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Abstract 24 

Nowadays, the use of functionalised surface-enhanced Raman scattering (SERS) substrates has 25 

become very common. These surface modifying agents notably act as Raman reporters, as 26 

sensors of biological processes (pH, redox probes) or to increase the sensitivity and/or the 27 

specificity of SERS detections.  28 

However, the effects of the functionalisation agents are deeply examined in very few studies, 29 

even though they can affect the aggregation behaviour of the SERS substrate. Moreover, 30 

depending on their concentration and on the pH, their spectral signature can be modified and 31 

they can even degrade if stored inappropriately.  32 

In this context, this paper aims at emphasising the importance of the different aspects previously 33 

listed in the selection of a functionalisation agent. Pyridine derivatives were picked out to 34 

highlight these parameters, as some of these compounds are commonly used to be grafted onto 35 

SERS substrates. Two widespread syntheses of nanoparticles were selected as SERS substrates: 36 

citrate-reduced gold and silver nanoparticles. The surface of the nanoparticles was 37 

functionalised with several pyridine derivatives at different concentrations and in several 38 

solvents. It was observed that the molecules under study had a concentration-dependent effect 39 

on nanoparticle aggregation. A stability study was furthermore conducted in order to determine 40 

the best preservation conditions of the grafting solutions.  41 

In conclusion, this paper shines a light on the relevance of the investigation of the too-often 42 

neglected behaviour of the surface modifying agents. Before their application in SERS 43 

analyses, parameters such as the label concentration should therefore be included in an 44 

experimental design to optimise the sample preparation.   45 

Keywords: Surface-enhanced Raman scattering (SERS); Functionalization agents; Pyridine 46 

derivatives; Aggregation; Stability.  47 
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1. Introduction 48 

Surface-enhanced Raman scattering (SERS) is currently booming in various research areas, 49 

such as the pharmaceutical and biomedical fields [1,2]. This can be explained by the numerous 50 

advantages of this vibrational technique: fast data acquisition, non-destructive measurements, 51 

qualitative, quantitative, multiplex and imaging capabilities and the compatibility with aqueous 52 

samples, among others. The use of label-free SERS substrates is being gradually shifted towards 53 

surface-modified SERS substrates. These allow to increase the complexity of the SERS 54 

detection, in compliance with intricate matrices that are nowadays analysed. Indeed, surface 55 

modifications improve the SERS substrates in different aspects [3-8]. They can increase 56 

nanoparticle biocompatibility and stability by conferring anti-fouling or anti-aggregation 57 

properties. They can also be used to tune the surface plasmon absorbance peak of the substrate 58 

in order to match it with the laser wavelength. Moreover, they can improve the specificity and 59 

sensitivity of the SERS detection, since specific recognition elements (aptamers, antibodies, 60 

molecularly imprinted polymer) can be grafted on the substrate surface. Additionally, when 61 

they are used as internal standards or to control the formation of hot-spots, the repeatability of 62 

SERS analyses is enhanced. Imaging and multiplex detections are also enabled by the use of 63 

Raman reporters. Finally, functionalisation of the substrate surfaces can be used in theoretical 64 

SERS studies, e.g. in order to improve the comprehension of SERS enhancement mechanisms. 65 

The reader interested in applications of functionalised SERS substrates, in environment science, 66 

food-processing or in the biomedical field, can find more information in reviews [3-8]. Some 67 

concrete examples of biomedical applications include the functionalisation of silver 68 

nanoparticles with pyridine in order to increase the sensitivity of detection of bisphenols, which 69 

are well-known endocrine disruptors found in tap water and in cash receipts [9]. Functionalised 70 

SERS substrates have been used to monitor the localisation of nanoparticles into cells by SERS 71 

imaging [10,11], and SERS-based immunoassays exploit the use of functionalised substrates as 72 

target molecule binding readout [12]. A last example is the use of grafted molecules as probes 73 

to monitor biological processes, such as the intracellular pH [13], the intracellular redox state 74 

