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miRNA/half2 dissolved in the buffers used at the hybridization step of the different protocols, in the absence of the probe 
immobilized on the silver NPs. After 1 hour of incubation, the samples were washed in the same buffer and analysed. Different 
compositions were applied for the one-step and two-step assays, because the room temperature hybridization of the miRNA 
requires a higher ionic strength for the washings of the two-step hybridization approach. As mentioned above, in this case only ten 
base pairs are formed between the half1/half2 and the miRNA, lowering the melting temperature of the complex.  

The main results of this test are shown in Figs. 2a (miRNA-CyX) and 2b (half2-CyX). The spectra recorded on the samples without 
any surface blocking pretreatment are reported on the top of each graph as a reference. Expectedly, all these spectra are 
dominated by the vibrational fingerprints of the cyanine dyes, as shown by the similarity between the modes observed for miRNA-
CyX and half2-CyX modified with the same Raman label. In particular, the most intense bands are attributed to the C=N stretching 
of the ring atoms, to the CH3 deformation of the ring substituents and to the methine chain vibrations typical of 
indocarbocyanines.34 The modes are located around 1589 cm-1, 1463 cm-1

, and 1352 cm-1 for Cy59, while a shift toward 1388 cm-1 is 
observed for the last band in case of Cy3, which presents a shorter bridging chain35. The analysis of the bare substrates clearly 
points out that in the absence of a surface passivation a certain degree of nonspecific binding exists. On the other hand, the use of 
high surfactant concentrations in the immobilization/hybridization steps, which can minimize the non-specific binding, is 
detrimental for the specific hybridization as well and should be avoided. Indeed, the Raman signal of the label significantly 
decreases, regardless of the buffer composition and for both the tested protocols, if the sample is pretreated with BSA (Fig. 2, black 
spectra). At the same time, the addition of a surfactant (tween or SDS) in the washing buffers improves the nonspecific binding 
removal, as highlighted by the comparison of the spectra acquired for the miRNA-CyX incubated in SSC 1x or SSC 4x with those 
recorded in the same buffers supplemented with 0.01% SDS. The same effect is observed with the half2-Cy5 incubated in SSC 4x or 
in SSC 4x-SDS, despite the higher non-specific signal probably due to the smaller size of the shorter sequence. Instead, the typical 
features of half2-Cy3 can still be distinguished from the background spectrum, arising from the BSA pretreatment, even after the 
washings in SSC 4x-SDS. The persistence of Cy3 vibrational signal is not related to a higher surface affinity, but is probably the 
consequence of the resonant analysis of Cy3 by means of the 514.5 nm laser excitation. Under these conditions, the SERS spectrum 
of the dye is enhanced compared to the electronic off-resonance condition of the Cy5 label. For the same reason, a lower LOD can 
be reached by the exploitation of Cy3 electronic resonance. Then, in order to obviate the higher non-specific signal, 1% BSA was 
added to the washing buffer after the half2 incubation, and SDS was replaced with tween 0.05%. By means of this ploy, the 
intensity of the SERS signal of the label was effectively reduced, as reported on the bottom of Fig. 2b. These results highlight the 
need for a surface pretreatment of the PSD samples and the positive impact of the surfactants in the washing buffers.  

 

Fig. 2 a) Evaluation of the non-specific SERS signal given by the labelled miRNA (Cy3 on the left, Cy5 on the right) incubated in the 
buffers used for the one-step hybridization assay (SSC 1x, SSC 4x, SSC 1x 0.01% SDS, SSC 4x 0.01% SDS) followed by washings in the 
same buffers; b) Evaluation of the non-specific signal given by the labelled half2 (Cy3 on the left, Cy5 on the right) incubated in the 
buffers used for the two-step hybridization assay (SSC 4x, SSC 4x 0.01% SDS, SSC 4x 0.05% tween, SSC 4x 0.05% tween 1% BSA) 
followed by washings in the same buffers. On top of each series, the reference spectra of the spotted labelled target are reported. 
The main vibrational bands of the labels are highlighted. 

  

Once the buffer composition was adjusted to minimize the nonspecific signal, the optimal probe concentration and the ionic 
strength of the immobilization buffer were investigated, in order to maximize the miRNA hybridization, and consequently the 
related SERS spectral intensity. Actually, the probe density is a fundamental parameter, which should be as high as possible to 
maximize the detected hybridization signal, but at the same time, avoiding steric hindrance due to tightly packed probe 
molecules.36 In contrast to other techniques, the direct evaluation of the amount of probe immobilized on the surface given by 
SERS analysis, allows an incomparable opportunity for the optimization of this parameter.  
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At the beginning, the probes (probe222 and half1) were DTT-reduced and incubated in a concentration range from 1 to 50 µM (TE, 
1M NaCl). Fig. 3a shows the related SERS spectra of the probe222. The typical Raman features of the oligoprobe, mainly assignable 
to the vibrational modes of the nucleobases, appear at 1 µM concentration emerging from the BSA background signal. In particular, 
the ring breathing modes (adenine at 730 cm-1, cytosine and thymine at 790 cm-1)37, the adenine ring stretching (1325 cm-1)37 and 
the typical guanine bands at 1480 cm-1(C-N stretching/N-H bending) and 1580 cm-1,38 together with an adenine related-shoulder at 
1577 cm-1 (NH2 scissoring)39 can be identified. A distinct band at 1636-1640 cm-1 represents the carbonyl stretching of the 
pyrimidine bases40, while weaker deoxyribose and PO-

