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Abstract: 

The discovery in 1974 of the enhancement of Raman scattering by molecules adsorbed on 

nanostructured metal surfaces is considered a landmark in the history of spectroscopic and 

analytical techniques. Much experimental and theoretical effort has been spent toward 

understanding the surface enhanced Raman scattering (SERS) effect, and demonstrating its 

potential toward various types of ultrasensitive sensing applications in a wide variety of 

fields. Forty five years later, SERS has blossomed as an extremely rich area of research and 

technology, but additional efforts are still needed before it can be routinely used as a 

commercial product. In this Review, prominent authors from all over the world joined 

efforts to summarize the current state-of-the-art in understanding and using SERS, as well 
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as to propose what can be expected in the near future, in terms of research, applications, 

and technological development. 
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Surface Enhanced Raman Scattering, or SERS, is a commonly used sensing technique in 

which inelastic light scattering (Figure 0.1) by molecules is greatly enhanced (by factors up 

to 108 or even larger, enabling single molecule SERS in some cases) when the molecules are 

adsorbed onto silver or gold nanoparticles.  Since its original discovery over 40 years ago, it 

has enjoyed steady growth of interest in the research community, and it has spawned a variety 

of other spectroscopic techniques that take advantage of enhanced local fields that arise from 

plasmon excitation in the nanoparticles, for optical phenomena such as fluorescence or 

nonlinear optics. In addition, the coupling of SERS with AFM or STM tips has led to tip-

enhanced Raman scattering (TERS) which is a powerful imaging tool. For analytical 

applications, SERS can be differentiated from many techniques by the rich vibrational 

spectroscopic information that it provides, and this has led to applications in many different 

directions, including electrochemistry, catalysis, biology, medicine, art conservation, 

materials science and others. 

 

Figure 0.1. SERS involves inelastic light scattering by molecules adsorbed onto silver or 

gold nanoparticles. 
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The discovery of SERS has a relatively short history. It was accidentally discovered by 

Fleischmann and co-workers in 1974 during measurements of the Raman scattering of 

pyridine on rough silver electrodes,1 who ascribed the enhancement to a surface area effect. 

The phenomenon was identified independently by Jeanmaire and Van Duyne,2 and Albrecht 

and Creighton3 in 1977, both of whom suggested enhancement factors of 105-106. The 

connection with plasmon excitation was suggested by Albrecht and Creighton as a resonant 

Raman effect involving plasmon excitation, as proposed earlier by Philpott.4  Subsequently, 

the connection of SERS intensities to enhanced fields arising from localized surface 

plasmons in nanostructured metals was noted by Moskovits.5 Forty five years later, tens of 

thousands of research papers have been published on SERS,6 which discuss in great detail 

elements of the theory behind it, the design of a wide variety of (mostly metallic but not only) 

enhancing substrates, and their implementation in a huge variety of applications. Indeed, 

SERS has become a research field in its own right, as a source of exciting scientific 

phenomena, as well as one of the most sensitive analytical techniques currently available. 

Numerous excellent review articles have been published on various aspects of SERS and 

related topics, and even comprehensive overviews of the technique. There is thus probably 

no need to carry out an extensive literature review again. However, during the recent 26th 

International Conference on Raman Spectroscopy (XXVI ICORS, Jeju, Korea, August 26 – 

31 2018),7 some of us identified the need to put together a comprehensive perspective to 

describe the current state of the field and the path that we expect will be followed in the near 

future. We therefore joined efforts to identify the most active areas of SERS research and 

development, including basic aspects and emerging phenomena, materials synthesis and 

major applications. We also decided to include a section devoted to other “surface enhanced” 

techniques, which have seen a significant development in parallel and often profiting from 

lessons learnt during the optimization of SERS-related methods and materials.  

The different sections include both basic and state-of-the-art concepts and methods, but 

consistently attempting to present a view forward, what we can expect during the coming 

years, in a way that we expect can guide and inspire not only currently active researchers but 

also young generations of scientists from different disciplines who can get excited about this 

rich field of research and its emerging branches into so many different directions. 
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1. Modeling and new concepts    

The use of modeling and advanced theory have become essential for understanding SERS as 

a fundamental phenomenon, and to correctly interpret and predict experimental results 

obtained under various conditions and in varying environments. This holds for SERS at the 

single-molecule/single-particle level, as well as for ensembles comprising either a few or 

many molecules/particles.  Theoretical modeling of SERS intensities and spectra has a long 

history, which has been reviewed many times.8-15 There is now good agreement among 

researchers in the field that the overall enhancement factor is a combination of an 

electromagnetic (EM) enhancement associated with plasmon excitation in metal particles 

serving as the SERS substrate, and a chemical (CHEM) enhancement due to the target 

molecules being able to transfer electrons to/from the metal particles in both ground and 

excited states, often in the process of forming the metal-molecule bond. 

The Raman signal involves absorption of an incident photon of frequency 𝜔in (see Figure 

0.1), coupling to an internal degree of freedom of the molecule, typically a molecular 

vibration of frequency 𝜔𝑣𝑖𝑏, and re-emission at the difference frequencies 𝜔em = 𝜔in ±

𝜔𝑣𝑖𝑏, where the sum/difference results in antiStokes/Stokes Raman scattering, respectively. 

