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ABSTRACT

Here, we report the application of surface-enhanced Raman scattering (SERS) spectroscopy as a 

rapid and practical tool for assessing the formation of coordinative adducts between nucleic acid 

guanines and ruthenium polypyridyl reagents. The technology provides a practical approach for 

the wash-free and quick identification of nucleic acid structures exhibiting sterically accessible 

guanines. This is demonstrated for the detection of a quadruplex-forming sequence present in the 

promoter region of the c-myc oncogene, which exhibits a non-paired, reactive guanine at a 

flanking position of the G-quartets. 
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DNA-metalating agents (e.g., cis-platinum and derivatives) are widely used as 

chemotherapeutic drugs for the treatment of cancers.1 However, the toxicity and resistance 

problems associated with these therapies has prompted the development of alternatives based on 

other metals, which might exhibit enhanced selectivity profiles.2-3 Ruthenium is especially 

appealing owing to a wide repertoire of oxidation states and coordination geometries, together 

with the possibility of fine-tuning the reactivity by a proper ligand selection, and/or by 

irradiation with light.4 Therefore, several metalating agents based on ruthenium have been 

developed, some of which exhibit attractive antitumoral profiles.3, 5 Most of these bioactive 

derivatives bind double-stranded DNA (dsDNA) by coordination to the nitrogen at position 7 

(N7) of guanines, which is accessible through the DNA major groove.6-7 Unfortunately, these 

ruthenium derivatives tend to present a promiscuous reactivity. 

Recently, we have shown that a cationic octahedral Ru(II) complex featuring terpyridine and 

bipyridine ligands, [Ru(tpy)(bpy)Cl]+, can react with the N7 of guanosine monophosphate 

(GMP).4, 8 The reaction is mediated by the formation of an aquo reaction intermediate 

[Ru(tpy)(bpy)OH2]+2 (Ruaq), and accelerated by irradiation with light (at ca. 430 nm).9 

Remarkably, dsDNAs remained unreactive, likely because of the bulkiness of the reagent; 

however, this ruthenium complex smoothly reacts with solvent-exposed guanines present in 

flanking positions of specific G-quadruplexes (GQ), like one in the promoter region of the 

oncogene c-Myc.8 

c-Myc is known to play a crucial role in the development of many cancers,10 and therefore it 

has been recognized as a highly valuable target for chemotherapy, as well as a cancer 

biomarker.11 In this context, Ruaq promises to be a good lead for the development of Myc 

targeting anticancer agents. Beyond that, the selective reactivity of the metal complex with the c-
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Myc GQ might allow the detection of this important DNA sequence, provided a reliable and 

sensible analytic method to monitor the metalation process could be implemented. 

In this context, we envisioned that the pyridine ligands of the ruthenium complex may 

represent suitable probes to monitor the interaction process by surface-enhanced Raman 

spectroscopy (SERS). SERS is a powerful analytical technique that has demonstrated utility for 

the detection and structural characterization of many biomolecules, including nucleic acids. 12-17 

However, it has not been used for investigating nucleic acid ruthenations, except for one isolated 

example restricted to DNA duplexes.18 

Here, we demonstrate that the interaction of the ruthenium complex Ruaq with the G-

quadruplex motive present in the promoter of c-Myc can be readily identified by SERS, using 

positively-charged silver colloids as plasmonic substrates. Most notably, the terpyridine moiety 

(tpy) at the ruthenium provides an excellent vibrational fingerprint to discriminate binding events 

as a result of its structural deformation upon metalation of the nucleic acids. The approach can be 

extended to guanine rich single-stranded DNAs, as well as RNAs, and even allows to assess 

whether the RNA sequences feature 8-oxoguanines instead of guanines. Overall, the technology 

provides a rapid, wash-free way to screen nucleic acid structures which feature reactive, 

sterically accessible guanines (Scheme 1), paving the way for its potential application in early 

diagnosis and drug discovery. 
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Scheme 1. Outline of the SERS monitoring process.