[14] or the tissue production of NO [15]. 75 

It is a common practice to graft small aromatic molecules having a thiol or an amine in their 76 

structure onto SERS substrates, since these chemical functions present the advantage of 77 

covalently binding to metallic surfaces. This leads to stable chemical bonds and to high SERS 78 

signals. In contrast, physisorbed Raman labels tend to detach from the SERS surface over time 79 
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when placed in complex media [11]. The selection of a particular label depends on its purpose, 80 

but general structure rules involve a small size, symmetry in the structure and a high cross-81 

section in order to keep the SERS signal of the label molecule as simple and intense as possible, 82 

with few characteristic bands [2]. These bands must be located at spectral positions generating 83 

no or the least interference with the sample analysed. As such, SERS substrates functionalised 84 

with alkyne or nitrile molecules have for example been used because the alkyne and nitrile 85 

bonds are situated in the biological silent region of the SERS spectrum [16,17].   86 

Notwithstanding that surface functionalisation agents are widely applied in SERS, a recurrent 87 

shortage has been noticed about the preliminary study of the SERS label properties such as their 88 

stability or the impact of their concentration on the SERS signal intensity obtained as well as 89 

on the position of their characteristic bands. More generally, this observation takes place in the 90 

context of a lack of rational and reproducible optimisation of SERS experimental conditions. 91 

Little literature can indeed be found on experimental designs applied to SERS even though the 92 

design of experiments (DoE) approach is time-saving and allows to fully exploit the 93 

interdependence between the numerous parameters that can influence the SERS response [18-94 

26]. Among these parameters, careful consideration must be given to the substrate, the type and 95 

concentration of the aggregation and surface modification agents, as well as to the pH and 96 

incubation time of the sample, since they are critical to the magnitude of the SERS response. 97 

The absence of rational optimisation often results in sub-optimal and seldom repeatable sample 98 

preparations. 99 

Accordingly, in order to start remedying this shortage problem, we focussed on some pyridine 100 

derivatives, namely 2- and 4-mercaptopyridine (2-MP, 4-MP) and 2- and 4-101 

pyridylethylmercaptan (2-PEM, 4-PEM), and analysed the effect of the concentration of these 102 

SERS labels on the SERS spectra and on the aggregation behaviour of the SERS substrates. 103 

These substrates consisted of suspensions of citrate-reduced gold and silver nanoparticles 104 

synthesised according to the Lee and Meisel protocol [27] since they are commonplace. The 105 

functionalisation agents were chosen because 2-MP and 4-MP have frequently been grafted 106 

onto SERS substrates to perform SERS analyses and to value the SERS enhancement factors 107 

of new substrates [11,13,28-30]. 2-PEM and 4-PEM were added to scrutinize the effect of small 108 

structural changes on the SERS response. To have an overview of thiolated pyridine labels, the 109 

SERS response and the aggregation behaviour of pyridine- and thiophenol-functionalised 110 

nanoparticles was also examined. For 2-MP and 4-MP, the effect of the solvent was moreover 111 
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looked at, since solvent-analyte and solvent-substrate interactions can impact the SERS 112 

response, in terms of intensity and band position, due to different surface adsorption geometries 113 

[31]. Finally, the selected labels being unstable, a UV-Visible stability study was carried out in 114 

order to underline the importance of the right preservation conditions of the SERS label 115 

solutions.  116 

The results obtained in this study brought to light that the label concentration was critical 117 

regarding the aggregation state of the SERS substrates and for the SERS spectra obtained. The 118 

metal nature of the SERS substrate, as well as the solvent used to prepare the label solutions 119 

had also a great importance, especially on the sensitivity of the detection. Besides, the structure 120 

of the label was crucial since small structural variations could lead to a drop in sensitivity.  121 

Consequently, it should be recommended to include parameters related to the surface 122 

modification agent in an experimental design during the development of any SERS 123 

experimental protocol, in order to optimise it. The SERS label properties are indeed critical to 124 

the SERS response and are interdependent with other parameters such as the aggregation agent. 125 

Without aiming at answering all the observation made during our study, we hope that this paper 126 

will raise awareness of the insufficient SERS label investigation problem among the SERS 127 

scientific community.  128 

  129 
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2. Materials and methods 130 

 Chemicals and reagents 131 

Gold(III) chloride hydrate (99.995% trace metals basis), 2-mercaptopyridine (99%, 132 