Three inelastic transitions are therefore involved in the process (absorption, vibrational 

excitation, and re-emission); the vibrational excitation occurs with a probability that depends 

on the environment through the chemical interaction discussed above, while the other two 

processes are controlled by the availability of photonic states in the molecules. In the absence 

of a structured environment (e.g., in solution), the Raman process has a low probability, 

quantified in terms of the optical cross section (i.e., the area of the incident beam over which 

incident photons are effectively converted into emitted Raman photons) ~10-11-10-15 nm2, 

which depends on whether the process is resonant or non-resonant Raman (i.e., whether the 

incoming light is or is not resonant with transitions between ground and excited electronic 

states of the molecule). The low intensity of Raman scattering is clearly insufficient for many 

practical applications, and therefore, finding the means of enhancing the Raman process is 

often beneficial. Such means are provided by the large optical field enhancement produced 

by suitably resonant structures. In particular, the initial absorption process is directly 
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proportional to the local electric field intensity at the molecule, which plasmons in noble 

metal nanostructures can dramatically amplify relative to the incident light intensity. 

Although SERS can be obtained from the electric field enhancement at single nanoparticles, 

it is advantageous to involve a more elaborate structure, for example by placing the molecules 

within nanometer-sized gaps between two metal particles (so-called hotspots), which allow 

intensity enhancement factors as large as EF~105-106 to be routinely reached.16-19 

Hotspots can be produced not only at gaps between nanoparticles, but also within 

nanoparticle junctions and flat metal surfaces supporting plasmon resonances. The resulting 

field strength depends strongly on the gap distance and other geometrical details. In 

particular, the EM field amplitude is inversely proportional to the square of the gap distance. 

The main characteristics for a typical SERS hotspot, the extension of which lies in the 2-10 

nm range, are satisfactorily well described within classical electromagnetism by neglecting 

nonlocal effects and only resorting to the frequency-dependent dielectric functions of the 

materials involved in the structure. Reducing the nanoparticle gap distance below 1 nm, 

nonlocal effects come into play, requiring a more sophisticated treatment of the optical 

response. Additionally, at such small separations the enhancement of EM fields is so strong 

that the optical response may become nonlinear (i.e., the threshold for nonlinear effects is 

correspondingly reduced in inverse proportion to the field enhancement). In this strong 

coupling regime, the intrinsic properties of the molecule-nanoparticle system might be 

significantly altered, which in turn affects the SERS intensities. Examples are the creation of 

hot electrons at the nanoparticle surface that can trigger or catalyze chemical reactions, 

change the photophysical and/or photochemical properties of the adsorbed molecule and 

modify the excitation dynamics, and the emergence of molecular optomechanical effects. In 

the extreme coupling regime (e.g., a single molecule inside a nm-sized cavity, or picocavity), 

classical models are no longer valid and must be complemented by descriptions based on 

quantum-mechanical approaches. Therefore, specific and accurate modeling of Raman and 

competing processes in subnano- to nano-sized hotspots are crucial in supporting and/or 

interpreting experimental results and to enable the design of substrates with the desired SERS 

response. 
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1.1.  SERS Mechanisms: Electromagnetic Field Enhancement 

The electromagnetic enhancement factor has been the subject of numerous studies, typically 

using computational electrodynamics calculations to determine the enhanced electric field 

amplitude E(ω) that arises when plasmons are excited in a SERS substrate at frequency ω; 

E(ω) is then evaluated at the molecular positions. The SERS enhancement is normally 

approximated by averaging |E(ω)|4/|E0|
4 over the illuminated molecules, where E0 is the 

incident (laser) field  amplitude. Actually, this analytical result neglects the Stokes shift, 

which can be included through a slightly more elaborate expression: |E(ω)|2|E(ωʹ)|2/|E0|
4 

where ωʹ is the Raman emitted frequency.  A slightly more accurate approximation is also 

obtained by correcting the |E(ωʹ)|2  factor to properly account for the emission from the 

inelastic emission dipole (sometimes termed dipole re-radiation20). Another important issue 

is related to the significant field gradients that often exist as a consequence of the strong 

spatial localization of the plasmon enhanced field;21,22 these gradients contain nondipolar 

components that can efficiently produce SERS involving dipole-quadrupole and quadrupole-

quadrupole in-out polarizabilities; these effects are obviously stronger for transitions 

involving more spatially delocalized electronic states in the molecule. Calculations based on 

dipole re-radiation and field gradient effects have rarely been carried out, as the structures of 

the nanoparticles involved are not known accurately enough to warrant this level of detail in 

the analysis. Indeed, for most applications, the |E(ω)|4 expression produces results that are 

good to about an order of magnitude.  In fact, ten years ago, pioneering work by Schatz and 

Van Duyne on nanoparticle clusters used this level of theory,23,24 and showed that the 

electromagnetic enhancement factor for clusters of nanoparticles is often the highest 

(experimentally measured as ~109) at wavelengths where the plasmon resonance is “dark” ” 

(i.e., at wavelengths corresponding to a dip rather than a maximum in the extinction 

spectrum). This arises because dark plasmon modes, which are often quadrupolar in 

character, can nevertheless produce large electric fields in the electromagnetic hotspots 

between nanoparticles.24 In addition, it was found that the dipole re-radiation at wavelengths 

where the plasmon resonance is dark can sometimes lead to stronger than expected far-field 

intensities, because the dipole field of the adsorbed molecules can more effectively excite 

quadrupolar and higher-order multipolar resonances than light plane waves can. 
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Although most numerical simulations of EM enhacement have been limited to relatively 

simple geometries, or at most a few particles, ensemble effects can be critical in the 

performance of actual large-scale SERS samples. In a recent example, state-of-the-art 

electromagnetic computation techniques were used to simulate nanoparticle-based SERS 

substrates, comprising hundreds of randomly organized gold nanoparticles. The authors 

unexpectedly concluded that nanoparticle morphologies that provide large enhancements at 

the single particle level, such as nanostars, do not necessarily improve when organized in 

close packed arrays; in contrast, simpler morphologies (e.g. spheres or rods) lead to 

significantly increased SERS enhancement as their surface density approaches full coverage 

(Figure 1.1).19 

 

 

Figure 1.1. Predicted SERS enhancement as a function of surface coverage, for 

monolayers of gold nanoparticles with different shapes (a). Solid curves obtained for 

excitation at 785 nm light wavelength (resonant with 65x21 nm nanorods); dashed curves 

obtained for 633 nm (resonant with 51 nm nanospheres) and 900 nm (resonant with 

nanostars: 20 nm core, 10 nm branches). Schemes in (b) illustrate low- and hig-density 

nanoparticle surface coverage. Reproduced with permission from Ref. 19. Copyright 

2017, American Chemical Society. 