The synthesis of cationic silver colloids (AgSp) was achieved upon reduction of Ag+ ions in 

the presence of spermine tetrahydrochloride, which yields a suspension of nanoparticles of ca. 23 

nm diameter with a localized surface plasmon resonance (LSPR) centered at ca. 391 nm (Figure 

1 and Figure S1A). The linear cationic spermine molecules are retained at the silver surface via 

interaction with metallic-bound Cl- anions, yielding an outer spermine ad-layer that confers an 

overall positive charge to the nanoparticles (ζ potential of ca. +40 mV).19 The efficient 

electrostatic interaction between the surface spermine molecules and the negatively charged 

backbone of DNA enables a rapid aggregation of the nanoparticles upon addition of minute 

amounts of nucleic acids, as revealed by the red-shift and broadening of the LSPR (Figure 1). 

This aggregation results in stable clusters in suspension which yield intense and reproducible 

SERS spectra.19-20 Helpfully, the SERS background spectrum of the colloids does not show any 

significant features in the spectral range of interest for the DNA analysis (Figure S1B).
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Figure 1. Extinction spectrum of positively charged silver colloids before (red curve) and after 

(purple curve) the addition of MYC (final DNA concentration in the sample ca. 0.6 μM). 

Representative TEM images are also included (samples were diluted before the deposition onto 

the copper grid to mitigate the problem of unspecific particle agglomeration). Additional TEM 

characterization of the undiluted AgSp colloids is reported in Figure S1A.

As a representative of the c-Myc promoter site, we used the sequence MYC (Figure 2), which 

folds in solution into the required GQ quadruplex, as confirmed by circular dichroism (Figure 

S2A). The SERS spectrum presents the expected signals for a nucleic acid structure (blue line, 

Figure 2). Gratifyingly, mixing of MYC with Ruaq in phosphate-buffered saline (PBS) overnight 

at room temperature (DNA/Ruaq molar ratio 1:3) gave rise to a new spectrum dominated by 

features of the ruthenium complex (MYC/Ruaq, green line), and different to that resulting from 

Ruaq alone (red line). As previously reported, ruthenium cationic complexes typically adsorb on 

silver nanoparticles, likely via electrostatic interactions with superficial chloride anions, leading 
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to minimal perturbation of their ground state molecular structure.21 It is worth noting that the 

reactivity of Ruaq with MYC was confirmed by HPLC analysis (Figure S2B).8

The signals of the metallocomplex in MYC/Ruaq are so strong that the DNA contributions are 

even difficult to observe (visible DNA features are marked by an asterisk in Figure 2). This can 

be explained as follows. The SERS experiments are carried out using an excitation wavelength 

of 532 nm excitation, which coincides with the red tail of the metal-to-ligand charge transfer 

transition (MLCT) Ru(d) → tpy(π*) (Figure S1C).22 The selective resonance with this MLCT 

transition provides an additional enhancement to tpy features (i.e., surface-enhanced resonance 

Raman, SERRS) which fully dominate the spectral profile,22 with intensities well above those of 

the DNA bands. This can even be better appreciated by removing the residual sequence-

dependent DNA contributions from the spectra, using a digital subtraction of the SERS signal of 

MYC from the corresponding mixture with Ruaq (MYC/Ruaq – MYC, Figure 2, bottom). The 

difference spectrum displays major alterations with respect to that of Ruaq alone, most notably a 

dramatic increase of the tpy associated features at 518 cm-1 (out-of-plane ring torsion), 555 cm-1 

(in-plane bridge bending) and 766 cm-1 (out-of-plane CH bending/ring torsion) as compared to 

the bands at higher wavelengths, such as the in-plane ring stretching at 1487 cm-1.23 We also 

observe the emergence of two bands at 648 and 699 cm-1, which can be tentatively ascribed to in-

plane ring bending and resulting from linear combinations of inner/outer tpy ring deformations.23 