2 stretching modes are detected at 1030 and 1096 cm-1.39 Their intensity 
increases along with the concentration of incubated probe. At the same time, the initial background characterized by the Raman 
peaks of BSA at 1660 cm-1 (amide I), 1453 cm-1 (protein side chain deformations), 1001 cm-1, 1203 cm-1, 1370 cm-1and 1614 cm-1 

(aromatic amino acids) is reduced.41 These observations are in agreement with the occurred immobilization of the probe on the 
surface, which displaces the protein. Moreover, a certain surface saturation is observed for concentrations higher than 25 µM. This 
saturation is evident in Fig. 3b, in which the integrated area of the isolated pyrimidine ring breathing mode at 790 cm-1 is plotted vs. 
the concentration of the probe.  

The functionalized samples were successively incubated with 1 µM miR-222-Cy5, and analysed by SERS. The whole vibrational 
pattern of the dye is clearly detectable in the acquired spectra (Fig. 3c), even for the lowest probe concentration. The highest 
hybridization signal is obtained if the probe is incubated with a 25 µM solution, while the Raman intensity weakly decreases upon 
further increase of the probe concentration, as pointed out by the trend of the integrated area of the Cy5 band located at 552 cm-1 

(C-C(CH3)-C moiety of the ring34, Fig. 3d). Therefore, the optimal probe222 density is attained at concentration of 25 µM.  

 

Fig. 3 Evaluation of the optimal concentration of probe222: a) SERS spectra of the substrates incubated with different 
concentration of probe222; the spectrum of a substrate pretreated with BSA is shown as a reference (brown curve) b) integrated 
areas of the 790 cm-1 Raman peak of the probe vs. its immobilization concentration; c) SERS spectra of the same samples after the 
incubation with 1 µM miR-222-Cy5; d) integrated area of the miRNA-Cy5 Raman peak at 552 cm-1 vs. the probe222 immobilization 
concentration. The error bars correspond to the SD.  

 

Concerning the two-step bioassay, the evaluation of the half1 concentration necessary to obtain an optimal probe density was 
performed in a similar way. In order to allow a better comparison between the two protocols, the same concentrations of probe 
and of labelled miR-222 were applied. Fig. 4a reports the spectra acquired after the incubation of half1 at different concentrations. 
Although it only consists of 10 nucleotides, its vibrational pattern is analogous to the one detected for the 22-nucleotides long 
probe222. This result proves that the main contribution to the SERS spectra of the probes is provided by the bases that are closer 
to the silver surface, as previously suggested in the literature42. Similarly to the previous experiment, the spectra reveal that a 
saturation regime is attained around 25 µM, for which the integrated area of the 790 cm-1 band reaches its maximum Fig. 4b). 
Then, the samples were incubated with 1 µM miR-222-Cy5 in order to directly compare the hybridization signal of the one-step and 
two-step procedures (Fig. 4c). The highest SERS intensity is however detected when the probe is incubated at a concentration of 10 
µM, while for the lower concentrations the hybridization signal decreases and, for the higher ones, approaches a saturation 
plateau, as indicated by the integrated area of the 552 cm-1 of the Cy5 (Fig. 4d). Therefore, such a concentration is selected for the 
immobilization of half1 for the two-step bioassay.  
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Fig. 4 Evaluation of the optimal concentration of half1: a) SERS spectra of the substrates incubated with different concentration of 
half1; the spectrum of the substrate pretreated with BSA is shown as a reference (brown curve) b) integrated areas of the 790 cm-1 
Raman peak of the half1 vs. its immobilization concentration; c) SERS spectra of the samples after the incubation with 1 µM miR-
222-Cy5; d) integrated area of the miRNA-Cy5 Raman peak at 552cm-1 vs. the half1 immobilization concentration. The error bars 
correspond to the SD.  