 

In addition to EM enhancements that can be calculated by solving Maxwell’s equations for 

specific nanostructures, more qualitative estimates of enhancement factors based on simple 
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model structures (such as spheroids) have been developed,25 and recently used to understand 

SERS for randomly rough substrates made of aluminum, gold or silver, over a wide range of 

wavelengths from the UV to the NIR, and in good agreement with experimental data.26 

Prediction of plasmonic properties of nanoparticles with arbitrary morphologies has also 

been recently simplified by derivation of analytical expressions based on parameters that 

stem from numerical modeling.27,28 Nonlocal effects can also play a role in the EM 

mechanism;29,30 for example, although gaps between nanoparticles lead to electromagnetic 

hotspots that often dominate SERS measurements (leading to single-molecule sensitivity31), 

and although classical electromagnetics predicts that enhancements should vary inversely as 

the square of the gap size,32 for gaps with dimensions significantly below 1 nm, quantum 

effects associated with electron tunneling between nanoparticles become important,21,33,34 

changing the dominant plasmon energies significantly, usually resulting in a reduction in the 

EM enhancement.  

 

1.2. SERS Mechanisms: Chemical 

 

The chemical mechanism of SERS refers to contributions to the Raman scattering that do not 

rely on the electromagnetic environment (e.g., plasmon excitation), often because they are 

associated with the transfer of electrons between adsorbed molecules and the nanoparticle 

substrate. This can arise in two ways corresponding to electron transfer in the ground and 

excited states of the molecule-metal system. The enhancement factor associated with the 

former mechanism can be defined in terms of the static polarizability derivatives of the 

molecule-metal system,35 which is a property that can be calculated using electronic structure 

theory using a cluster model for the metal particle, in which the particle is replaced by a small 

cluster of metal atoms. This type of calculation produces a result that is nominally 

independent of frequency, which reflects changes in the polarizability derivative due to the 

transfer of charge by the molecule adsorbed on the metal nanoparticle. Greeneltch et al.36 

obtained values from such calculations for several substituted benzene thiolates adsorbed on 

silver and gold substrates, and compared them to measured enhancement factors. Because 

the substrates were the same for all of the molecules considered, the variation in enhancement 

factor for the various molecules was entirely due to changes in the chemical enhancement.  
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Theory and experiment were in agreement within a factor of 2, and the values which showed 

a variation of ~10 for the molecules considered corresponded to a chemical enhancement in 

the 10-100 range.   

While the static polarizability derivative provides a simple way to model the chemical effect, 

including charge transfer (CT) in the optical frequency response is necessary for a complete 

understanding.37,38 This, however, is challenging to estimate, as CT states are poorly 

described with standard density functional theory methods, and strongly mixed with plasmon 

excitations in models that couple molecules to metal clusters. This means that separating CT 

effects from plasmon excitations is not rigorously possible. One way to make progress 

involves the use of semi-empirical molecular orbital methods, such as INDO/S39 with 

parameters appropriately chosen to give reasonable plasmonic properties for Ag.40 Using this 

approach, it is possible to describe CT effects accurately, and to separate CT and plasmonic 

contributions to SERS for molecule/cluster models. Such a separation was performed by 

modifying the INDO/S calculation so that terms in the Hamiltonian responsible for charge 

transfer between molecule and metal were omitted, thereby yielding an electronic structure 

that only includes EM effects.  The CHEM factor is then generated by comparing results with 

and without charge transfer for frequencies where plasmon excitation occurs.  In a study of 

the pyridine SERS spectrum on a silver cluster, this analysis generated a CHEM enhancement 

factor of 10 for excitation near the plasmon resonance.41 It was also noted that there was a 

CT excited state about 0.5 eV above the plasmon state, and that this state produced a 

substantial Raman enhancement (down by a factor less than 10 from the SERS enhancement) 

when the CT state was excited on resonance. The significant enhancement associated with 

CT states provides rationalization for recent studies in which large Raman enhancements 

were observed for systems composed of organic molecules on organic semiconductor 

substrates, for which plasmon excitation is not present.42 

Figure 1.2 shows a recent result based on semiempirical INDO/S calculations, for a CO 

molecule attached to a silver tip, in tip enhanced Raman scattering (TERS).43 The Ag-CO tip 

was located near a gold substrate (see inset in Figure 1.2) under electrical bias, and the 

Raman intensity of the CO stretching vibration was measured as the bias was varied, resulting 

in an increased measured intensity with increasing bias above zero. Results for three different 
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theoretical models of this experiment are plotted, all based on INDO/S with various 

approaches to defining how the bias induces a static potential between the tip and the 

substrate. The calculations show that the intensity increase stems from charge-transfer 

excited states that tune into resonance as the bias becomes more positive. Thus, we directly 

see how charge transfer excited states can influence SERS intensities. The same theory can 

also be used to connect SERS measurements to formal potentials for TERS-based single-

molecule electrochemical studies.44,45 We should note that the Ag-CO TERS measurement 

can also be carried out by monitoring the shift in CO vibrational frequency instead of Raman 

intensity as a function of potential bias, and exciting developments have also been reported 

using the Ag-CO system for atomic resolution imaging.46  

 

Figure 1.2. Comparison of experiment (top) and theory (bottom) for the CO TERS intensity 

associated with an Ag-CO tip structure near a gold surface, as a function of potential bias.  