This overall trend of spectral changes has been previously observed in isolated ruthenium 

terpyridyl complexes as a result of ligand substitution.22 As the spectral reshaping is mostly 

associated with Raman bands that are sensitive to the geometry of the MLCT resonance state, we 

can infer that upon guanine coordination there is a distortion in the tpy structure. Other features, 
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such as the band at 1487 cm-1, do not provide structural information likely because they are 

enhanced through different mechanisms.23 

Figure 2. SERS spectra (baseline corrected) of the different samples (upper), and after 

subtraction of those resulting from the oligos (bottom). The SERS spectrum of Ruaq was obtained 

on AgSp upon addition of an aliquot of a 0.5 M MgSO4 solution acting as a passive aggregating 

agent (i.e., leads to colloidal aggregation without altering the chemical surface properties of the 

nanoparticles). DNA/Ruaq molar ratio = 1:3; DNA concentration in the sample ca. 0.6 μM. All 
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10

spectra were normalized to the 1487 cm-1 band. Marker bands for ruthenation are highlighted in 

yellow.

We carried out identical experiments with a c-myc mutated derivative (MYCmut), in which the 

reactive guanine residue in position 3 (G3) was replaced by cytosine (Figure 2). The resulting 

difference SERS spectrum (MYCmut/Ruaq – MYCmut) presents a vibrational profile that almost 

entirely matches that of Ruaq alone, suggesting that no apparent interaction between the 

oligonucleotide and the Ru complex has occurred. As expected, MYCmut also presents a 

quadruplex structure in solution (Figure S2A). 

Not surprisingly, mixing guanine-rich double-stranded DNAs (dsDNA) with Ruaq, under the 

same experimental conditions, did not promote any change in the SERS spectra (Figure S3). We 

also tested duplexes containing internal (dsDNAm1) and external (dsDNAm2) G∙∙A mismatches, 

and again we did not observe the tpy SERS signals resulting from metalation (Figure S3). These 

results are consistent with the inability of the bulky ruthenium complex to approach and 

appropriately align with the nucleophilic nitrogen of the sterically constrained guanines within 

the DNA double helix.

In contrast, single-stranded oligonucleotides (ssDNA) featuring guanine bases do yield SERS 

bands similar to those observed for MYC (Figure 3 and S4). Specifically, the selective binding of 

Ruaq to unpaired guanines in oligonucleotides was verified for 18-mer ssDNAs exhibiting 

several G bases in their structures (ssG3T3 and ssG3A3). These sequences were selected using 

computational tools that predict their inability to form G-quadruplex structures.24 The SERS 

spectra of ssG3T3 and ssG3A3 in the presence of Ruaq present vibrational profiles that largely 

overlap with that of MYC/Ruaq. However, with guanine-free ssDNAs (ssC3T3. and ssC3A3), there 
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11

are no changes, confirming the chemoselectivity of Ruaq towards guanines (sterically 

accessible). 

Figure 3. SERS spectra of single-stranded DNAs and the corresponding mixtures after reaction 

with Ruaq (DNA/Ruaq molar ratio = 1:3, DNA concentration in the sample ca. 0.6 μM). 

Difference SERS spectra of ssG3A3 and ssG3T3 mixtures with Ruaq are also illustrated. All 

spectra were normalized to the 1487 cm-1 band.

Interestingly, we obtained qualitatively analogous results by using a different incubation 

protocol, i.e. first combining the oligonucleotides with the colloids, and then adding the complex 

Ruaq to the suspension (Figure S5). On the contrary, when the ruthenium complex is incubated 

beforehand with AgSp, the subsequent addition of DNA does not lead to alterations in the tpy 
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marker bands, suggesting that the adhesion of Ruaq onto the metallic surface largely suppress its 

metalating reactivity. 

We also performed SERS measurements with ssG3T3 strands in the presence of a ruthenium 

derivative in which the reactive position is blocked by coordination to the sulfur atom of a 

methionine [Ru(tpy)(bpy)met]+2 (Rumet, met= methionine).8 In consonance with the inertness of 

this complex, we observed negligible spectral alterations even after extended illumination times 

(Figure S6). 