ReagentPlus, 2-MP), 4-mercaptopyridine (95%, 4-MP), 2-pyridylethylmercaptan (2-PEM), 4-133 

pyridylethylmercaptan (4-PEM), benzenethiol (99+%, TPh), pyridine (anhydrous, 99.8%, Pyr) 134 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol (for analysis) and 135 

hydrochloric acid (37%, for analysis) were acquired from VWR Chemicals (Leuven, Belgium). 136 

Trisodium citrate (anhydrous, 98%) was purchased from Acros Organics (Geel, Belgium). 137 

Merck (Darmstadt, Germany) was the supplier of nitric acid (65%, for analysis) and silver 138 

nitrate (crystals, extra pure). Methanol (Ultra, HPLC-UHPLC grade) was acquired from J.T. 139 

Baker (Sowinskiego, Poland). All chemicals were used as received. Ultrapure water with a 140 

resistivity of 18.2 MΩcm was generated from a Milli-Q device (Millipore, Bellirica, MA, 141 

USA).  142 

 Nanoparticle synthesis 143 

Citrate-coated gold and silver nanoparticles (AuNPs and AgNPs) were synthesized according 144 

to the method described by Lee and Meisel [27]. Each batch was characterised in terms of size, 145 

size dispersion and surface charge. The detailed synthesis and characterisation protocols can be 146 

found in references [18,19]. NPs were kept in the fridge and sheltered from light in order to 147 

guarantee their long-term stability. To ensure results were not caused by variations in NPs 148 

properties, the same batch of AuNPs and AgNPs was used to conduct all experiments. 149 

Moreover, all SERS experiments were done over 2 days whereas all DLS measurements were 150 

conducted over a week. In total, the entire NPs study lasted less than 3 weeks. 151 

 Solution preparation 152 

Stock solutions of 2-MP, 4-MP and Pyr were prepared at a concentration of 10 mM in ultrapure 153 

water and were subsequently diluted with the same solvent. 10 mM 2-MP, 4-MP, 2-PEM and 154 

4-PEM stock solutions were prepared and further diluted with methanol. A 10 mM stock 155 

solution of TPh was prepared and diluted in ethanol.  156 
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For UV-Visible spectroscopy, aliquots of 0.1 mM solutions of 2-MP and 4-MP in water and in 157 

methanol and of 0.2 mM solutions of 2-PEM and 4-PEM in methanol were stored both at room 158 

temperature with sunlight exposure and in the fridge sheltered from light.  159 

 Equipment 160 

The SERS spectra were acquired on a LabRAM HR Evolution Raman microscope (Horiba 161 

Jobin-Yvon, Lyon, France) equipped with a 785 nm laser (50 mW on the sample), a two-162 

dimensional EMCCD detector (1600 x 200 pixels sensor), a 300 gr/mm grating and a 50x LWD 163 

objective (NA = 0.55). The data were collected from 350 to 1750 cm-1 with a confocal slit-hole 164 

of 200 µm. Three acquisitions of 3 s were realised on the samples, which were prepared by 165 

vortexing 400 µL of NPs with 50 µL of functionalisation agent during 3 s.  166 

The hydrodynamic diameter and the Zeta potential of functionalised NPs were measured with 167 

a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) operating at 25°C and equipped with 168 

a 633 nm He-Ne laser. The signal was collected at a 173° angle (non-invasive back-scatter 169 

system). The suspensions of NPs were diluted 10 times with ultrapure water before analysis. 170 

For the stability study conducted in UV-Visible spectroscopy, a Lambda 40 UV-Visible 171 

spectrophotometer (Perkin Elmer, Waltham, MA, USA) was used. The samples were put in a 172 

10 mm quartz cuvette and the UV-Visible spectra were acquired from 190 to 450 nm with a 173 

spectral resolution of 1 nm. Depending on the solvent used to prepare the sample, ultrapure 174 

water or methanol was used as blank sample in order to subtract the solvent background. 175 

 Data analysis 176 

The SERS data were analysed with Matlab R2018a (The Mathworks, Natick, MA, USA) and 177 

the PLS_Toolbox 8.6.2 (Eigenvector Research, Inc., Wenatchee, WA, USA). An automatic 178 

Whittaker filter (λ = 100000, p = 0.001) was applied to correct the baseline of the SERS spectra.  179 

