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Colourimetric and spectroscopic discrimination between nucleotides and
nucleosides using para-sulfonato-calix[4]arene capped silver
nanoparticles

Yannick Tauran,a Marie Grosso,a Arnaud Brioude,a Rima Kassabb and

Anthony W. Coleman*a

The complexation of nucleosides and nucleotides by hybrid

nanoparticles capped by para-sulfonato-calix[4]arene shows clear

discrimination between purine and pyrimidine based molecules.

For the pyrimidine nucleotides there is appearance of a new

absorption band around 550 nm, and a colour change from

yellow to orange red and pink.

The calix[n]arenes are one of the most widely studied organic

host classes.1 In recent years their interactions with biological

molecules,2 and indeed their biochemistry3,4 have been widely

studied. In contrast to the large body of work on their

complexation with amino acids,5 peptides6 or proteins7 the

study of their interactions with nucleosides,8 nucleotides9 and

RNA10 or DNA11 is sparse. Generally the work has concentrated

on coupling nucleosides onto the calix[n]arene skeleton,12 although

Goto et al. have studied the extraction of various nucleosides where

a strong selectivity for adenine was observed.13 The solid-state

structures between para-sulfonato-calix[4]arene and the adeninium

cation,14 and also the mixed system guanine and cytosine,15 have

been reported.

Recently Xiong et al. have developed stable nanoparticles of

silver or gold capped with para-sulfonato-calix[4]arene.16,17

These have been shown to colourimetrically recognise amino

acids with a high selectivity for histidine.

The use of metal nanoparticles for the complexation and

detection of nucleic acids,18 has received a large amount of

attention, particularly as the method is sensitive enough to

detect heavy metal ion induced DNA damage.19

In this communication we describe the interactions between

nucleic bases and para-sulfonato-calix[4]arene capped silver

nanoparticles. New absorbances at around 530 nm occur for

pyrimidine bases accompanied by a colour shift from yellow to

orange red and pink; these changes arise from nanoparticle

aggregation.

The chemical structures of the nucleic bases and nucleotides

are given in Scheme 1, in which it can be seen that the purines

are composed of two heterocycles whereas the pyrimidines

contain only one heterocycle.

The para-sulfonato-calix[4]arene capped silver nanoparticles,

SC4:Ag NPs, were prepared by the method reported by Xiong

et al.,16 to these NPs were added solutions of the nucleic bases

and nucleotides at a concentration of 10�2 M and then diluted

to 10�3 M. The spectra were measured directly using a 96 titre

well visible spectrometer.

The spectra are shown, at 1 hour after addition, in Fig. 1a–c

and at 24 hours after addition, in Fig. 2a–c.

Scheme 1 Aromatic purine and pyrimidine ring structure of nucleotide

bases. Differing side groups for all five different bases are indicated by

R1 and R2. Deoxyribose or ribose conjugated with nucleotides gives

deoxynucleoside or nucleoside.
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In Fig. 3 are given photographic images of the solutions.

There are clear visible differences between the various nucleo-

tides and nucleosides. For the nucleotides the pyrimidine bases

are red to violet. For the nucleosides only cytosine leads to a

visible change.

However for the deoxy-nucleotides with thymidine the

solution turns violet and with cytosine there is a pale grey

solution without the presence of the plasmon resonance.

With regard to the visible spectra a redshift occurs in the

plasmonic absorption for all systems. This shift, see Table S1

(ESIw), indicates that there is complexation on the nanoparticle

of the nucleotides, nucleosides and deoxy-nucleotides. The red

shift of 10 nm is constant for all the systems studied here.

Considering the thickness and the refractive index of layers

formed at the metallic nanoparticles surface by those organic

molecules, such behaviour is consistent with red shifts already

observed in many systems.20

In the case of the nucleotides, after one hour for adenine

and guanine, the spectra are essentially identical to the

SC4:AgNPs. For cytosine a second peak appears at 540 nm,

now for thymine and uracil this peak is strongly red shifted to

580 nm. After 24 hours the situation has again changed

considerably; now for guanine a peak appears at 540 nm,

while the peak for the cytosine complex remains at 540 nm.

The peak arising from uracil remains at 580 nm while that for

thymine shifts slightly to 590 nm. Intriguingly for adenine

after 24 hours a clear solution of SC4:AgNPs was obtained,

this is a highly reproducible phenomenon.

This effect is of considerable interest as cytosine and thymidine

are present in RNA and DNA whereas uracil is present only in

RNA. This suggests a possible spectroscopic means of deter-

mining RNA and DNA contents.