All these findings confirm that the vibrational profile of the terpyridine (tpy) ligand undergoes 

a substantial change upon coordination of the ruthenium complex to the N7 of exposed guanines 

in different types of oligonucleotides. It is also worth noting that the very large Raman cross-

section of the tpy ligand under 532 nm excitation leads to resonantly-enhanced contributions 

which largely overlap those of guanine residues, making, in turn, undistinguishable the expected 

spectral changes of G bands sensitive to N-7 alterations.25 

While all the above results involve DNA, we also questioned whether the approach could be 

extended to guanine-rich RNAs. RNA presents a wider range of conformations, mostly non-

duplexes, indicating that its guanines might be available for coordination with the bulky 

ruthenium reagent.26 Indeed, using the standard analysis conditions, we observed that mixing 

Ruaq with the 21-mer RNA miRNA generates a SERS spectrum exhibiting the expected features 

associated with a metalation reaction (Figure 4). Interestingly, the spectral contour of the SERS 

marker bands of the tpy moiety appears different from that observed in the case of DNA, 

suggesting that the structural distortion of tpy takes place differently. This can be tentatively 
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ascribed to the different environment provided by the RNA, in part because of a rather distinct 

backbone conformation than DNA.27 

As SERS sensing depends on the presence of the nucleophilic nitrogen at the position 7 of 

guanine, we reasoned that base analogues lacking this feature should not be able to react with the 

ruthenium reagent. This should be the case for 8-oxoguanines (Figure 3), which are biologically 

significant derivatives that result from the oxidative damage of guanines.28-29 This is becoming 

particularly intriguing for the case of RNA, in which the oxidation of guanine to 8-oxoguanine 

has been correlated with the progression of neurodegenerative diseases and cancer.30-32 

Gratifyingly, performing the standard SERS analysis with miRNAOX, which is similar to 

miRNA, but contains oxoguanines instead of native guanines, we observed the absence of signals 

below 600 cm-1. 

Figure 4. Difference SERS spectra (baseline corrected) of the miRNA/Ruaq and miRNAOX/Ruaq 

samples (RNA/Ru molar ratio = 1:3, RNA concentration in the sample ca. 0.6 μM). Inset: 

molecular structure of the 8-oxoguanine nucleobase (X).
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All SERS measurements illustrated in the study were performed adopting a static 

configuration,19 and relatively large volumes of colloids (130 μL) with a final DNA 

concentration of ca. 0.6 μM. This set-up offers a straightforward and very simple approach for 

acquiring highly reproducible SERS spectra. As previously illustrated,19, 33 reduction of the DNA 

concentration is not a practical approach for decreasing the limit of detection, as it negatively 

affects the generation of interparticle hot spots (DNA acts itself as the aggregating agent). 

Conversely, integration of this detection protocol with microfluidics offers the possibility of 

dramatically reducing the required amount of sample for the SERS analysis (less than 300 

picograms of DNA) while enabling automation of the whole procedure.34 Nonetheless, it is 

worth stressing that current methods for detection of metalated DNA, such as HPLC and CD, 

require much larger amounts of nucleic acids, with sample typically in the 10-100 μM range of 

DNA concentration.8, 35

In summary, we have implemented a SERS technology for the wash-free detection of nucleic 

acid structures containing sterically accessible guanines. The method lies on the ability of the 

bulky ruthenium polypyridine compound [Ru(tpy)(bpy)OH2]+2 to coordinate the nucleophilic N7 

of exposed guanines. Specifically, the tpy ligand represents an excellent SERS probe, because 

after coordination of the metal to the nucleic acids it undergoes a SERS-signaling distortion that 

can be easily detected. Importantly, the method can be used for sensing relevant secondary 

structures, such as the G-quadruplex forming DNA sequence present in the promoter of the 

oncogene c-myc, a biomarker of cancer. Altogether, the approach promises to nurture new 

advances in the study and development of selective DNA metalating agents and practical 

diagnosis tools as well as the screening of anticancer drugs. 
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Supporting Information. Experimental procedures, circular dichroism and additional SERS 

data.
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