Inset shows the tip model.  Adapted with permission from Ref. 43. Copyright 2018, American 

Chemical Society. 
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1.3. Modeling of Molecular Species at the Surface 

 

Another challenge for theory in SERS involves the determination of spectra using 

computation, which possess sufficient precision to be used to determine the identity of the 

molecules producing them. This activity is important in almost any study where the identity 

of the species represented in the SERS spectrum is required, and especially so when SERS 

is used to study chemical reactions on surfaces. Raman spectra can be generated for isolated 

molecules using various electronic structure codes; however, much uncertainty exists as to 

what structural model should be used in the calculations. As noted in the previous example, 

to properly describe the chemical enhancement factor requires an electronic structure 

calculation that includes the molecule plus a metal cluster representing the plasmonic metal. 

The choice of cluster model is important, and, for any model, there are important questions 

as to which density functional is best,47 and what level of averaging over molecular 

orientations on the cluster is needed to generate a meaningful result to be compared with 

experiment.48 Ultimately, an exhaustive study requires significant computational resources, 

and given the level of uncertainty about what molecules are actually present, their protonation 

and charge state, and possible decomposition pathways, such studies soon become 

intractable. A greatly simplified approximation which often works well is to calculate the 

orientation-averaged spectrum associated with the molecule in the absence of any metal 

atoms and for a simple functional like CAM-B3LYP. Figure 1.3 shows an example of this 

type49 for the molecule bipyridine (BPY), including results for both the H8 and perdeutero 

D8 isomers (where D8 is used to determine if the spectra arise from single molecules or not). 

The top panels show waterfall spectra associated with experiments in which initially a 

relatively intense pulse of 532 nm light is used to irradiate BPY on a gold substrate for a few 

seconds, followed by SERS spectra measured with 785 nm every few seconds for hundreds 

of seconds after the pulse. The top spectra in the lower panel are spectra measured for H8 and 

D8, which are in excellent agreement with orientation averaged spectra for BPY calculated 

using density functional theory (DFT, not shown). The second spectrum shows the presence 

of additional modes (also seen in the waterfall plots) indicating the presence of another 

molecule. The bottom spectra in Figure 1.2 show calculated spectra for anions of the H8 and 

D8 molecules, which are open shell molecules with low lying excited states. It is clear that 
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the calculated spectra match the extra peaks that show up in the middle panel, which enables 

the identification of the extra molecules as anions. This recently developed capability for 

generating resonance Raman spectra of this type using the NWChem program can clearly 

play an important role.49 Ultimately, this work and a more recent study of the molecule trans-

1,2-bis(4-pyridyl)ethylene (BPE),50 demonstrate that 532 nm light generates electrons that 

escape from the nanoparticles, and diffuse on the surface, occasionally converting the 

molecules to anions, sometimes with other conformational changes that include 

isomerization, as observed in the SERS spectra. The fact, that the orientation-averaged 

spectra work well in this application is likely a reflection of the fact that the molecules being 

observed adopt many orientations on what is a randomly roughened SERS substrate, and that 

many of the molecules that contribute to the results are not strongly coordinated to the metal 

surface. The foregoing illustrates how SERS can be used to study molecular surface 

chemistry using relatively simple modeling.   

 

Figure 1.3. Representative anion events for both BPY-h8 and BPY-d8. (A) Top waterfall plot 

depicts time-dependent SERS data as a function of optical pump time. Anion modes appear 

starting at 148 s, indicated by white dotted line. Bottom plot shows the neutral spectrum for 
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a BPY-h8 + BPY-d8 nanosphere assembly (black); The mid-spectrum depicts the contribution 

from neutral molecules plus BPY-h8 anion modes that appear (red); The bottom spectrum 

shows open-shell DFT (CAM-B3LYP) calculation for the radical BPY-h8 anion. (B) Waterfall 

plot from a different nanosphere assembly that shows a preference for BPY-d8 anionic 

behavior, with anion activity appearing at 209 s of pump time. The top spectrum in the lower 

plot consists of neutral molecules only (black); the mid-spectrum is neutral plus BPY-d8 anion 

modes; the bottom spectrum is DFT (CAM-B3LYP) calculated BPY-d8 anion modes.  

Reproduced with permission from Ref. 49. Copyright 2017, American Chemical Society. 

 

1.4. Modified Electronic Absorbance of Molecules on Surfaces 

Many SERS studies have been and still are being carried out with analytes under resonant or 

pre-resonant conditions. The main reason for this choice is practical: Raman cross-sections 

are much larger (typically by a factor 102 − 106) than for non-resonant conditions,51 yielding 

stronger signals for a given SERS enhancement factor (EF), facilitating fundamental studies 

of SERS, notably in the context of single-molecule detection.52 Other applications also 

benefit from increased signals, for example the use of SERS tags (see Section 3 below). 

