized fluorescent crosslinkers which could be 
applied to crosslink two biomolecules using CuAAC reaction. Turnip yellow mosaic virus, a plant virus with unique structural 
and chemical properties, was used as a prototypical scaffold to form a 2D single layer at the interface of two immiscible liquids 
and crosslinked with these two linkers by the CuAAC reaction. Upon crosslinking, the fluorescence of both linkers diminished, 
likely due to the distortion of the polymethylene backbone, which therefore could be used to indicate the completion of the re-
action. 
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1  Introduction 

Click chemistry is a powerful and modular synthetic ap-
proach introduced by Sharpless et al. [1, 2]. The criteria 
defining a click reaction include simple reaction conditions, 
high product yields, little byproduct formation and simple 
product isolation procedures [1]. The driving force of click 
reaction is thermodynamic in nature which controls the 
modular and stereo specific nature of the reaction resulting 
in high product yields [3]. Of all the reactions that can be 
ranked under click chemistry, Cu(I) catalyzed alkyne-azide 
cycloaddition (CuAAC) reaction is undoubtedly the premier 
example of all [4, 5]. This reaction has been extensively 
used in materials development [6–9], polymer synthesis [10, 
11], dendrimer synthesis [12–16] and drug discovery 

[17–19]. CuAAC reaction serves as a great tool for biocon-
jugation applications [20–29], mainly due to (i) facile syn-
thesis and easy incorporation of alkyne and azide moieties 
into biomolecular frameworks, (ii) compatibility to other 
functionalities yielding highly specific products, (iii) com-
patibility to water which is crucial for biomolecular systems, 
(iv) mild reaction conditions which will help maintaining 
the properties of biomolecules, and (v) stability of the re-
sulting triazole ring to the hydrolytic cleavage, oxidation 
and reduction [2, 3, 9]. 

For a biomolecular system, chemical cross-linking of two 
biomolecules or proteins is highly significant in identifying 
structure-function relationships in proteins, monitoring pro-
tein-protein interactions, and developing novel biomaterials 
for biomedical applications. Over the last 25 years, a variety 
of mono-functional and hetero-bifunctional reagents have 
been developed that target different side chains of proteins 
for coupling. Crosslinkers with reaction chemistries such as 
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photoactivatable molecules [30], fluorescent linkers [31], 
cleavable linkers [32], antibody-antigen complexes [33], 
metal complexes [34], and biotin-streptavidin complexes 
[31, 35] have been reported for protein couplings. However, 
few crosslinking methods possess properties such as good 
reaction specificity, high product yields, limited side reac-
tions and ability to account the crosslinking efficiency [31, 
35]. In this regard, the synthesis of a crosslinker which 
serves as a crosslinker as well as a label indicating the reac-
tion completion is invaluable.  

Cyanine dyes are one of the most common fluorescent 
compounds that have been applied in a variety of applica-
tions due to their facile synthesis, relative stabilities, high 
polarity, high molar extinction coefficients and broad 
wavelength range of fluorescence emission [36–40]. In our 
previous publications we have demonstrated the synthesis 
of novel cyanine and hemicyanine dyes [39], and their ap-
plication in selectively modifying viruses [41]. We hereby 
report the synthesis of two new dialkyne cyanine dyes 
bearing polymethylene chains and their applications as 
chemical crosslinkers to ligate two biomolecules via the 
CuAAC reaction. A plant virus, turnip yellow mosaic virus 
(TYMV), was used as the model to demonstrate the reaction 
potential of these dyes in crosslinking two particles. Recent 
studies indicate that TYMV can be employed as a great tool 
in drug delivery, imaging and tissue engineering applica-
tions [6, 42–46]. This symmetric bionanoparticle (BNP) 
could self-assemble at the liquid-liquid interface to yield 
stable emulsion systems and highly ordered long range ar-
rays at the flat interface [44]. Due to the availability of fac-
ile amino acid coat protein structure these particles could be 
crosslinked using simple chemicals such as glutaraldehyde. 
In lieu of the fact, that a labeling technique which can help 
in determining the reaction completion will be very useful 
for different applications, we propose to crosslink the self 
assembled TYMV particles at the interface using CuAAC 
reaction with fluorescent cyanine dyes which lose their 
fluorescent nature after the reaction. 