 

As extensively reported in the literature36,43, in order to obtain an optimal packing of the probes on the surface by self-assembly, a 
certain amount of salt is required in the immobilization buffer to shield the negative charges carried by the phosphate groups of 
the probe backbone. However, only an indirect evaluation is usually obtained or an awkward approach is required by means of 
standard techniques, such as ELISA, Surface Plasmon Resonance or X-ray photoelectron spectroscopy36,43,44. Instead, the amount of 
immobilized probe can be directly assessed by SERS analysis. Therefore, the evaluation of the optimal ionic strength was carried out 
for the one-step and two-step protocols, as a check of the value previously inferred by the ELISA-like tests optimized on the same 
metal-dielectric substrates26. The probe222 or the half1 were incubated on the substrates in TE supplemented with increasing 
concentration of NaCl and analysed. Concerning the one-step approach, the results of the SERS analysis reported in Fig.5a highlight 
that few and weak Raman features of the probe222 start to characterize the acquired spectra from 50 mM of NaCl. The intensity of 
these peaks increased along with the NaCl concentration, without reaching a surface saturation, neither at the highest tested 
concentration of 2M NaCl. Then, the same samples were incubated with 1 µM miR-222-Cy5. Despite the monotonic increase of the 
amount of immobilized probe, the highest hybridization signal is reached at 1M NaCl (Fig. 5d), suggesting that the excessive probe 
packing significantly reduces the hybridization efficiency at higher salt concentrations. These results were confirmed by the 
integration of one of the main peaks of the probe and of the Cy5 label, as reported in Fig. 5c,f (black squares).  

The same tests were repeated for the two-step hybridization assay. The spectra acquired after the incubation of the half1 (Fig. 5b), 
similarly to the other approach, confirmed that the amount of probe immobilized on the surface increased along with the ionic 
strength, without reaching a saturation regime. At the same time, the highest amount of labelled miRNA hybridized to the half1 
was observed for 1M NaCl (Fig. 5e). These outcomes were confirmed by evaluating the area of the main peaks, as reported in Fig. 
5c and f (red dots). It is worth to notice that a higher amount of half1 is immobilized on the surface at the same ionic strength, and 
that the immobilization of the half1 started at lower concentration of salt, if compared to the probe222, as highlighted by the data 
trends reported in Fig. 5c. Probably this effect is due to the size and in particular to the different length of the two strands: the 
longest probe222 requires more ions to solvate all the negative charges of the backbone, in comparison to the shortest half1. These 
results are in accordance with the outcomes reported above, and related to the optimal concentration of probe incubated on the 
samples (Fig 3 and 4). In fact, by fixing the ionic strength at 1M NaCl, a lower concentration (10 µM) is required to obtain the 
optimal amount of half1 immobilized on the surface, in comparison with the probe222 (25 µM). Finally, thanks to the SERS analysis 
it was possible to verify that the optimal probe density needed for the highest hybridization of the corresponding miRNA is 
obtained before the surface saturation is reached. Then, once the optimal amount is achieved, the hybridization of miRNA does not 
change anymore, probably because of effects concerning the stability of the densely packed grafted probes or of the DNA-RNA 
complexes at relatively high salt concentration.  
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Fig. 5 Evaluation of the optimal ionic strength in the immobilization buffer: a) SERS spectra of the probe 222 (25 µM) incubated at 
different NaCl concentrations; b) SERS spectra of the half1 (10 µM) incubated with different NaCl concentrations; c) integrated 
areas of the 790 cm-1 Raman peak of the probe222 (black squares) and half1 (red dots) vs. the NaCl concentration; d) SERS spectra 
of the samples in Fig. 5a after the incubation with 1 µM miR-222-Cy5; e) SERS spectra of the samples in Fig. 5b after the incubation 
with 1 µM miR-222-Cy5; f) integrated area of the miRNA-Cy5 Raman peak at 552 cm-1 vs. the NaCl concentration for samples 
functionalized with the probe222 (black squares) and the half1 (red dots). The error bars correspond to the SD.  

 

Specificity and sensitivity of the bioassays. After the optimization of the immobilization and hybridization conditions was 
completed, the one and two hybridization approaches were compared in terms of sensitivity, using both Cy5 and Cy3 as Raman 
labels. The PSD samples functionalized with the probe222 and half1 at the optimized concentrations were incubated with several 
concentrations of miRNA, from 0.1 nM to 1 µM. miR-222-CyX and an unlabelled miR-222 were employed at the first hybridization 
step for the first and second protocol, respectively. In the two-step approach, half2-CyX was finally incubated on the hybridized 
half1-miRNA substrates. Fig. 6a,b (Cy3) and d,e (Cy5) report the SERS spectra acquired on the described samples. The high 
concentrations are not shown because the saturation of the hybridization signal is reached over 500 nM. As expected, a stronger 
Raman intensity is observed for the Cy3 label, due to the excitation at its electronic resonance. Such result is reflected both in the 
Raman intensity, but also affects the minimum detectable concentration. In general, the spectra of Cy3-oligos are dominated by the 
vibrational fingerprints of the label, except for the lower miRNA concentrations, where the DNA probe pattern is superimposed to 
the target signal. The exam of such a background shows the presence of a less crowded region between 1450 and 1470 cm-1, where 
one of the main peaks ascribable to the Cy3 can be conveniently identified even at the lower concentrations. The intense 
vibrational mode of Cy3 at 1462 cm-1 was therefore selected for the determination of the LOD. For what concerns Cy5-
oligonucleotides, the spectrum of the probe starts to be overwhelming at medium-high concentrations of miRNA. However, the 
same spectral window can be exploited for the detection of Cy5 band at 1463 cm-1, which is clearly detectable by eye until 25 nM. 
As a reference, the two-step assay was applied to a second set of PSD samples and treated by following the ELISA-like protocol. For 
completeness, the ELISA results are reported in the Electronic Supplementary Information (Fig. S1a).  

