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Abstract

Oligonucleotides labelled with fluorescent dyes are widely used as probes for the identification of DNA
sequences in detection methods using optical spectroscopies such as fluorescence and surface enhanced
Raman scattering (SERS). Spermine is widely used in surface enhanced based assays as a charge reduction
and aggregatingagent as it interacts strongly with the phosphate backbone and has shown to enhance the
signal of a labelled oligonucleotide. The fluorescence intensity of two commonly used labels, FAM and
TAMRA, were compared when spermine was added under different experimental conditions. There was a
marked difference upon conjugating the free dye to an oligonucleotide, when FAM was conjugated to an
oligonucleotide there was around a six fold decrease in emission, compared to a six fold increase when
TAMRA was conjugatedto an oligonucleotide. Dye labelled single and double stranded DNA also behaved
differently with doublestranded DNA labelled with FAM being a much more efficient emitter in the mid pH
range, however TAMRA becomes increasingly less efficient as the pH rises. Upon addition of the base
spermine, signal enhancement from the FAM labelled oligonucleotide is observed. Increasing probe
concentrations of TAMRA oligonucleotide above 0.5 uM led to signal reduction most likely through
qguenching, either by an interaction with guanine, or through self-quenching. By using different bases for
comparison, spermine and triethylamine (TEA), different affects were observed in the measured
fluorescencesignals. When TEA was added to FAM, a reduction in the pH dependence of fluorescence was
observed, which may be useful for mid pHrange assays. With the drive to increase information content and
decrease time and complexity of DNA assays itis likely that more assays will be carried outin complex media
such as extracted DNA fragments and PCR product. This model study indicates that dye DNA and dye
spermine interactions are dye specificand that extreme care with conditions is necessary particularly if itis

intended to determine the concentrations of multiple analytes using probes labelled with different dyes.
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Introduction

Fluorescent dyes are widely used in biological applications, for example in cell imaging,' investigating protein
interactions” and forthe detection of oligonucleotides.”* Fluorescence and SERS detection methods using
oligonucleotides labelled with fluorescent dyes are widely used because of the high sensitivity and ease of
detection.” ® However, detection methods for molecular diagnostics are a very active area with strong
driversto produce faster, simplerand more informative assays. Thiscaninvolve detection in situ in a matrix
such as cell lysate, extracted DNA or PCR product. In all these cases there is likelihood that interactions
between the fluorophore and the matrix can alter the intensity of the emission. This becomes even more
critical if multiple targets are to be determined since more than one dye may well be used and it raises the
guestion of how dye specificthe interactions are. Inthisstudy we compare the effect on the emission from
two commonly used fluorescent dyes, FAMand TAMRA, at different pH and concentrations in the presence
and absence of spermine. We report two interactions that occur; one between the fluorescent dyes and
DNA and the other between the fluorescent dyes and spermine. It has already been widely reported that
there isa strong interaction between spermine and double stranded DNA,”® however we propose that there
isalso a directinteraction between the spermineand the fluorescent dye. Spermine addition has a specific
relevance to SERS and enhanced fluorescence assays since itis often used as an aggregating agent”*° but the
dye-DNA interactions and fluorescence quenching effects observed are dye specific and of interest in both

fluorescence and SERS based assays.

Fluorescence emitted from a fluorophore can be quenched by a nucleobase, in particular guanine.****

Guanine acts as a fluorescence energy acceptor through a photoinduced electron transfer mechanism.****
This phenomenon has been used successfully to quantitatively detect specific DNA sequences, ™ protein
mutations, ** and single base alterations.’® Guanine quenching has also facilitated numerous studies
focussing on the hybridisation of complementary oligonucleotides.'® Nazarenko et al. reported that upon
hybridisation of complementary DNA sequences, there was only a decrease in the fluorescence intensity
emitted by fluorescein when either d(CC)or d(GG) bases and the fluorophore were present at the 5
terminus of the sequence.'” Therefore, the design of oligonucleotide sequences is important when using
fluorescence detection in hybridisation assays for the detection of specific DNA sequences. *® Although the
guenching effect of guanine and other nucleobases can be used for the detection of DNA and other

biomolecules, it can be considered a major drawback when carrying out fluorescence measurements whe re

guenching of the fluorescence emitted by the fluorophore is undesirable.