One consequence of using (pre-)resonant analytes is that any change in electronic 

resonance originating from the molecule’s adsorption to the metal can dramatically affect the 

SERS measurements and their interpretations. In simplified terms, a spectral shift towards 

the excitation wavelength increases the Raman cross-section of the adsorbed molecule, with 

respect to its intrinsic cross-section, resulting in an apparent increase in the SERS 

enhancement factor, which operates in addition to the standard electromagnetic 

enhancement53 and surface selection rules.54,55 And vice versa for a spectral shift towards the 

excitation wavelength. Such a change in Raman polarizability upon adsorption can be 

classified as an instance of chemical enhancement;56,57 which, however, has been largely 

overlooked to date as it could only be indirectly inferred from the SERS EF, which is affected 

by many factors. 

Recent progress in experimental methods has enabled direct access to the modified 

absorbance spectrum of dye molecules such as Rhodamine 6G and Crystal Violet adsorbed 
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on metallic nanoparticles58 (Figure 1.4), a first important step toward assessing the effect of 

adsorption to the metal surface on their SERS response. These experiments have revealed 

three important points, discussed below in the case of Rhodamine 6G:  

• The measured absorption enhancement is somewhat smaller (∼ 4 on 60 nm silver 

nanospheres) than expected from a simple isotropic electromagnetic model (the average 

surface absorbance enhancement is here predicted to be ∼ 15). This can be attributed to 

orientation effects59,60 and provides a complementary insight on the importance of 

preferential orientation in adsorption for quantitative or even semi-quantitative 

interpretations of SERS experiments. 

• The absorbance spectrum of the adsorbed dye is shifted, from about 526 nm to 538 nm 

in the case of Rhodamine 6G. This relatively small shift could be explained by a 

chemical interaction,61 or even by a purely EM interaction (image-dipole effect)60 with 

the metal surface. Such a shift in electronic energy is nonetheless likely to affect the 

(resonance) Raman cross-section by a non-negligible factor: the Raman cross-sections 

of bare Rhodamine 6G drop by a factor of 103 − 104 from 532 nm (resonant) to 633 nm 

(pre-resonant) excitation51,62 – a 12 nm red-shift in resonance may therefore result in a 

measurable increase in cross-section at 633 nm. While these effects have not yet been 

evidenced directly in the SERS EF, they may explain why Rhodamine 6G has been so 

extensively used in SERS studies at 633 nm excitation on silver particles, even though 

its Raman cross-section is relatively small at this wavelength.51 For molecules such as 

Crystal Violet, where a dramatic change in the absorption spectrum is observed upon 

adsorption on silver, with a peak shift from 590 nm down to 500 nm (Figure 1.4a), even 

more substantial changes in SERS EF can be expected. 

• The absorbance spectrum varies with dye concentration, with spectral changes observed 

from a surface coverage as low as 0.1 nm-2 for Rhodamine 6G. This may be attributed 

to electromagnetic dipole-dipole interaction between adsorbed dyes on the surface and 

is akin to the spectral changes observed in the formation of J- or H-type dimers or 

aggregates of dyes. This interpretation is further supported by recent theoretical 

developments in the electromagnetic modeling of anisotropic shells of dyes.59,60,63 The 

implications of such dye-dye interactions in SERS have not yet been investigated but 

could be important. It is generally assumed that SERS enhancements are independent 
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of analyte concentration, at least in the low-concentration regime where there is no 

saturation of adsorption. Many studies have therefore used average SERS signals as a 

proxy for the number of adsorbed molecules, for example to study adsorption isotherms. 

Dye-dye interactions may affect these interpretations and further work is needed to 

assess their contribution in concentration-dependent SERS experiments. 

 

These recent results call for additional experiments, complemented by electromagnetic 

theory and computational chemistry61,64 (see Section 1.3 above), to refine our understanding 

of this chemical enhancement contribution to SERS, and how it is affected by the parameters 

that govern adsorption of specific molecules: their adsorption geometry, relative orientation, 

(in-)homogeneity in surface coverage, and how much the electronic resonance is affected by 

adsorption. Pushing experiments to the UV region will be highly desirable in this context, to 

probe the chemical changes undergone by a wider range of relevant molecules. It will also 

be instructive to consider different types of nanoparticles (silver, gold, but also dielectric and 

core-shell particles) with diverse shapes, to explore more comprehensively the full range of 

molecule-surface interactions. Such studies also have direct relevance to the pursuit of weak 

and strong coupling (see Sections 1.5 and 1.6 below) between local emitters and 

nanoparticles that sustain strong plasmonic or Mie resonances, a topic of current interest for 

applications in quantum optics,65 spasers,66 surface-enhanced photochemistry67 and circular 

dichroism.68 
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Figure 1.4. (a-b) Measured differential absorbance spectra of Crystal Violet and Rhodamine 

6G adsorbed on 60 nm silver nanospheres at low surface-coverage, compared with the 

reference absorption spectra in water. (c) Extinction and absorbance spectra of the silver 

nanospheres (at 8pM) compared with the bare Rhodamine 6G spectrum in water. (d) 

Concentration dependence for the modified absorbance spectra of Rhodamine 6G on 60 nm 

silver nanospheres. See Ref. 58 for further experimental details. 