2  Experimental 

2.1  General methods 

All chemicals and solvents were obtained from commercial 
suppliers and used as received unless otherwise noted.   
1H NMR spectra were recorded on Bruker 400 NMR spec-
trometer and UV-vis absorption spectra were measured on 
Agilent 8453 spectrometer. Emission spectra were meas-
ured on Varian Cary Eclipse fluorescence spectrophotome-
ter. ESI HRMS spectra for compounds were recorded using 
Micromass Q-TOF. TYMV was purified from infected 
Chinese cabbage leaves following the procedure as de-
scribed [43]. Chemical modification of TYMV with the 
desired compounds and its characterization was done using 
the established protocols as described [42]. TEM analyses 

of samples were performed using Hitachi H-8000 TEM 
electron microscope. TEM samples of the emulsion parti-
cles were prepared by depositing 20 L of emulsion sam-
ples on carbon coated copper grids and staining it with 2% 
uranyl acetate solution for 4 min. The synthesis of the dyes 
studied in this paper is outlined in Scheme 1. N-(propargyl)- 
2-methylbenzothiazolium bromide 1 was synthesized ac-
cording to a known protocol [41]. Protein gel and Western 
blotting were performed on a 15% SDS-PAGE gel follow-
ing the standard protocols [43]. The primary TYMV poly-
clonal antibody was provided by Prof. Theo Dreher (Oregon 
State University).  

2.2  Synthesis of dyes 

Synthesis of dye 2 

Compound 1 (0.5 g, 1.86 mmol) and malonaldehydedianil 
hydrochloride (0.24 g, 0.93 mmol) were dissolved in a 
mixture of acetic acid (2 mL) and acetic anhydride (15 mL). 
After the addition of sodium acetate anhydrous (0.3 g, 0.56 
mmol), the reaction mixture was stirred under 90–100 °C 
for 1 h. After stirring, the flask was left in a refrigerator for 
precipitation overnight. The precipitate was filtered and 
washed with ethanol and water. Then the solid was recrys-
tallized from ethanol three times to yield the product; 0.3 g 
(40%); mp 240–242 °C; 1H NMR (400 MHz, DMSO):  
(ppm) 8.03 (d, J = 7.6 Hz, 2H), 7.84 (t, J = 12.8 Hz, 4H), 
7.76 (d, J = 8.4 Hz, 2H), 7.59 (t, J = 8.4 Hz, 2H), 7.42 (t, J = 

8.0 Hz, 2H), 6.67 (d, J = 13.2 Hz, 2H), 6.51 (t, J = 12.4 Hz, 
2H), 5.33 (s, 4H), 3.61 (s, 2H). 13C NMR (100 MHz, 
DMSO):  (ppm) 164.2, 151.7, 141.0, 128.6, 125.8, 125.6, 
123.7, 122.3, 113.8, 101.7, 77.4, 77.1, 36.2. ESI HRMS 
exact calcd mass for (C25H19N2S2 + H)+ is m/z: 411.1000, and 
found m/z: 411.0990. 

Preparation of 7-ethynyl-1,1,2,3-tetramethyl-1H-benz[e]in-      
dolium iodide 3 

1,1,2-trimethyl-1H-benz[e]indolenin (4.2 g, 16 mmol) was 
dissolved in 20 mL acetonitrile. Iodomethane (9.03 g, 64 
mmol) was added and the solution was stirred at 50 °C for  
8 h. The mixture was left in a refrigerator overnight. The 
precipitates were filtered and washed with acetonitrile (3  3 
mL). Thorough drying yielded 3 as a green solid; 3.2 g 
(54%); mp > 250 °C. 

Synthesis of dye 4 

Compound 3 (1.47 g, 3.92 mmol) and malonaldehyde-dianil 
hydrochloride (0.51 g, 1.86 mmol) were dissolved in a 
mixture of acetic acid (2 mL) and acetic anhydride (15 mL). 
After the addition of sodium acetate anhydrous (1.0 g, 12.2 
mmol), the reaction mixture was stirred at 90–100 °C for  
1 h. Then the reaction mixture was left in a refrigerator 
overnight for precipitation. The precipitates were filtered 
and washed with ethanol and water. The obtained solid was 
recrystallized in ethanol containing sodium perchlorate  
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Scheme 1  Synthesis of 2 and 4. 