Polyamines, such as spermine, belong to a large group of biogenic amines that are involved in many
physiological functions such as cell growth and proliferation and they are also involved in the synthesis of

DNAand RNA."’ Generally, polyamines are low molecular weight aliphaticamines that are water soluble and
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have a pKa of around 10. They are protonated at physiological pH meaning they are polycations, which
explains why they have such stronginteractions with polyanionic macromolecules such as DNA.” ® Spermine
is reported to have a strong interaction with DNA. Basu et al studied the effect of spermine on the
aggregation and melting temperatures of calf-thymus DNA. Results showed that spermine encourages DNA
aggregation and can cause the meltingtemperature of the DNA toincrease asthe spermine concentration is
increased.”’ Many molecularstudies have been performed to determine the effects of polyamines on double
stranded DNA. Models were proposed that showed an interaction between the protonated polyamine group
and the negativelycharged double stranded DNA focussing on the electrostaticinteractions, however direct
interactions between the two were discarded.’”* Further studies on polyamine analogues showed that in
additiontothe electrostaticeffects between the polyamineand double stranded DNA, structural specificities
were also a major component between the interaction of spermine and double stranded DNA.?* X-Ray
diffraction studies of spermine-DNA crystals showed that spermine was positioned along the major groove

of double stranded DNA meaning that the spermine did come into contact with the bases.***®

However, it
was still unclear whether these specific binding sites existed in solution samples of spermine-DNA
complexes. NMR studies on DNA solutions were carried out which indicated that the spermine-DNA

26,2
7 It was

interactions were highly localised therefore, it is not purely a result of electrostatic interactions.
also perceived thatthe NMR model alone cannot fully explain the spermine-DNA interactions as it was still
believed that structural specificities would play a major role.”® Ruiz-Chica et al studied the interaction
between double stranded DNA and spermine by FT-Raman spectroscopy to achieve adeeper understanding
of the spermine-DNA interaction in solution.”® They concluded that there were specific binding sites,
between the spermine NH; " groups and eitherthe purine-N7 orthymine-O4atoms, that existed and this was

in addition to the electrostatic effects previously reported.

The results produced from this model study demonstrate that not only does spermine interact with DNA; it
has a strong interaction with the fluorophores that may be attached to the DNA sequence. Two fluorophores
were used, FAMand TAMRA. Fluorescence results were compared before and after the addition of spermine
under different experimental conditions and they suggested that spermine has a significant effect on the
fluorescenceemitted by FAM. Results obtained from the addition of spermine to TAMRA labelled DNA were
not consistent with FAM fluorescence results, indicating that the spermine interactions are dye specific.
These results show that great consideration is needed when selecting fluorophores to aid DNA detection

when using fluorescence and SERS-based assays.



©CoO~NOUTA,WNPE

Analyst Page 4 of 17

Materials and Methods

Oligonucleotides

All sequences were purchased on a 0.2 uM scale with HPLC purification from Eurofins MWG, Ebersberg,

Germany (Table 1).

Table 1 Modified oligonucleotides used in this study

Name Sequence (5-3’) 5’ Modifications
TAMRA labelled oligonucleotide GGTTCATATAGTTATAATAA TAMRA
FAM labelled oligonucleotide GGTTCATATAGTTATAATAA FAM
Complementary Sequence TTATTATAACTATATGAACC -

Reagents

Spermine hydrochloride was purchased from Sigma Aldrich (Dorset, UK) and a stock solution of 0.1 M was
prepared and diluted when required. Three different solutions were used for the pH studies performed.
250 mM trisodium citrate was prepared and pH was adjusted to 2.9 using HCl. 10 mM phosphate buffered
saline, pH 6.9, was prepared by dissolving one tablet (Sigma Aldrich) in 200 mL distilled water. Finally, 1 M
NaOH was prepared and pH was measured to be 13.2. The distilled water used to dilute spermine and

oligonucleotides had a pH of 5.2.