  180 



 
8 

3. Results and discussion 181 

 SERS spectra and effect on the aggregation  182 

The first step when studying a new SERS functionalisation agent is the determination of the 183 

characteristic bands of the latter, and therefore the exploitable bands in the spectrum of this 184 

agent. Then, the optimal concentration of the label must be determined simultaneously with the 185 

nature and the concentration of the aggregation agent and the pH, as these parameters often 186 

experience interdependency [20].  187 

This study focused on 2-MP, 4-MP, 2-PEM and 4-PEM, which can all covalently bind to 188 

metallic surfaces through their sulphur and/or nitrogen atom(s) [32-36]. Consequently, this 189 

theoretically results in a native affinity towards the SERS substrates and in high SERS signals. 190 

Since the structure of these molecules include a pyridine ring and a thiol, Pyr and TPh were 191 

also analysed in order to examine the relative contributions of these structure elements to the 192 

behaviour of the pyridine derivatives. Additionally, 2-MP and 4-MP were prepared in two 193 

different solvents, water and methanol, in order to investigate any possible solvent impact on 194 

the SERS response. Fig. S1 (Supporting Information) illustrates the structure of the different 195 

molecules studied. 196 

The SERS spectra of these surface modifying agents were obtained by simply mixing them with 197 

the NPs, since it was observed that the functionalisation agents aggregated the colloids. The 198 

SERS spectra of the different grafting agents, at several concentrations, are displayed in the 199 

Supporting Information (Figs. S2-S17 (Supporting Information)). This aggregation effect was 200 

concentration dependent, with lower concentrations generating less aggregation. Table 1 201 

summarises the influence of the functionalisation agent concentration on the SERS intensities. 202 

Colloid aggregation triggered by the functionalisation agent is a fact of which one must be well 203 

aware before starting the fulfilment of the SERS analyses. Indeed, in some cases, it may be 204 

interesting to use pre-aggregated nanoparticles [18] while in other applications the 205 

functionalised suspensions are required to remain stable over time [11,13-15]. The 206 

concentration of the grafting agent must therefore be adapted in accordance with the 207 

requirement of the experimental design.   208 

These observations emphasise the fact that it is crucial to add the functionalisation agent 209 

component in the SERS method optimisation design in addition to that of the aggregation agent, 210 
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since both affect the aggregation state of the colloid. The difference in behaviour of 4-MP and 211 

4-PEM related to 2-MP and 2-PEM (Table 1) also illustrates how importantly small structural 212 

changes can have repercussions on the SERS response. 213 

In contrast to the aggregation obtained with AuNPs, the addition of 4-MP (both in water and in 214 

methanol), of 4-PEM and of Pyr to AgNPs failed to aggregate AgNPs (Table 1, Table S1), 215 

demonstrating the influence of the SERS substrate nature. However, despite the lack of AgNPs 216 

aggregation, weak SERS signals could be collected for AgNPs functionalised with 4-MP, even 217 

at quite low concentrations (µM range, Table 1). On the opposite, AgNPs functionalised with 218 

4-PEM or Pyr failed to produce a SERS response at low (µM) concentrations (Table 1). Further 219 

investigations, such as molecular modelling, would be required to explain these phenomena. 220 

The influence of the metallic nature of the NPs (gold or silver) on the SERS signal intensity 221 

could further be highlighted. AuNPs led to more sensitive results than AgNPs in terms of SERS 222 

visualisation of the functionalisation agent bands. This could be explained by the relative 223 

strength of metal-S and metal-N bonds, being stronger for gold than for silver [37,38]. The 224 

lower affinity of pyridine for AuNPs in comparison to 2-MP, 4-MP, 2-PEM and 4-PEM could 225 

also be interpreted according to the Au-N bond strength, which is weaker than the Au-S one 226 

[37]. Nonetheless, a difference in SERS efficacy resulting from discrepancies in NPs properties 227 

(size and concentration for instance) can not totally be ruled out, as these properties greatly 228 

influence susceptibility to aggregation. It is plausible though that the stronger the metal-bond 229 

is the easier aggregation will occur due to change in NPs surface environment.  230 

A difference in the aggregation pattern of TPh compared to the other pyridine derivatives 231 

studied was observed (Fig. 1). While aggregation occurred instantly or did not occur at all for 232 