 

1.5. Strong Coupling Regime 

A recently introduced insight is the strong coupling regime between plasmons and molecular 

excitons under SERS activity. In 1997, single-molecule (SM) SERS was discovered by 

enhancement factors of 1010 to 1014 for dye molecules within plasmonic nanoparticle (NP) 

aggregates,69,70 and successfully explained by the EM model, under the condition that NP 

dimers included SMs at their junctions.71 It was therefore concluded that the EM model is 
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the dominant SERS mechanism. The NP dimers generating SM SERS enabled direct 

examination of various relationships between plasmons and SERS associated with the EM 

model, because in this strategy one can identify the plasmon “resonance” that is inducing 

Raman “enhancement” by single-particle spectroscopy.72 These examinations also 

highlighted phenomena involving SERS hotspots, as follows: (1) Spectral changes in 

plasmon resonance by losing SERS activity revealed that SERS hotspots may involve strong 

coupling, in which EM coupling rates between plasmon and molecular exciton resonances 

are larger than the dephasing rates of both resonances. (2) The unusual laser energy 

dependence of broad background emission spectra in SERS was revealed as ultra-fast surface 

enhanced fluorescence (ultra-fast SEF), in which SEF rates exceed the molecular vibrational 

decay rates, thus resulting in emission from vibrationally excited states in the electronically 

excited state. (3) The appearance of forbidden Raman modes in SERS spectra was revealed 

as the breakdown of the selection rule of Raman excitation by the field-gradient effect. These 

three insights are related to the strong coupling regime, thus for future perspective the initially 

proposed EM in SERS model should include these points to more appropriately explain the 

SERS effect at hotspots.  

The main point for considering strong coupling regime in SERS is estimating the size of 

hotspots which generate SERS. Various efforts toward improving the EM model including 

strong coupling, revealed that the size of hotspots can be below 1 nm3 at the junction between 

NP dimers or NPs on flat metal surfaces.65 We present below these three topics. First, 

correlation between strong coupling and ultra-fast SEF has been also investigated as a 

function of the extremely small hotspot size.73 Second, in photochemistry, such an extremely 

small volume of the hotspots indicates that SERS may be useful to analyze the internal 

structure of SMs.74 Indeed, SERS spectra usually show spectral changes related to structural 

changes of SMs located at hotspots.75 However, the perfect elucidation of such structural 

changes is quite difficult because reference data for assignment are lacking. Therefore, DFT 

calculations are helpful to analyze SM structural changes induced by oxidization, local 

decomposition, etc. Third, in photophysics, SM SERS at extremely small hotspots indicates 

that (ultra- and deep-) strong coupling can directly control the ground-state properties of the 

molecule, because such changes by 12 g

N
cannot be negligible for a SM condition, where g  
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is the coupling energy and N is the number of molecules involved in the coupling.76 Thus, 

under the SM strong coupling condition, a conventional non-resonant excitation condition 

can become resonant, thereby resulting in a photochemical reaction by applying energy 

below the conventional excitation energy threshold and/or in nonlinear optical responses 

such as the pumping effect and classical Rabi splitting driven by photons. Ultra-fast SEF 

reveals the control of excited state electron dynamics of SMs at hotspots.77 

Controlling the size of hotspots is important for the investigation and application of strong 

coupling in SERS, however, it should be noted that the size of conventional (zero-

dimensional) hotspots may be too small for application in practical devices, utilizing the 

above mentioned photochemical and photophysical phenomena. Thus, we expected that 

special types of hotspots would be developed which can resolve the size problem. One 

example is provided by one-dimensional hotspots along the junction in nanowire (NW) 

dimers or between NWs and flat metal substrates.78 The two main characteristics of such 

hotspots are: (1) the volume is considerably larger (at least 104 times) than hotspots within 

NP dimers and (2) hotspots can interact with propagating plasmon modes. The larger volume 

of hotspots makes SERS phenomena stable by mitigating the effect of molecular fluctuations. 

Interaction with propagating plasmons may enable transfer of information at hotspots in NW 

network systems, including zero- and one-dimensional hotspots. We propose that research in 

this direction, i.e., considering the strong coupling regime and its extentive phenomena 

including the control over the size of hotspots, will lead to novel photoscience and 

phototechnology in SERS. 

1.6. Extreme Interaction Regime (Quantum Effects)  

For many years, the SERS signal from a few or even single molecules has been described as 

due to the local field produced in the vicinity of the pristine host nanoantenna, and the 

enhancement factors were obtained from standard electrodynamics methods, within the local 

dielectric response theory.32,79 This initial classical description provided the main spectral 

features of the plasmonic gap,71,80,81 including its spectral dispersion as the gap closes, as 

well as the dependencies of the intensity of the corresponding local fields. This approach 

provided a fundamental understanding of the classical regime of interaction, and served to 

interpret numerous SERS experiments of molecules in colloidal solution and in TERS 
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configurations. However, synthesis and fabrication methods have improved their capabilities 

to build plasmonic nanoantennas, currently being able to reach gaps down to a few 

nanometers, and below 1 nm, where molecules and material layers can be located.82 In this 

extreme regime of interaction, quantum effects due to the dynamics of the electron gas 

forming the plasmon mode are revealed, and their description requires theoretical approaches 

beyond classical electrodynamics, as pointed out in the sections above.  

An adequate approach to address the optical response, and thus the local fields of plasmonic 

gaps at this extreme regime relies on solving the time-dependent Schrödinger equation for 

the dynamics of the electron gas forming the gap. Such an approach turned out to be very 

valuable to set the limits of classical electrodynamics, and to account for the actual field-

enhancements in the cavity. In particular, a quantum mechanical treatment of the optical 

response, at different levels of accuracy, accounts for (i) dynamical screening effects in the 

response, the so-called non locality,83 (ii) the effect of spill-out of the electrons at interfaces 

which can extend spatially a few Angstroms into the dielectric,84 (iii) quantum-size effects 

which are relevant for small clusters and protrusions,85 (iv) atomistic effects which sculpt the 

surface charge density at subnanometer dimensions,86,87 and optical tunneling which sets 

conduction channels at optical frequencies even before physical contact between the metallic 

surfaces, thereby quenching and reshaping the distribution of the local fields34 sensed by the 

molecules and other sample materials.  