In order to perform quantitative measurements, a calibration curve was prepared by the integration of the area of Cy5 and Cy3 
bands at 1463 and 1462 cm-1. The calculated areas are reported in log-log scale in Fig. 6c and 6f for Cy5 and Cy3, respectively. The 
data analysis reveals an interesting behaviour for the two-step hybridization procedure compared to the one-step approach, 
regardless of the used dye. Actually, the SERS spectra of the half1/miRNA/half2-CyX complex are characterized by a lower Raman 
signal intensity than their probe/miRNA-CyX counterparts in the high miRNA concentration regime. On the other side, in the 
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former, the spectral intensity referred to the miRNA hybridization is featured by a weaker decrease than in the latter, by lowering 
the nominal concentrations of miRNA.  

 

Fig. 6 a) SERS spectra of the functionalized samples incubated with different concentrations of miR-222-Cy3; b) SERS spectra of the 
functionalized samples incubated with different concentrations of miR-222 and subsequently with 1 µM half2-Cy3; c) Integrated 
area of Cy3 peak at 1462 cm-1 vs. miR-222 concentration, calculated for miR-222-Cy3 (black squares) and half2-Cy3 (red dots); d) 
SERS spectra of the functionalized samples incubated with different concentrations of miR-222-Cy5; e) SERS spectra of the 
functionalized samples incubated with different concentrations of miR-222 and subsequently with 1 µM half2-Cy5; f) Integrated 
area of Cy5 peak at 1463 cm-1 vs. miR-222 concentration, calculated for miR-222-Cy5 (black squares) and half2-Cy5 (red dots). The 
error bars correspond to the SD. The features of Cy3 at 1462 cm-1 and Cy5 at 1463 cm-1 are highlighted.  

 

A portion of the investigated miRNA concentrations was employed for the calculation of the LOD involving the Cy3 dye. In 
particular, a linear regime was observed between 25 and 2.5 nM for miRNA-Cy3 and from 25 to 1 nM for the miR-222 detected by 
the half2-Cy3. The samples incubated with 0.5 nM miRNA-Cy3, and the control substrate incubated with half1 and half2-Cy3, 
without the miRNA hybridization step, were considered as the blanks in the two set of experiments. The different calibration curves 
provided similar detection limits of 0.55 and 1.51 nM for the one-step and two-step hybridization assays, respectively. Generally, a 
higher sensitivity could be expected for the one-step procedure than for the two-step hybridization one, due to the weaker 
interaction between half1 and the miRNA compared to the probe222-miRNA binding. Anyway, this disparity seems to be well 
compensated by the optimization of the hybridization conditions, such as the higher salt concentrations in the buffer, which 
improves the effectiveness of the interaction. These results ensure that the two-step procedure does not worsen the hybridization 
efficiency with respect to the standard one-step approach, showing that it is a suitable option for the label-free detection of 
miRNAs.  

One of the main issues concerning real biological samples (i.e. cell extracts or biofluids) consists in the presence of several miRNAs, 
whose sequence similarity can be very high. The bioassay has therefore to meet strict requirements in terms of selectivity, avoiding 
non-specific signal due to the binding of different miRNAs. At the same time, interfering sequences can interact with the target, 
hindering the hybridization with the probe. Such phenomena were studied for the two-step assay, which is the only one that can be 
directly applied to real samples without long and expensive chemistry related to miRNA labelling. Mixtures of miR-222 and miR-16 
were prepared at different concentrations and incubated on the discussed SERS substrates functionalized for the specific detection 
of miR-222. As shown in Fig. 7, the selective recognition of miR-222 was not affected, under any circumstances, by the presence of 
miR-16. The intense vibrational features of half2-Cy3 at 1388 cm-1 and 1462 cm-1 are easily recognizable in the spectrum of samples 
incubated at 1 µM concentration of miR-222 and no substantial differences are observed by the comparison of their intensity 
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