2-MP, 4-MP, 2-PEM, 4-PEM and Pyr, aggregation took place more slowly at lower 233 

concentrations of TPh (lower than 0.1 mM). No SERS spectrum was observed for 1 and 0.5 234 

µM TPh adsorbed onto AuNPs when AuNPs were directly analysed. However, after 45 min 235 

incubation, nanoparticle aggregation occurred and intense SERS spectra were thus obtained 236 

(Fig. 1a). This effect was less pronounced for AgNPs, where larger concentrations of TPh had 237 

to be used in order to obtain a SERS response. No SERS signal was observed for 100 and 50 238 

µM TPh concentrations when analysed instantaneously, but after 5 min incubation time, the 239 

aggregation started occurring, with a TPh SERS signal increasing with time (Fig. 1b). However, 240 

even after 90 min incubation time, no SERS spectrum was obtained for 10 µM TPh. On one 241 

hand, once again, this lower sensitivity for AgNPs can be explained by the lower Ag-S bond 242 
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strength in comparison to the Au-S bond strength [38]. On the other hand, as studied by Tripathi 243 

et al. [39], the difference in the kinetics of appearance and of increase of the SERS spectra of 244 

TPh can also be explained by the pH of the NPs. AuNPs are acidic (pH 5.5) whereas AgNPs 245 

are basic (pH 8). At acidic pH, the thiol of TPh is mainly in the SH form, since its pKa is close 246 

to 7 [39], while at basic pH, it is mainly in the S- form. Therefore, at basic pH, the sulphur is 247 

already deprotonated and the covalent binding of sulphur to the metal surface can occur faster 248 

than at acidic pH where deprotonation needs to occur first [39]. Since the pKa values of the 249 

thiol functions of 2-MP and 4-MP are lower than that of TPh [34,40], these functions are mainly 250 

in the S- form. This could possibly explain the different behaviour observed with TPh and 251 

AuNPs. No effect of the incubation time was observed for all the other pyridine derivatives 252 

studied. This example of time-dependent aggregation behaviour highlights that the incubation 253 

time has to be taken into account during the development of the SERS method, especially when 254 

quantitative or semi-quantitative measurements are foreseen. Indeed, the signal intensity can 255 

depend both on time and on analyte concentration.  256 

Additionally, the solvent effect on the SERS spectrum has to be born in mind. The small 257 

proportion of functionalisation agent used in this study (50 µL of pyridine derivatives mixed 258 

with 400 µL NPs) avoided any spectral interference originating from the solvent. Yet, if using 259 

larger amounts of SERS labels, some solvent bands could start appearing in the spectra. It was 260 

nevertheless noticed that the use of methanol instead of water slightly decreased the sensitivity 261 

of 2-MP and 4-MP detection, regardless of the NPs metal nature, because methanol stabilised 262 

slightly more the NPs suspensions. The influence of the solvent on the SERS substrate 263 

aggregation behaviour was thus shown to be significant. This additional parameter should 264 

consequently be taken into consideration during preliminary optimisation studies. 265 

Minor differences were noticed in the SERS spectra of the same functionalisation agent 266 

analysed with the same kind of NPs, depending on the concentration of the surface modifying 267 

agent (spectra displayed in the Supporting Information). These differences mainly consisted in 268 

small band shifts and in inversion of band intensity ratios. This is not surprising, knowing that 269 

SERS is a surface sensitive technique. The orientation of the molecules adsorbed onto the 270 

surface of NPs will indeed be different whether they are densely or sparsely packed, 271 

consequently leading to modifications in the SERS spectra.  272 

The AuNPs and AgNPs that were employed in this study present opposite pH characteristics, 273 

i.e. acidic for AuNPs (pH 5.5) and slightly basic (pH 8) for AgNPs. By contrasting the spectral 274 
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patterns obtained with AuNPs and AgNPs, it was finally interesting to examine the pH effect 275 

on the spectra of the pyridine derivatives. Indeed, the nitrogen belonging to the pyridine ring 276 

can be protonated or unprotonated in these derivatives according to the pH. For aqueous 2-MP 277 

(Fig. 2), the intensity ratio 1232/1273 cm-1 for AuNPs was higher than the ratio 1227/1275 cm-278 