This plethora of quantum effects get to their epitome when nm and sub-nm gaps with atomic-

scale features are formed within a plasmonic cavity. Theoretical approaches attempted to 

face these challenges and describe the local fields, and thus the SERS signal, in these extreme 

situations. A recent example showed how tunneling effects produced charge transfer between 

metallic interfaces in vacuum at about 4Å gap separation,34 quenching the local field, as 

experimentally confirmed.88,89 However, most of the practical realizations of SERS in 

plasmonic gaps can still play safe, as most nanogaps used in SERS are larger than half a nm, 

thereby avoiding the onset of tunneling effects. Nevertheless, some conducting molecules 

might distort this general rule of thumb,90,91 and conduction effects between electrodes at 

optical frequencies might be a matter to be considered more deeply in the future. 
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In the realm of sub-nm plasmonic gaps, the challenges for accurate modeling are diverse, and 

in one way or another, many of them have to do with the quantum description of either the 

plasmonic gap, the material sample, the type of interactions, or all together. A remarkable 

experimental achievement in a TERS configuration managed to obtain optical Raman maps 

for selected vibrational modes of a single molecule with sub-nm resolution,74 thus even 

competing with the signal obtained in scanning tunneling microscopy (STM). This level of 

resolution required a previously unthinkable localization of the local fields within the gap, 

far beyond the typical 5-10 nm lateral plasmonic extent within the gap. Accurate atomistic 

ab initio calculations based on TDDFT, which considered the actual distribution and 

configuration of atoms within a gap, revealed that atomic-scale localization of the fields was 

indeed possible,87 thanks to the varying induced electronic density profile at single atoms 

acting as an atomic-scale lightning rod.92 The actual field localization in such a situation is 

shown in Figure 1.5. The simplicity of the concept provides an effective description of this 

effect by classical means, where atomic protrusions in a cavity can be modeled by 

corresponding classical interfaces which follow the electronic density profile.93 Such an 

extreme localization, as it may happen in many tip apexes, might be responsible, to a large 

extent, for the sub-nm resolution achieved in an increasing number of experimental TERS 

realizations.74,94-96 This extreme localization not only affects resolution but it actually 

governs a dramatic breaking of Raman selection rules at the single-molecule level, due to the 

action of the strongly inhomogeneous fields induced at atomic-scale morphologies.97,98 

Activation of unusual vibrational modes of single molecules under stable conditions has been 

reported both at cryogenic74,99 and room-temperature conditions.100,101 Most such features 

can only be explained in terms of this extreme atomic-scale field localization within the gaps, 

which have been termed "picocavities" due to the ultrasmall effective mode volume sustained 

by the atomic features (see Figure 1.5). 
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Figure 1.5. Artist’s view of a plasmonic gap formed by metallic nanoparticles hosting a set 

of organic molecules. A picocavity is formed due to the protrusion of a single atom, localizing 

an electromagnetic field at the atomic scale, thus producing sub-nm resolution and close-to-

strong optomechanical coupling. Theoretical methods to address this extreme interaction 

regime in SERS are outlined on the sides, including electrodynamics, cavity-QED, quantum 

chemistry, and TDDFT. 

 

Indeed, an additional challenge of the current modeling and understanding of the Raman 

processes is associated with the possibility to exploit the optomechanical interaction between 

molecular vibrations and plasmons, beyond the thermal regime. The recently established 

analogy between non-resonant Raman scattering and an optomechanical process102 has 

allowed a description of the dynamics of plasmons and vibrations in SERS, within the 

framework of cavity-quantum electrodynamics (QED), with the use of a linearized 

interaction Hamiltonian Ĥint=-ħgo(â
†â)·( b†+b), where â†,â (b†,b) are the plasmon (phonon) 

creation, annihilation operators, and go is the vacuum optomechanical coupling, which is 

inversely proportional to the effective mode volume of the plasmonic cavity, go 1/Veff. This 

quantum treatment has predicted a non-linear evolution of the Stokes and anti-Stokes Raman 

signals, due to the optomechanical interaction.103 Such an effect has been revealed in 

molecules in the vicinity of plasmonic "picocavities", which boost the optomechanical 

interaction, go, as a result of the extremely reduced effective mode volume.91 Molecular 

optomechanical pumping or cooling in plasmonic cavities can overcome thermal 

effects,104,105 thereby opening the possibility to control the vibrational dynamics and 



 28 

reactivity of molecules.106 Therefore, many unusual trends and variations of vibrational lines 

in plasmonic SERS might now be reinterpreted in terms of optomechanical interactions. The 

effort to theoretically describe this rich variety of molecular optomechanical effects in 

realistic plasmonic cavities results in the cavity-QED framework.107 Cooling and pumping 

of vibrational modes, resonant Raman processes, collective effects due to self-assembly of 

molecules within plasmonic gaps, or the statistics of Stokes and anti-Stokes emissions are 

theoretical and experimental challenges that the SERS community will need to face sooner 

or later. 

An important issue in the theoretical description of SERS has to do with the assumption of 

physical interactions between sample (molecule) and cavity (plasmonic gap). In practice, 

chemisorption of molecules on metallic surfaces often produces a complex redistribution of 

the molecule-substrate electronic structure and thus of its corresponding polarizability, 

modifying vibrational modes, and allowing for charge transfer.108 This effect complicates the 

modeling and simple description of Raman modes, as well as the dependencies of their 

intensities, and might require a combined quantum description of the substrate-molecule 

hybrid, together with the self-consistent action of the induced electromagnetic field at the 

cavity. In other words, the quantum realm of vibrational spectroscopy in extreme atomic-

scale cavities might require the combination of aspects from Condensed Matter Physics, 

Quantum Chemistry, and Classical or Quantum Nano-optics, which turn SERS into a 

fascinating arena for theoretical developments, as well as for experimental testing and 

exploitation of unexpected effects. 