Fluorescent Measurements

Reaction mixtures were made up to a final volume of 450 pL consisting of fluorophore labelled
oligonucleotide (100 uL, 1 uM), eitherdistilled water or one of the three pH adjusted solutions for pH studies
(300 puL) and spermine hydrochloride (50 pL, 0.1 M). For double stranded DNA studies, 100 pL of each DNA
sequence (Table 1) was added to 200 uL of 0.3 M phosphate buffered saline and underwent DNA
hybridisation at 90 °C for 10 minutes followed by 10 °C for 10 minutes. The reaction mixture was added to
disposable 1.5 mL PMMA semi-micro cuvettes. Measurements were recorded using a Horiba Scientific
Fluorolog 3-22, which comprised of an Ushio UXL 450S-O 450 W Xenon short arc lamp as an excitation
source, a 200-900 nm double grating excitation and emission monochromators and a R928 Hamamatsu
photomultipliertube. When measuring the FAMfluorescence emission the excitation wavelength was set to
494 nmwith a scanningrange 500-560 nm and when measuring TAMRA emission the excitation wavelength
was set to 560 nm and the scanning range was 570-630 nm. The integration time was set to 0.1 sec and the
slitswidths were 5nm forboth excitation and emission. Foreach experiment, three replicate samples were

prepared and each replicate was measured five times.
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Results and Discussion

Fluorescent labelling is widely used in molecular diagnostics to facilitate the detection of DNA sequences
codingfor particulardiseases. Specific DNA sequences are modified with afluorescent dye and the response
of the fluorophore measured using either fluorescence®® or techniques such as surface enhanced Raman
scattering (SERS).>" The development of assays for multiple targets is of increasing importance as even more
informative assays are sought and in some formats this involves the comparison of emission or scattering
from more than one dye. However, fluorescent dyes are susceptible to interactions with the nucleobases in
a DNA sequence,*” to quenching, and to conditions such as pH and concentration. Inaddition, spermine has

9,33

been used extensively in studies involving surface enhanced fluorescence (SEF)™ " and surface enhanced

10,34

Raman scattering (SERS). Spermine (Figure 1c) is used to reduce the negative charge on the surface of a
nanoparticle and on the DNA allowing the DNA sequence to come into close proximity to the nanoparticle
and if required to aid nanoparticle aggregation. To characterise the effect of changing conditions and of
adding spermine, fluorescence from two commonly used fluorescent dyes are compared at different pHs

and concentrations in the presence and absence of the bases spermine and triethylamine.

The two fluorophores used were FAM and TAMRA (Figure 1a, b) modified with the same DNA sequence to

eliminate the issue of sequence specific affects.

Figure 1 Structures of the two fluorophores and spermine used in this study. (a) Structure of FAM and (b) structure of TAMRA. In
both cases R = NHS ester when the fluorophore is attached to an oligonucleotide and R = isothiocyanate when measurements

were performed on the free dye. (c) Structure of spermine.
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To determine the effect of attaching an oligonucleotide sequence to the fluorescent dye and of adding
spermine on the fluorescence emission, the fluorescence from 1 uM solutions of the dye FAMisothiocyanate
(FAM-ITC) and TAMRA isothiocyanate (TAMRA-ITC) and FAM labelled oligonucleotide and TAMRA labelled

oligonucleotide was measured before and after a solution of 0.1 M spermine was added (Figure 2). No pH
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change was observed following spermine addition and the pH was 5.2 throughout. FAM-ITC fluoresced more

strongly than FAM labelled oligonucleotide but the opposite result occurred with TAMRA. On addition of

spermine there was an increase in fluorescence intensity of more than six fold with the FAM-ITC and FAM

labelled oligonucleotide (Figure 2b) but with TAMRA-ITC and TAMRA labelled oligonucleotide there was a

smaller decrease in fluorescence (Figure 2d).
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Figure 2 Results obtained when comparing the fluorescence emitted when spermine is added to free fluorescent dye or to dye-
modified oligonucleotides. In the fluorescence spectra, the red spectra are those observed when spermine is added and the black
spectra are those where spermine is absent. (a) Fluorescence spectra of FAM-ITC before and after spermine addition, (b)
fluorescence spectra of a FAM-modified oligonucleotide before and after spermine addition, (c) fluorescence intensity comparison
of FAM at 518 nm, (d) fluorescence spectra of TAMRA-ITC before and after spermine addition, (e) fluorescence spectra of a
TAMRA-modified oligonucleotide before and after spermine addition and (f) fluorescence intensity comparison of TAMRA at

580 nm. 3 replicate samples were analysed 5 times. Error bars represent +1 standard deviation.