(0.41 g, 2.88 mmol). Upon cooling, the deposit was collected 
to yield a solid; 0.63 g (24%); mp > 250 °C; 1H NMR (400 
MHz, DMSO):  (ppm) 8.62 (t, J = 13.2 Hz, 2H), 8.31 (d, J 

= 8.0 Hz, 2H), 8.16 (d, J = 8.4 Hz, 2H), 8.11 (s, 2H), 7.85 (d, 
J = 8.8 Hz, 2H), 7.75 (s, 2H), 7.57 (s, 2H), 6.72 (t, J = 12.4 
Hz, 1H), 6.57 (d, J = 13.6 Hz, 2H), 5.28 (s, 4H), 3.61 (s, 2H), 
2.02 (s, 6H). 13C NMR (100 MHz, DMSO):  (ppm) 174.2, 
154.6, 139.4, 133.4, 131.9, 130.8, 130.4, 128.3, 128.1, 
125.4, 122.7, 112.0, 104.3, 77.5, 76.7, 51.3, 34.3, 27.2. ESI 
HRMS exact calcd mass for (C39H35N2 + H)+ has m/z:  
531.2800 and found m/z: 531.2806. 

2.3  Modification of TYMV and emulsion preparation  

The lysine residues present on the coat protein of TYMV 
were modified with azide NHS-ester 5 as described [42]. 
The reaction was carried out in 0.01 M potassium phosphate 
buffer (pH 7.8), containing 10% (v/v) THF with TYMV  (1 
mg/mL) and a 100-fold excess of 5 at 4 °C overnight. The 
TYMV-azide was then pelleted out from the reaction mix-
ture by centrifuging for 2 h at 42000 rpm (Beckman 50.2 Ti 
rotor). The final concentration of TYMV-N3 was deter-
mined by UV-vis analysis of the product at 260 and 280 nm. 
The modification of virus particles was characterized using 
MALDI-MS.  

Formation of emulsions and sequential crosslinking reaction 

Previously, we have demonstrated that spherical virus parti-
cles such as cow pea mosaic virus and TYMV could yield 
stable Pickering emulsions in perfluorodecalin/aqueous 
phase system, which could be crosslinked together to form 
stable layers using glutaraldehyde [44, 46]. In this study, we 
employed the same system to obtain TYMV stabilized per-
fluorodecalin emulsions in aqueous phase and demonstrated 
the crosslinking of TYMV particles arranged at the interface 
using CuAAC reaction. The aqueous phase was prepared by 
dissolving 150 mM NaCl in nanopure water. To the aqueous 
solution, TYMV-azide was added such that the final con-
centration of the virus-azide was 0.1 mg/mL. A 10-fold ex-
cess of the cyanine dyes per virus subunit was added to the 

aqueous phase prior to the addition of perfluorodecalin. 
After the addition of dyes, bathocuproinedisulphonic acid 
(BCA), the ligand for CuAAC reaction, was added to the 
aqueous phase to reach a final concentration of 2 mM. A 
10% (v/v) amount of perfluorodecalin was added and the 
mixture was shaken vigorously for 15 min to form very 
small emulsion droplets. The reaction vials were covered 
with aluminum foil in order to avoid photo bleaching of the 
dyes. These emulsion solutions were kept at 4 °C for 2 h 
before (tris(2-carboxyethyl)phosphine) (TCEP) (final [c] =  

5 mM) and CuSO4 (final [c] = 1 mM) were added. The re-
action vials were kept overnight at 4 °C and the emulsions 
were thoroughly washed using nanopure water before 
analysis.  

3  Results and discussion 

Methylation of 1,1,2-trimethyl-1H-benz[e]indolenin with 
methyl iodide yielded indolinium salt 3 and its purity was 
examined using 1H NMR. Treating the thiazolium salt 1 and 
indolinium salt 3 with malonaldehydedianil hydrochloride 
in a solution of glacial acetic acid and acetic anhydride 
produced the dialkyne-derivatized cyanine linkers 2 and 4, 
respectively. The methods developed for the synthesis of 
the two cyanine dyes yielded gram quantities of both dyes. 
Like most of the cyanine dyes, dyes 2 and 4 were soluble in 
water/DMSO co-solvent systems and showed intense blue 
and green colors with maximum absorption at 663 nm and 
729 nm, respectively. Both linkers display strong fluores-
cence emission at room temperature (Figure 1). 