For the nucleosides after 1 hour, a second peak at higher

wavelength appears at 450 nm for adenosine, uridine, guanosine

and at 490 nm for cytidine. Such plasmon resonance bands can be

attributed to the formation of metallic nanoparticle aggregates.20

The situation changes radically after 24 hours now in all cases

there is the presence of a peak at 520 nm except for uridine

where the band is shifted to 470 nm. Thus it is possible to

discriminate between the two sets of nucleosides by the

kinetics of their aggregation behaviour.

With regard to the deoxy-nucleosides, after one hour, the

behaviour is somewhat different, again there is a red shift in the

peaks associated with the plasmon resonance. For deoxy-adenosine

and deoxy-guanosine an aggregation peak at 460 nm is

present. The aggregation peak of deoxy-thymidine has been

Fig. 1 Visible spectra of the complexation of (a) nucleotide, (b) nucleo-

side and (c) deoxy-nucleoside bases with SC4:Ag NPs after one hour at a

final concentration of 10�3M. Blue line: pSC4:Ag NP; red line: pSC4–Ag

NP+A; purple line: pSC4–Ag NP+G; green line: pSC4–Ag NP+C;

orange line: pSC4–Ag NP + U; black line: pSC4–Ag NP + T.

Fig. 2 Visible spectra of the complexation of (a) nucleotide, (b) nucleo-

side and (c) deoxy-nucleoside bases with SC4:Ag NPs after one hour at a

final concentration of 10�3 M. Blue line: pSC4–Ag NP; red line:

pSC4–Ag NP+A; purple line: pSC4–Ag NP+G; green line: pSC4–Ag

NP+C; orange line: pSC4–Ag NP+U; black line: pSC4–Ag NP+T.

Fig. 3 Photographs of the complexation of (A) nucleotide, (B)

nucleoside and (C) deoxy-nucleoside bases with SC4:Ag NPs after

one hour at a final concentration of 10�3 M.
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strongly red-shifted to 520 nm. However for the mixture of

SC4:AgNPs with deoxy-cytidine the result is the loss of all

peaks and the solution turns grey.

In general, there is also appearance of weak peaks and

shoulders in the region of 360 nm which may be attributed to

the presence of multipolar plasmon resonances (quadrupolar

mode). This particular resonance is well-known in the silver

case for nanoparticles size greater than 50 nm.21

Transmission electron microscopy, as shown above in

Fig. 4, confirms the aggregation caused by deoxy-nucleosides.

It can be clearly seen that the SC4:AgNPs are present alone as

well separated objects around 20 nm in size. For adenosine

where the spectrum shows a weak peak for the aggregation of

small clumps of the nanoparticles is present. However in the

case of thymidine where a strong peak at 540 nm is observed

and there is a colour change to pink, the nanoparticles are

strongly aggregated. Dynamic light scattering shows a population

at 30 nm for SC4:AgNPs and for the thymidine complexed

SC4:AgNPs a high degree of polydispersity is observed with

populations up to 300 nm in diameter. For the less aggregated

systems in addition to single particles there are in general

populations of about 100 nm in diameter.

For the SC6:AgNPs and the SC8:NPs the situation is very

different, here there is in most cases the 10 nm red shift, ESIw

figures, but no aggregation takes place and hence no peaks are

observed in the region 500–600 nm and no colour changes are

observed.

The results obtained point to an association between the

various types of nucleotides and nucleosides with the cavity

of para-sulfonatocalix[4]arene, that is inconsistent with the

proposition of Xiong et al.16 where the para-sulfonato-

calix[4]arene molecules coordinate to the NPs via the sulfonate

groups thus blocking the cavity. A more reasonable explanation

lies in the formation of the classic bilayer solid-state structure,22

where alternate coordinated para-sulfonatocalix[4]arene mole-

cules and available cavities are present at the surface of the

nanoparticles, as shown in Fig. 5. This would be associated

with a population of between 400 and 1000 molecules at the

SC4:AgNPs surface.

In conclusion we have shown that the interactions of

SC4:AgNPs with nucleotides, nucleosides and deoxy-

nucleosides yield selective complexation reflected both in changes

in colour and in the visible spectrum due to aggregate formation.
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Fig. 4 TEM images of pSC4–Ag NPs (a) alone, (b) after addition of

adenosine at a final concentration of 10�3 M, (c) after addition of

thymidine at a final concentration of 10�3 M. The scale bars are for all

pictures 100 nm.

Fig. 5 Schematic representation of the organization of para-

sulfonatocalix[4]arene on silver nanoparticles.
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