The relationship between concentration and intensity over the range 1uM to 1 nM for FAM labelled
oligonucleotides is approximately linear except at the highest concentration. However, the concentration
dependence for TAMRA oligonucleotide shows adrop in intensity at the highest concentration. This suggests

that some aggregation of the DNA bases may be occurring in the case of TAMRA aided by the positively
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Figure 4 Results obtained when varying concentrations of spermine were added to the solution of fluorescent dye labelled
oligonucleotides. (a) Fluorescence spectra obtained when decreasing the concentration of spermine that was added to a 1 pM
solution of FAM-labelled oligonucleotide. (b) Comparison of fluorescence intensities at 518 nm over the concentration range of
spermine added. (c) Fluorescence spectra obtained when decreasing the concentration of spermine that was added to a 1 uM
solution of TAMRA-labelled oligonucleotide. (d) Comparison of fluorescence intensities at 580 nm over the concentration range of

spermine added. 3 replicate samples were analysed 5 time and the error bars represent + 1 standard deviation.

Fluorescence measurements of FAM and TAMRA were recorded at pH 2.9, 5.2, 6.9, 13.2. There was no
additional change in pH upon addition of spermine. With increasing pH, the fluorescence intensity of FAM
increases and the spermine attributed enhancement is present at all pHs. However the effect is much
greater at pH 5.2. In contrast, the fluorescence intensity of TAMRA oligonucleotide varies less with pH as

35, 36

reported previously, but there is a significant increase at pH 6.9 (Figure 5c-d). There is a smaller

enhancement due to spermine at pH 6.9 but at other pHs there is a small decrease.
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The efficiency of emission from FAM and TAMRA is dependent on the dipole across the molecule and
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changesin the substituents on the ring will affect this as shown by the data in Figure 2 where the covalent
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attachmentto an oligonucleotide sequence increases FAM efficiency and decreases TAMRA efficiency. The
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carboxylicacid group of FAM has a pKa of 3.9 (Figure 1) and the phenolic group a pKa of 6.5 and so at pH 5.2
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FAM will exist in solution in equilibrium between the lactone and ionic forms (Figure 6a-b), where the
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lactone form gives very weak fluorescence. Positively charged spermine would be expected to bind
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across the molecule forming an acid base complex thus altering the equilibrium in favour of the ionic form.
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Exceptinstrongly alkaline conditions, TAMRA exists in equilibrium between its protonated and zwitterionic

forms (Figure 6¢, d) and its non-fluorescent lactone form (Figure 6e). The pKa of the carboxylic acid is very
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low (pKa~3) so that across the pH range used, TAMRA will be present mainly in the zwitterionic form with
some of the protonated form atthe lowest pH.>* The spectrashow changes in peak position and intensity as
the equilibrium changes with maximum emission at pH 6.9 where the zwitterion form should dominate.
Covalent attachment to an oligonucleotide causes a big increase in intensity (Figure 2) presumably by
stabilising the zwitterionicform and increasing the dipole. An acid base pairwill form with spermine but the

effect on the dipole will be more limited and more complex due to the positive charge on TAMRA.
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Figure 6 Structures of the fluorescent dyes at varying pH. (a) Ring-open form of FAM that is fluorescent and increases in the
presence at increasing pH. At higher pH the phenolic OH will also ionise (b) Ring-closed lactone form of FAM present at acidic pH
and is non-fluorescent. (c) Protonated form of TAMRA and (d) TAMRA zwitterion, both present at neutral and alkaline pH and

fluorescent. (e) Lactone form of TAMRA that is non-fluorescent and exists at extremely acidic pH.

Fluorescence measurements were recorded beforeand after the addition of spermine to a solution of FAM
or TAMRA labelled double stranded DNA (Figure 7a). The same spermine concentration study that was
performed using single stranded fluorescent dye labelled DNA was repeated, however double stranded DNA
labelled with FAM or TAMRA was used (Figure 7b). When adding spermine to fluorescent dye labelled
double stranded DNA, there is no difference in emission between the two dyes FAM and TAMRA,
furthermore when varying the spermine concentration the emission of the fluorescent dyes does not
change. This is due to spermine having a stronger interaction with the double stranded DNA, *° and in this
situation it is the spermine-DNA interactions that dominate, i.e. the interaction between the fluorescent
dyes and spermine is minimal resulting in little change in fluorescence emission, regardless of the