Based on our previous studies we have established that 
spherical plant viruses could self-assemble at the oil-water 
interface forming a monolayer of particles that could be 
crosslinked using crosslinkers as glutaraldehyde. The 
crosslinking of BNPs arranged at the interface plays a cru-
cial role in enhancing the mechanic properties of the virus 
assemblies [44, 46]. Therefore, this offers an ideal platform 
to test the reactivity of linkers 2 and 4. As shown in Scheme 
2, TYMV particles were modified with azide 5 according to  
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Figure 1  UV-vis and fluorescence spectra of dyes 2 (a) and 4 (b) recorded in pure DMSO. Blue curves represent absorption spectra and red curves emission 
spectra, respectively.  

 

Scheme 2  Crosslinking of TYMV at the liquid-liquid interface via 
CuAAC reaction. BCA, bathocuproinedisulphonic acid; TCEP, tris(2- 
carboxyethyl)phosphine. 

the protocol described previously [42]. The integrity of the 
modified viral particles TYMV-N3 was confirmed by TEM 
and FPLC analysis. Following the reported Pickering emul-     
sion approach, TYMV-N3 particles were assembled at the 
interface of water and perfluorodecalin [46]. In order to 
enhance the interfacial tension between water and per-    
fluorodecalin, 150 mM NaCl solution was used as the aque-     
ous layer. After the addition of perfluorodecalin the mixture 
was shaken vigorously to form emulsion droplets decorated 
with TYMV-N3 particles (Figure 2(a)). The emulsions were 
equilibrated for two hours before the CuAAC reaction was 

initiated and carried out overnight. CuSO4 was used as the 
copper source which was reduced in situ to Cu(I) by TCEP, 
a bio-benign reducing reagent [25]. TCEP is a competent 
reducing agent for Cu(II); it is more hydrophilic, resistant to 
oxidation in air and reacts very slowly with azides [3]. 
Copper chelator BCA was added as a ligand to stabilize the 
in situ generated Cu(I) which catalyzed the CuAAC reaction. 
The successful crosslinking of TYMV-N3 particles at the 
interface was first observed upon comparing the stability of 
emulsions to washing with water. In the absence of 
crosslinking the droplets collapsed into separate oil and wa-
ter phases. After the CuAAC reaction, the emulsion droplets 
covered with crosslinked TYMV were very stable and were 
washed with water to remove excess dyes and other reaction 
components without disrupting the droplets.  

As shown in Figure 2(b), after removing the excess dyes, 
the emulsions retained the original color of dyes. The drop-
lets were clearly observed using optical microscope (Fig-
ures 2(c) and (d)). However, the fluorescence of dyes was 
completely quenched after the reaction. This loss of fluo-
rescence may be attributed to the distortion of polymethyl-
ene chains of cyanine dyes 2 and 4 caused by the steric hin-
drance upon conjugation to bulky TYMV particles. The 
integrity of TYMV particles after CuAAC reactions was 
confirmed by transmission electron microscopy (TEM) 
analysis. TEM images show the presence of closely packed 
TYMV particles emulsions (Figure 3(a) and (b)). A very 
good surface coverage of the emulsion droplets with viral 
particles was observed.  

We further confirmed the crosslinking of TYMV parti-
cles by SDS-PAGE and Western blot analyses. The coat 
protein of TYMV was recognized with anti-TYMV poly-
clonal antibodies. As shown in Figure S1 (Supporting In-
formation in electronic version), a single band at 20 kDa 
was observed for TYMV-N3 which corresponds to the pro-
tein subunit of TYMV. Upon crosslinking TYMV particles 
with 2 or 4 by CuAAC reaction, higher molecular band 
corresponding to the protein dimer structure at ~40 kDa 
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Figure 2  (a) Schematic illustration of the emulsification process. (b) Optical image of TY an MV particles covered emulsions after thorough washing 
(bottom layer) crosslinked with 2 (blue color) and 4 (green color). (c, d) Emulsions visualized using an optical microscope show that after crosslinking reac-
tion the dyes retained their respective blue and green colors. Scale bars are 100 m. (e, f) Fluorescence spectra of dyes 2 and 4 before and after crosslinking 
via CuAAC reaction, showing the fluorescence of the original dyes was quenched upon crosslinking. 