1 for AgNPs, which could indicate the more protonated state of the nitrogen in AuNPs in 279 

comparison to AgNPs [33]. The bands taken into account for these ratios are assigned to the 280 

out-of-plane deformation of NH/in-plane deformation of NH and to the stretching of C=C/C=N 281 

(mode number 14b), respectively [33]. For aqueous 4-MP (Fig. 3), the intensity ratios 282 

1091/1000 cm-1 (respectively assigned to the 18a mode with C-S stretching and to the ring 283 

breathing mode 1 [34,41]) and 1570/1610 cm-1 (respectively assigned to the 8b2 ring stretching 284 

with deprotonated and protonated nitrogen [35,42]) were higher for AgNPs than for AuNPs. 285 

Furthermore, the band located around 1200 cm-1, consisting of 2 overlapping bands for AuNPs, 286 

shifted towards higher wavenumbers while becoming a single well resolved band for AgNPs. 287 

The overlapping bands can be attributed to a combination of N-H deformation (at lower 288 

wavenumbers) and C-H in-plane bending (at higher wavenumbers) [41]. All these observations 289 

suggest a more protonated state of 4-MP adsorbed on AuNPs than on AgNPs [34,35,41,42]. 290 

Once again, this exemplifies the importance of including the sample pH parameter into the 291 

experimental design. Modifications of the pH can trigger band shifts or band ratio variations 292 

that could otherwise erroneously be attributed to an interaction of the grafting molecule with 293 

the analyte.  294 

3.1.1 Dynamic and electrophoretic light scattering 295 

Usually, dynamic and electrophoretic light scattering (DLS and ELS) are useful to assist in 296 

monitoring the efficiency of the SERS substrate coating process [43,44]. However, DLS and 297 

ELS can further be exploited in order to study the stability of the grafted SERS substrates. These 298 

analytical tools are consequently well suited to assist in SERS method development. 299 

Therefore, the aggregation effect of the different pyridine derivatives on AuNPs and AgNPs 300 

was objectified by means of DLS and ELS measurements. The results of these measurements 301 

are summarised in Table 2 and in Table S1 (Supporting Information) and are consistent with 302 

the visual observations made about the aggregation behaviour of the functionalised colloids.  303 

The native AuNPs and AgNPs suspensions were negatively charged, with a zeta potential 304 

around -44 and -45 mV respectively, due to the citrate layer adsorbed onto the NPs surface. The 305 
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suspensions had a mean hydrodynamic size of 90 and 46 nm respectively. An increase in the 306 

mean size of the NPs suspensions suggested appearance of NPs aggregates. A drop in the zeta 307 

potential conveyed an instability of the suspension brought about by the decrease of repulsive 308 

interactions between NPs. A common value of ± 30 mV is generally accepted as threshold for 309 

colloidal stability [45], i.e. suspensions with a zeta potential included between -30 mV and + 310 

30 mV are considered unstable.  311 

Samples that were partly aggregated were characterised by a slightly larger size and/or by a 312 

slightly less negative zeta potential. Indeed, a 1 to 2-fold size increase was noticed for partly 313 

aggregated samples, whereas a 1.5 to 7-fold increase was observed for the highly aggregated 314 

ones (Table S1 (Supporting Information)). 315 

Regarding SERS, the aggregation of the colloidal substrate is required in order to form hot-316 

spots, which are areas of the sample where the SERS signal is the most enhanced. These hot-317 

spots occur at the junction of two or more aggregated nanoparticles. However, the SERS signal 318 

is also a compromise, as aggregated NPs will flocculate with time, hence bringing about large 319 

signal drops. The repeatability of SERS analyses will therefore be affected if the state of 320 

aggregation of the colloids varies over the course of an experiment. Consequently, it should be 321 

recommended to study the effect of incubation time on signal intensity and repeatability. This 322 

phenomenon can clearly be observed in Table 2. The most aggregated experimental conditions, 323 

determined by DLS and ELS (and depicted in Table S1 (Supporting Information)), did not lead 324 

to the highest SERS response. On the contrary, the best SERS signals were obtained for samples 325 

that were partly aggregated, thus more stable over time.  326 

 UV-Visible stability study 327 

It is a well-known fact that 2- or 4-thiol-substituted pyridines are prone to tautomerization. The 328 

thione tautomers form preferably in solution and assemble in H-bonded dimers [33,34,46]. 329 