fluorescent dye present.
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The pH dependence of the fluorescence of both dyesinthe double stranded formis markedly different. The
FAM intensity at pH 2.9 was again low but at pH 5.2 and above it was nearly constantand greaterthan in the
single stranded form (Figure 7c) evenin the presence of spermine. Itis most likely that the ionic form of the
dyeisfavoured due tosterichindrance. In contrast, the fluorescence intensity of TAMRA was lower thanin
single stranded form and surprisingly decreased significantly with increasing pH with no peak in intensity at
pH 6.9 (Fig 7d). In strongly alkaline conditions, the hydrogen bonds between the base pairs of the double
helix will break resulting in two separate DNA strands.*’ Therefore at pH 13.2 the DNA attached to the
fluorescent dye may nolongerbe induplex formandthe fluorescence intensity should be similar to that of
single stranded DNA at pH 13.2. Howeverat all pHs the fluorescence is lower than at the equivalent pH for
the single stranded case, suggesting that the covalent attachment between the fluorescent dye and the
oligonucleotide causesachange in dipole which reduces emission efficiency. The lack of a peak in intensity
at pHs where the zwitterion would be expected to form suggests that the oligonucleotide sequence

covalently bound to the fluorescent dye prevents true zwitterion formation.
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Figure 7 Fluorescence intensity comparisons obtained when fluorescent dyes were attached to double stranded DNA. (a)
Fluorescence intensity at 518 nm (FAM) and 580 nm (TAMRA) before and after spermine addition. (b) Fluorescence intensity at
518 nm (FAM) and 580 nm (TAMRA) when concentration of spermine was decreased from 500 mM to 100 uM. (c) Fluorescence
peak intensities at 518 nm comparing the change in FAM fluorescence with changing pH. (d) Fluorescence peak intensities at
580 nm comparing the change in TAMRA fluorescence with changing pH. For each experiment, 3 replicate samples were analysed
5 times and the error bars represent * 1 standard deviation.

For comparison with the effect of spermine, the pHdependence experiments were repeated using a simple
non-nucleophilicbase, triethylamine (TEA), and both single and double stranded DNA (Figure 8). With single
stranded FAM labelled oligonucleotide, maximum fluorescence was obtained at pH 5.2 and above, a result
that is similar to that found for the double stranded product (Figure 7c). Perhaps not surprisingly for the
double stranded FAMoligonucleotide, the base had little effect (Figure 8a). The TEA is present in excess and
may form an acid base pairwith both the carboxylicand phenolicgroups by pH 5.2 whereas when spermine

is present, itis already bound across the molecule may not affect the phenolic group.

For double stranded TAMRA labelled DNA the fluorescence decreases as pH increases and there is a much

greaterreductioninintensityatevery pHthan with spermine (Figure 8d). Thisisa surprisingresultsince TEA
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should notact as a TAMRA quencher. The mostlikely explanation is that the excess base is interacting with
part of the Xanthine structure, probably the electron rich oxygen in the bridge, to alter the electronic
structure and reduce the dipole. This may also be part of the reason it is so efficient at increasing the
fluorescence efficiency of FAM. The fact that one effect is enhancement and the other reduction of
fluorescence is reasonable since the efficiency of emission depends on the dipole and this will be altered

differently in the two fluorophores.
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Figure 8 (a) Fluorescence intensity comparison obtained when TEA or spermine was added to a solution of FAM labelled single
stranded DNA. (b) Fluorescence intensity comparison obtained when TEA or spermine was added to a solution of TAMRA labelled
single stranded DNA. (c) Fluorescence intensity comparison obtained when TEA or spermine was added to a solution of FAM
labelled double stranded DNA (d) Fluorescence intensity comparison obtained when TEA or spermine was added to a solution of
TAMRA labelled double stranded DNA. For each experiment, 3 replicate samples were analysed 5 times and the error bars
represent t 1 standard deviation.