 

Figure 3  (a) TEM image of the emulsion droplet (the scale bar is 50 m). 
(b) A magnified TEM image of the emulsion boundary showing the ar-
rangement of closely packed TYMV particles (the scale bar is 500 nm).  

was observed in addition to the 20 kDa monomer band, 
which was attributed to the crosslinking among TYMV par-
ticles at the interface. The faint bands at ~58 kDa might be 
attributed to the formation of small quantities of trimers 
during the crosslinking. As the control reaction, a solution 
of TYMV-N3 in water (1.0 mg/mL) was treated with either 

2 or 4 under the same CuAAC reaction conditions. However, 
after the overnight incubation, no crosslinking was observed 
in either case. Considering the azido groups on TYMV are 
fairly hindered, the close proximity of two viral particles is 
necessary to promote an efficient crosslinking reaction [41]. 

At the water-oil interface of Pickering emulsions, the local 
concentration of virus particles is very high and the reactive 
sites of TYMV are relatively fixed, which therefore result in 
much more efficient CuAAC reactions.  

4  Conclusions 

In this paper we have reported the synthesis of two fluores-
cent dialkyne linkers 2 and 4 which can be utilized in 
crosslinking two azide-carried entities by CuAAC reaction. 
Plant virus TYMV was employed as a prototypical biomac-
romolecule in our study. We found the linkers could be ef-
ficiently employed to crosslink TYMV particles that were 
arranged at the interface of oil and water. Due to the high 
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local concentration of TYMV particles at the interface and 
close proximity of the particles the crosslinking reaction 
occurred very efficiently. Both linkers retained their absorp-     
tion properties after the crosslinking but lost their fluores-     
cence completely. This is the first time that dialkyne fluo-     
rescent linkers were reported for the crosslinking applica-     
tions by CuAAC reaction. Due to the biocompatibility of 
azido and alkyne groups, as well as the bioorthogonal fea-     
ture of the CuAAC reaction, this crosslinking strategy is 
highly specific. In particular, less side products are pro-     
duced in comparison to conventional crosslinkers as glu-       
taraldehyde or bis-NHS esters.  

We are grateful for the support from the US NSF CAREER Award (CHE- 
0748690), US DoD–ARO (W911NF-09-1-0236), US DoE, the W. M. Keck 
Foundation, the Camille Dreyfus Teacher-Scholarship, the Alfred P. Sloan 
Foundation, the National Natural Science Foundation of China (50673025) 
and the National Basic Research 973 Program (2006CB806200). The 
anti-TYMV antibody was kindly provided by Prof. Theo Dreher of Oregon 
State University.  

1 Kolb HC, Finn MG, Sharpless KB. Click chemistry: Diverse chemi-      
cal function from a few good reactions. Angew Chem Int Ed, 2001, 
40: 2004–2011 

2 Moses JE, Moorhouse AD. The growing applications of click chem-      
istry. Chem Soc Rev, 2007, 36: 1249–1262 

3 Wang Q, Chittaboina S, Barnhill HN. Advances in 1,3-dipolar 
cycloaddition reaction of azides and alkynes – A prototype of “click” 
chemistry. Lett Org Chem, 2005, 2: 293–301 

4 Rostovtsev VV, Green L, Fokin VV, Sharpless KB. A stepwise Hu-     
isgen cycloaddition process: Copper(I)-catalyzed regioselective “liga-     
tion” of azides and terminal alkynes, Angew Chem Int Ed, 2001, 41: 
2596  

5 Wu P, Fokin VV. Catalytic azide-alkyne cycloaddition: Reactivity 
and applications. Aldrichim Acta, 2007, 40: 7–17 

6 Lee LA, Niu Z, Wang Q. Viruses and virus -like protein assemblies - 
chemically programmable nanoscle building blocks. Nano Res, 2009, 
2: 349–364 

7 Diaz DD, Rajagopal K, Strable E, Schneider J, Finn MG. “Click” 
chemistry in a supramolecular environment: Stabilization of organo-     
gels by copper(I)-catalyzed azide-alkyne [3 + 2] cycloaddition. J Am 
Chem Soc, 2006, 128: 6056–6057 

8 Gheorghe A, Matsuno A, Reiser O. Expedient immobilization of 
TEMPO by copper-catalyzed azide-alkyne [3+2]-cycloaddition onto 
polystyrene resin. Adv Synth Catal, 2006, 348: 1016–1020 

9 Nandivada H, Jiang X, Lahann J. Click chemistry: Versatility and 
control in the hands of materials scientists. Adv Mater, 2007, 19: 
2197–2208 

10 Diaz DD, Punna S, Holzer P, McPherson AK, Sharpless KB, Fokin VV, 
Finn MG. Adhesive polymers from copper-catalyzed azide-alkyne 
cycloaddition. J Polym Sci Pol Chem, 2004, 42: 4392–4403 