Moreover, thiol molecules are susceptible to form disulphide bridges by oxidation [46]. These 330 

molecular changes could modify the SERS spectrum of the SERS labels and/or the aggregation 331 

state of the colloid, potentially leading to misinterpretation of the results of SERS experiments. 332 

Therefore, monitoring of the stability of 2-MP, 4-MP, 2-PEM and 4-PEM solutions was carried 333 

out by UV-Visible spectroscopy.  334 
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For aqueous 2-MP and 4-MP, the same trend was observed: solutions kept in the fridge and 335 

shielded from light did not show any spectral variation up to 3 months (further time not tested). 336 

Conversely, the solutions stored at room temperature (RT) and in the sunlight started to display 337 

spectral changes after one day (Fig. 4). These changes consisted in a decrease of the intensity 338 

of the 271 and 342 nm peaks with the appearance of a peak at 231 nm for 2-MP. For 4-MP, the 339 

intensity of the peaks at 230 and 324 nm dropped with time and a large peak arose around 253 340 

nm. In order to find out if the spectral modifications triggered by RT storage could be reversible, 341 

aliquots of 2-MP and 4-MP samples stored for 9 days at RT were further refrigerated. The peak 342 

intensities stopped decreasing although they did not return to the level of the samples kept in 343 

the fridge from the beginning of the stability study. It was thus hypothesised that the degradation 344 

process was prevented when the samples are stored in the fridge, but that the structural changes 345 

that had occurred during storage at RT were not reversible.  346 

Since 2-MP and 4-MP are also soluble in methanol, the effect of this solvent on the stability of 347 

2-MP and 4-MP was studied. It can be observed in Fig. 4 that the samples prepared in methanol 348 

followed the same trend as that prepared in water. No spectral change was noticed for the 349 

samples stored in the fridge. Variations in spectral intensities of  RT-stored samples were on 350 

the opposite already coming out after one day. However, these variations seemed to occur more 351 

rapidly in methanol than in water. This led to the assumption that the stability of 2-MP and 4-352 

MP was slightly worse in methanol than in water. The peak positions of 2-MP and 4-MP were 353 

shifted in methanol, due to the solvent effect on the UV-Visible spectra. On one hand, the 282 354 

and 360 nm peak intensities of 2-MP decreased with the RT storage time, while a new peak 355 

appeared at 235 nm. On the other hand, the 4-MP peaks at 227, 295 and 337 nm lowered 356 

whereas a large peak appeared at 245 nm. 357 

2-PEM and 4-PEM being insoluble in water, their stability was only monitored in methanol. In 358 

contrast to 2-MP and 4-MP, the UV-Visible spectra of 2-PEM and 4-PEM did not display any 359 

significant difference as a function of time and of the storage conditions (Figs. S18 and S19 360 

(Supporting Information)). 361 

3.2.1  SERS on stability study samples 362 

The samples used for the UV-Visible stability study were in addition analysed by SERS, in 363 

order to assess whether the UV-Visible spectral changes were relevant when conducting SERS 364 

analyses. 365 
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In spite of distinct UV-Visible spectra, the SERS spectra obtained for aqueous 2-MP and 4-MP 366 

stored one month at RT with AuNPs and AgNPs did not display any significant differences 367 

(Figs. S20-23 (Supporting Information)). This could be readily explained by the disulphide 368 

bond cleavage of disulphide dimers, that dissociatively chemisorb onto gold and silver surfaces, 369 

regenerating the starting label molecules [47]. Nonetheless, a reduction in the aggregation could 370 

be noted, leading to a drop in the SERS intensity of AgNPs functionalised with 2-MP stored at 371 

RT compared with 2-MP kept in the fridge (Fig. S22 (Supporting Information)). A possible 372 

explanation can be found in the weaker strength of Ag-S and Ag-N bonds in comparison to Au-373 

S and Au-N bonds, as previously stated [37,38], probably bringing less dissociative 374 

chemisorption about. 375 

For methanolic solutions of 2-MP and 4-MP, similar results were obtained, except for 4-MP- 376 

grafted AuNPs, where a difference in aggregation behaviour (less pronounced for the solution 377 

kept at RT) and spectral changes were noticed (Fig. 5).  378 

As their UV-Visible spectra did not show any change with time, it was not a surprise that the 379 