The major reason for this study was to establish the extent to which the emission from fluorescent dye
labelled oligonucleotides would be affected under different conditions thus providing the knowledge to
construct assays for more than one target. The two dye labelled targets were studied separately here as

more complexityisto be expected if they are mixed. However, the data shown is somewhat surprising. In
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fluorescence hybridisation assays, the relativeintensities of the fluorescence from the two fluorescent dyes
vary quite significantly with pH and concentration and evidence of DNA aggregation causing reduced
fluorescencewas also observed. In addition, the formation of adouble strand alters the emission efficiency
significantly. If a base is added, quite large changes in emission efficiency can occur and the magnitude is
dependenton the base used. Spermine, used in SERS and enhanced fluorescence assays, > '° has a significant
effect on FAM fluorescence but only a small effect on TAMRA whereas TEA causes a large pH sensitive
reduction in fluorescence in TAMRA and at some pHs a large enhancement of FAM fluorescence. For a
deeperunderstanding as to what is happening on a molecular level, further computational analysis would
needto be performed. However, the results reported herein highlight the significant consideration required
when choosing the experimental conditions and reagents when fluorescence assays using multiple
fluorophores are developed. Indeed, even for single fluorescent dye label assays, the addition of a base at

the correct concentration and pH could greatly increase the efficiency of emission.

Conclusions

Investigative studies have shown that fluorescent dyes which are widely used in biological detection assays
are susceptibletointeractions with the DNA sequence they are covalently attached to and to the polyamine
spermine. Both interactions have asignificant effect on absolute fluorescence intensity which can potentially
impact the use of these fluorescent labels in detection assays. The polyamine spermine is widely used in
surface enhanced based detection methods; therefore it was of greatimportance to considerthe interaction
of this polyaminewith fluorescent dyes as the overall signal obtained can be affected. Two fluorescent dyes
were used throughout the investigation, FAM and TAMRA. When spermine was added to FAM labelled
oligonucleotides, there was significant fluorescence enhancement. This was a result of the reduction in
quenching by the DNA bases experienced by FAM as the spermine would intercalate between adjacent
strands and reduce the quenching effect. Conversely, TAMRA did not exhibit the same fluorescence
enhancement as observed in FAM. TAMRA is a positive fluorescent dye and therefore the polycation
spermine would not have a strong interaction with this dye, compared to the negatively charged FAM dye.
The fluorescence intensity is dependent upon experimental conditions such as spermine or oligonucleotide
concentrationand pH; however the fluorescence enhancement resulting from the addition of spermine is
independent of the concentration of spermine and pH. The results from this study are of major
consideration to the development of multiplexed DNA detection assays utilising spermine as it can enhance
the fluorescence of some fluorescent dyes such as FAM and if this was in the presence of TAMRA, which

does not experience fluorescent enhancement, will impact the signals obtained.



Page 15 of 17

©CoO~NOUTA,WNPE

Analyst

References

1. J. S. Paige, T. Nguyen-Duc, W. Song and S. R. Jaffrey, Science, 2012, 335, 1194-1194.

2. G. MacBeath and S. L. Schreiber, Science, 2000, 289, 1760-1763.

3. A. Castro, F. R. Fairfield and E. B. Shera, Analytical Chemistry, 1993, 65, 849-852.

4, A. Castro and R. T. Okinaka, Analyst, 2000, 125, 9-11.

5. B. Juskowiak, Analytical and Bioanalytical Chemistry, 2011, 399, 3157-3176.

6. S. A. E. Marras, S. Tyagi and F. R. Kramer, Clin. Chim. Acta, 2006, 363, 48-60.

7. E. Agostinelli, M. P. M. Marques, R. Calheiros, F. Gil, G. Tempera, N. Viceconte, V. Battaglia, S.
Grancara and A. Toninello, Amino Acids, 2010, 38, 393-403.

8. E. Larque, M. Sabater-Molina and S. Zamora, Nutrition, 2007, 23, 87-95.

9. R. Gill and E. C. Le Ru, Physical Chemistry Chemical Physics, 2011, 13, 16366-16372.

10. C.Y.Wu, W. Y. Lo, C.R. Chiuand T. S. Yang, J. Raman Spectrosc., 2006, 37, 799-807.

11. M. Torimura, S. Kurata, K. Yamada, T. Yokomaku, Y. Kamagata, T. Kanagawa and R. Kurane,
Analytical Sciences, 2001, 17, 155-160.

12. D. S. Xiang, K. Zhai and L. Z. Wang, Analyst, 2013, 138, 5318-5324.

13. T. Maruyama, T. Shinohara, H. Ichinose, M. Kitaoka, N. Okamura, N. Kamiya and M. Goto,
Biotechnology Letters, 2005, 27, 1349-1354.

14, S. Ranjit and M. Levitus, Photochemistry and Photobiology, 2012, 88, 782-791.

15. S. Kurata, T. Kanagawa, K. Yamada, M. Torimura, T. Yokomaku, Y. Kamagata and R. Kurane, Nucleic
Acids Research, 2001, 29, e34.