11 Li C, Finn MG. Click chemistry in materials synthesis. 2. Acid-swella-     
ble crosslinked polymers made by copper-catalyzed azide-alkyne 
cycloaddition. J Polym Sci, Part A: Polym Chem, 2006, 44: 5513–5515 

12 Helms B, Mynar JL, Hawker CJ, Fréchet JMJ. Dendronized linear 
polymers via “click chemistry”. J Am Chem Soc, 2004, 126: 
15020–15021 

13 Vestberg R, Malkoch M, Kade M, Wu P, Fokin VV, Sharpless KB, 
Drockenmuller E, Hawker CJ. Role of architecture and molecular 
weight in the formation of tailor-made ultrathin multilayers using 
dendritic macromolecules and click chemistry. J Polym Sci, Part A: 
Polym Chem, 2007, 45: 2835–2846 

14 Voit B. The potential of cycloaddition reactions in the synthesis of 

dendritic polymers. New J Chem, 2007, 31: 1139–1151 
15 Wu P, Malkoch M, Hunt JN, Vestberg R, Kaltgrad E, Finn MG, Fokin 

VV, Sharpless KB, Hawker CJ. Multivalent, bifunctional dendrimers 
prepared by click chemistry. Chem Commun, 2005, 5775–5777 

16 Yoon K, Goyal P, Weck M. Monofunctionalization of dendrimers 
with use of microwave-assisted 1,3-dipolar cycloadditions. Org Lett, 
2007, 9: 2051–2054 

17 Brik A, Alexandratos J, Lin Y-C, Elder JH, Olson AJ, Wlodawer A, 
Goodsell DS, Wong C-H. 1,2,3-Triazole as a peptide surrogate in the 
rapid synthesis of HIV-1 protease inhibitors. ChemBioChem, 2005, 6: 
1167–1169 

18 Lee LV, Mitchell ML, Huang SJ, Fokin VV, Sharpless KB, Wong 
C-H. A potent and highly selective inhibitor of human a-1,3-fucosyl-     
transferase via click chemistry. J Am Chem Soc, 2003, 125: 
9588–9589 

19 Qu W, Kung M-P, Hou C, Oya S, Kung HF. Quick assembly of 
1,4-diphenyltriazoles as probes targeting -amyloid aggregates in 
alzheimer’s disease. J Med Chem, 2007, 50: 3380–3387 

20 Breinbauer R, Kohn M. Azide-alkyne coupling: A powerful reaction 
for bioconjugate chemistry. ChemBioChem, 2003, 2003, 4: 1147–1149 

21 Deiters A, Cropp TA, Summerer D, Mukherji M, Schultz PG. Site- 
specific PEGylation of proteins containing unnatural amino acids. 
Bioorg Med Chem Lett, 2004, 14: 5743–5745 

22 Lutz J. 1,3-Dipolar cycloadditions of azides and alkynes: A universal 
ligation tool in polymer and materials science. Angew Chem Int Ed, 
2007, 46: 1018–1025 

23 Raja KS, Wang Q, Finn MG. Icosahedral virus particles as polyvalent 
carbohydrate display platforms. ChemBioChem, 2003, 4: 1348–1351 

24 Seela F, Sirivolu VR. Nucleosides and oligonucleotides with diynyl 
side chains: base pairing and functionalization of 2′-deoxyuridine de-     
rivatives by the copper(I)-catalyzed alkyne-azide ‘click’ cycloaddi-      
tion. Helv Chim Acta, 2007, 90: 535–552 

25 Wang Q, Chan TR, Hilgraf R, Fokin VV, Sharpless KB, Finn MG. 
Bioconjugation by copper(I)-catalyzed azide-alkyne [3+2] cycloaddi-     
tion. J Am Chem Soc, 2003, 125: 3192–3193 

26 Beatty KE, Xie F, Wang Q, Tirrell DA. Selective dye-labeling of 
newly synthesized proteins in bacterial cells. J Am Chem Soc, 2005, 
127: 14150–14151 

27 Bruckman MA, Kaur G, Lee LA, Xie F, Sepulvecla J, Breitenkamp R, 
Zhang X, Joralemon M, Russell TP, Emrick T, Wang Q. Surface 
modification of tobacco mosaic virus with "click" chemistry. Chem-     
biochem, 2008, 9: 519–523 