SERS spectra of 2-PEM and 4-PEM remained the same after 1 month storage at RT and in the 380 

fridge (Fig. S24-27).  381 

 382 

4. Conclusion 383 

This paper presented an in-depth study of some SERS labels belonging to the structural family 384 

of pyridine, with AuNPs and AgNPs that are commonly used by the SERS scientific 385 

community.  386 

This work underlined the importance of carrying out an exhaustive study of the SERS label 387 

before its use in SERS analyses, which is currently too often neglected. Indeed, numerous 388 

parameters can interdependently impact the SERS detection. Among these parameters, it was 389 

demonstrated that the label structure and concentration, the SERS substrate metal nature, the 390 

pH, the solvent and the storage conditions affected the aggregation state of NPs and their SERS 391 

response.  392 
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To conclude, simultaneous investigation and optimisation of all these parameters before further 393 

use of the grafted NPs should be standard practice. In our opinion, the best methodology to that 394 

purpose is the DoE strategy, that thus merits receiving more attention in the SERS community. 395 
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Table 1: Effect of the functionalisation agent concentration on the SERS intensity. The dark, 555 

medium and light grey boxes represent high, low and no SERS signal, respectively. 556 

Experimental conditions that were not tested are depicted by white boxes.  557 

 558 

  559 

Concentration

AuNPs AgNPs AuNPs AgNPs AuNPs AgNPs AuNPs AgNPs AuNPs AgNPs AuNPs AgNPs AuNPs AgNPs AuNPs AgNPs

4-PEM TPhPyr 2-PEM2-MP (water) 2-MP (MeOH) 4-MP (water) 4-MP (MeOH)

0.1 µM

0.5 µM

1 µM

1 mM

10 mM

25 µM

50 µM

5 mM

0.1 mM

10 µM

2.5 µM

5 µM
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Table 2: Comparison of the SERS signal intensity in function of the aggregation state of NPs. 560 

The darker the boxes are, the more intense the SERS signal is. White boxes represent samples 561 

for which no SERS signal was obtained, whereas experimental conditions that were not tested 562 

are depicted by boxes containing a dash. 563 
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Figure 1: Time dependent aggregation of AuNPs functionalised with TPh 1 µM (a) and of 565 

AgNPs grafted with TPh 50 µM (b). The insert in a) presents an enlargement of the spectra. 566 

The spectral region surrounded by the dotted rectangle in a) is enlarged to highlight the low 567 

spectral intensity obtained until 30 min. 568 

 569 

  570 
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Figure 2: Comparison of the SERS spectra of 100 µM aqueous 2-MP adsorbed onto AgNPs 571 

(pH 8) and onto AuNPs (pH 5.5). The asterisks evidence bands affected by the pH. 572 

 573 

  574 



 
26 

Figure 3: Comparison of the SERS spectra of 100 µM aqueous 4-MP adsorbed onto AgNPs 575 

(pH 8) and onto AuNPs (pH 5.5). Due to the lower intensity of the spectrum of 4-MP adsorbed 576 

onto AgNPs, a normalisation of the spectrum area to the unit has been performed to compare 577 

AgNPs and AuNPs. This normalisation explains why the spectrum of 4-MP on AgNPs is noisier 578 

than that of 4-MP on AuNPs. The asterisks evidence bands affected by the pH. 579 

 580 

  581 
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Figure 4: Evolution over time of the UV-Visible spectra of 2-MP (a) and 4-MP (b) stored at 582 

room temperature and in the sunlight. The plain and dashed lines represent the samples 583 

prepared in water and in methanol respectively.  584 

 585 

  586 
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Figure 5: SERS spectra of 100 µM methanolic 4-MP, stored during 1 month in the fridge or at 587 

room temperature, obtained with AuNPs. 588 

 589 
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Graphical abstract: 591 

 592 

 593 

 594 

 595 

 596 

Highlights: 597 

 598 

 The modifying agent impacts the SERS signal and the colloid aggregation state.  599 

 pH and solvent can affect the response of SERS labels. 600 

 The link between aggregation and SERS signal intensity was examined. 601 

 Stability of the label must be taken into account for SERS analyses.   602 

 DoE are beneficial for optimisation of the functionalisation agent parameters. 603 

 604 