16. C. Dohno and I. Saito, Chembiochem, 2005, 6, 1075-1081.

17. I. Nazarenko, R. Pires, B. Lowe, M. Obaidy and A. Rashtchian, Nucleic Acids Research, 2002, 30, 2089-
2095.

18. S. A. E. Marras, F. R. Kramer and S. Tyagi, Nucleic Acids Research, 2002, 30, e122.

19. C. Moinard, L. Cynober and J. P. de Bandt, Clinical Nutrition, 2005, 24, 184-197.

20. H. S. Basu and L. J. Laurence, Journal of Biological Chemistry, 1987, 244, 243-246.

21. M. Suwalsky, W. Traub, U. Shmueli and J. A. Subirana, Journal of Molecular Biology, 1969, 42, 363-
373.

22. A. M. Liquori, L. Costantino, V. Crescenzi, V. Elia, E. Giglio, R. Puliti, M. De Santis Savino and V.
Vitagliano, Journal of Molecular Biology, 1967, 24, 113-122.

23. T.J. Thomas and V. A. Bloomfield, Biopolymers, 1984, 23, 1295-1306.

24. S. Jain, G. Zon and M. Sundaralingam, Biochemistry, 1989, 28, 2360-2364.

25. L. D. Williams, C. A. Frederick, G. Ughetto and A. Rich, Nucleic Acids Research, 1990, 18, 5533-5541.

26. B. Andreasson, L. Nordenskioeld, W. H. Braunlin, J. Schultz and P. Stilbs, Biochemistry, 1993, 32, 961-
967.

27. W. H. Braunlin, T. J. Strick and M. T. Record, Biopolymers, 1982, 21, 1301-1314.

28. D. Esposito, P. Del Vecchio and G. Barone, Journal of the American Chemical Society, 1997, 119,
2606-2613.

29. J. Ruiz-Chica, M. A. Medina, F. Sdnchez-Jiménez and F. J. Ramirez, Biophysical Journal, 2001, 80, 443-
454,

30. D.S. Xiang, C. L. Zhang, L. Chen, X. H. Ji and Z. K. He, Analyst, 2012, 137, 5898-5905.

31. K. Gracie, E. Correa, S. Mabbott, J. A. Dougan, D. Graham, R. Goodacre and K. Faulds, Chemical
Science, 2014, 5, 1030-1040.

32. C. A. M. Seidel, A. Schulz and M. H. M. Sauer, The Journal of Physical Chemistry, 1996, 100, 5541-
5553.

33. R. Gill, L. Tian, W. R. C. Somerville, E. C. Le Ru, H. van Amerongen and V. Subramaniam, Journal of
Physical Chemistry C, 2012, 116, 16687-16693.

34, D. van Lierop, Z. Krpetic, L. Guerrini, I. A. Larmour, J. A. Dougan, K. Faulds and D. Graham, Chemical
Communications, 2012, 48, 8192-8194.

35. A. Aneja, N. Mathur, P. K. Bhatnagar and P. C. Mathur, J. Biol. Phys., 2008, 34, 487-493.



©CoO~NOUTA,WNPE

36.

37.
38.

39.
40.

41.

Analyst Page 16 of 17

M. R. Longmire, M. Ogawa, Y. Hama, N. Kosaka, C. A. S. Regino, P. L. Choyke and H. Kobayashi,
Bioconjugate Chemistry, 2008, 19, 1735-1742.

M. Adamczyk and J. Grote, Bioorganic & Medicinal Chemistry Letters, 2003, 13, 2327-2330.

R. Sjoback, J. Nygren and M. Kubista, Spectrochimica Acta Part a-Molecular and Biomolecular
Spectroscopy, 1995, 51, L7-121.

A. Pedone and V. Barone, Physical Chemistry Chemical Physics, 2010, 12, 2722-2729.

Q. H. Wu, Z. P. Li, C. Wang, S. Feng and Z. Fang, Chin. J. Anal. Chem., 2006, 34, 1299-1302.

M. Ageno, E. Dore and C. Frontali, Biophysical Journal, 1969, 9, 1281-1311.



Page 17 of 17 Analyst

Using fluorescence spectroscopy, spermine is shown to affect the emission of FAM and TAMRA,

impacting the design of SERS-based assays.
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