28 Le Droumaguet C, Wang C, Wang, Q. Fluorogenic click reaction. 
Chem Soc Rev, 2010, 39: 1233–1239 

29 Xie F, Sivakumar K, Zeng QB, Bruckman MA, Hodges B, Wang Q. 
A fluorogenic 'click' reaction of azidoanthracene derivatives. Tetra-    
hedron, 2008, 64: 2906–2914 

30 Marriott. G. Synthesis and applications of heterobifunctional photo-    
cleavable cross-linking reagents. Meth Enzymol, 1998, 291: 155–175 

31 Kluger R, Amer A. Chemical cross-linking and protein–protein in-    
teractions — A review with illustrative protocols. Bioorg Chem, 2004, 
32: 451–472 

32 Bennett KL, Kussmann M, Bjork P, Godzwon M, Mikkelsen M, 
Sorensen P, Roepstorff P. Chemical cross-linking with thiol-cleavable 
reagents combined with differential mass spectrometric peptide map-    
ping–A novel approach to assess intermolecular protein contacts. 
Prot Sci, 2000, 9: 1503–1518 

33 Jasin HE. Oxidative cross-linking of immune complexes by human 
polymorphonuclear leukocytes. J Clin Invest, 1988, 81: 6–15 

34 Brown KC, Yang SH, Kodadek T. Highly specific oxidative 
crosslinking of proteins mediated by a nickel-peptide complex. Bio-     
chemistry, 1995, 34: 4733–4739 

35 Fancy DA. Elucidation of protein–protein interactions using chemical 
crosslinking or label transfer techniques. Curr Opin Chem Biol, 2000, 
4: 28–33 

36 Armitage BA. Cyanine dye-DNA interactions: intercalation, groove 
binding, and aggregation. Topics Curr Chem, 2005, 253: 55–76 

37 Mishra A, Behera RK, Behera PK, Mishra BK, Behera GB. Cyanines 



 KAUR Gagandeep, et al.   Sci China Chem   June (2010) Vol.53 No.6 1293 

during the 1990s: A review. Chem Rev, 2000, 100: 1973–2011 
38 Patonay G, Salon J, Sowell J, Strekowski L. Noncovalent labeling of 

biomolecules with red and near-infrared dyes. Molecules, 2004, 9: 
40–49 

39 Tian H, Meng F. Solar cells based on cyanine and polymethine dyes. 
Opt Sci Eng, 2005, 99: 313–329 

40 Waggoner AS. The use of cyanine dyes for the determination of 
membrane potentials in cells, organelles, and vesicles. Meth Enzymol, 
1979, 55: 689–695 

41 Zhan W-H, Barnhill HN, Sivakumar K, Tian H, Wang Q. Synthesis 
of hemicyanine dyes for 'click' bioconjugation. Tetrahedron Lett, 
2005, 46: 1691–1695 

42 Barnhill HN, Reuther R, Ferguson PL, Dreher T, Wang Q. Turnip 
yellow mosaic virus as a chemoaddressable bionanoparticle. Bioconj 
Chem, 2007, 18: 852–859 

43 Barnhill HN, Claudel-Gillet S, Ziessel R, Charbonniere LJ, Wang Q. 
Prototype protein assembly as scaffold for time-resolved fluoroim-
muno assays. J Am Chem Soc, 2007, 129: 7799–7806 

44 Kaur G, He JB, Xu J, Pingali SV, Jutz G, Boker A, Niu ZW, Li T, 
Rawlinson D, Emrick T, Lee B, Thiyagarajan P, Russell TP, Wang Q. 
Interfacial assembly of turnip yellow mosaic virus nanoparticles. 
Langmuir, 2009, 25: 5168–5176 

45 Kaur G, Valarmathi MT, Potts JD, Wang Q. The promotion of os-
teoblastic differentiation of rat bone marrow stromal cells by a poly-
valent plant mosaic virus. Biomaterials, 2008, 29: 4074–4081 

46 Russell JT, Lin Y, Böker A, Long S, Carl P, Zettl H, He J, Sill K, 
Tangirala R, Emrick T, Littrell K, Thiyagarajan P, Cookson D, Fery 
A, Wang Q, Russell TP. Self-assembly and crosslinking of bion-     
anoparticles at liquid-liquid interface. Angew Chem Int Ed, 2005, 44: 
2420–2426 

 
 