1.7. Outlook for Future SERS Applications  

Research during the last few years has opened up opportunities for further intriguing SERS 

science and technology, which in our view has been enabled because of the emerging 

capability to use bottom-up nano-assembly in a reproducible, robust manner to form nm-

sized gap constructs. Let’s consider two regimes, with either few or specific numbers of 

molecules in a fully-defined nanoscale geometry, or a paradigm for simple but robust 

solution-based SERS sensing.  

The first is the nanoparticle-on-mirror (or NPoM) construct, which produces single gaps 

down to 0.3 nm between two plasmonic metals that can be precisely filled with different 
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molecular or monolayer systems (for a recent review of this system see Ref. 109). It can be 

understood as a metal-insulator-metal (MIM) waveguide that confines light, both between 

the metals and laterally, to give <50 nm3 mode volumes. This system has opened up improved 

understanding of the role of molecular conductivity on SERS,91 as well as identifying the 

origins of SERS background emission (which sets practical detection limits) as coming 

(partly) from molecule-metal coupling110 and partly from the unavoidably enhanced 

electronic Raman scattering of free electrons in the metal walls.111,112 Careful kinetic studies 

of NPoMs show that optically-induced migration of individual metal atoms dominates much 

of the dynamics.113 This can even induce metallic nanowires to bridge across the gap, 

changing both plasmon resonances and SERS.114,115 This work has been extended to look at 

memristive electronic memory devices,116 to study individual charges hopping on and off 

single redox molecules117 (which shifts the SERS lines), and to study the influence of 

electrochemical potentials on SERS.118 It has also been demonstrated that single emitters can 

be precisely assembled in NPoMs using DNA origami, thereby allowing SERS of strong 

coupling systems.65,119 This and many ongoing experiments reveal much of the nanoworld at 

interfaces, showing it to be far more subtle, nuanced, and dynamic than previously accepted. 

A detailed campaign to study the SERS of NPoMs has revealed the presence of transient 

sharp vibrational lines which evolve. Using an apparatus devised to automatically drop the 

laser power as soon as these are detected, and initially at cryogenic temperatures, it was 

shown that the transient SERS must originate from single molecules in the gap.99 A variety 

of evidences proved that single Au atoms move partially out of the close-packed metal 

surface to yield extra field enhancements of 3-5. Therefore, several-hundred-fold higher 

SERS enhancements which allow single molecules to emit more than the remaining hundred 

molecules in the gap.105,106 These observations also resolve questions from past decades, such 

as the spatial mapping and irreproducibility of TERS, as well as how single-molecule signals 

can be observed in SERS – likely emerging from picocavities in the crevices of aggregated 

metal NPs (though much less controllably). The same Au adatom behavior was also recently 

shown at room temperature, using several million SERS spectra to prove that the atom prefers 

to move from the bottom planar Au mirror,101 at least in some cases. The prospects for 

intriguing light-matter and catalytic interactions in such atomic-scale regions are fascinating 

and ongoing. 
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The second regime of interest has been the use of colloidal metal nanoparticle aggregates 

when the gaps are set by precise linkers (e.g. cucurbit[n]urils, giving 0.9 nm gaps) which can 

filter classes of small molecules from a heterogeneous soup into SERS active reliable 

hotspots. This facilitated the detection of neurotransmitters at clinical concentrations in 

urine,120 methanol at <1% in ethanol,121 even using these assays in microdroplets122,123 and 

microfluidics.124 Indeed, they can be used to track chemical reactions routinely125 and this 

technology is thus now ripe for exploitation – e.g. in the form of the ‘Intelligent Toilet’ 

capable of long-term personalized health monitoring. The capability to explore fundamental 

science at the nanoscale through SERS of individual exquisitely-controlled nano-assembly, 

as well as developing realistic societal tools for personalized medicine and other challenges, 

puts SERS in great shape for continuing developments (Figure 1.6). 

 

Figure 1.6. Structures ranging from nano-gap geometry (nanoparticle-on-mirror, NPoM) to 

nanoparticle sensing using CB:AuNP aggregates enable SERS applications from single 

molecule detection to personalized medicine. 

 

2. SERS Substrates 
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An important prerequisite for the better understanding of SERS and the application in 

chemical analysis and single-molecule detection, is the development of highly reproducible, 

reliable, rational substrates. “Rational” in this case means that the substrate has quasi uniform 

and predictable optical and near-field properties. The choice of the substrate type, its material 

and fabrication method depend on the specific application or question to be answered. More 

fundamentally and academically oriented problems, such as the question of the dependence 

of SERS enhancement factor on hotspot size/geometry, require fabrication methods to tune 

the plasmonic structure (at the single particle level), pushing the precision to ultimate limits 

which are usually time-consuming, costly and hardly possible to produce at large scale. On 

the other hand, when focusing on (practical) chemical analysis, other aspects rather than high 

precision are important, e.g. large-scale homogeneity and batch-to-batch reproducibility of 

the substrate, cost-effective and easy fabrication, robust SERS signal intensity, substrate 

stability, high affinity toward the analyte of interest under given conditions, etc.  

In this context, the concept of SERS substrates does not only refer to solid substrates but also 

to colloidal nanoparticles in a dispersion medium (solution). Advantages of using colloidal 

nanoparticles include highly reproducible and cost-effective synthesis via bottom-up 

strategies, tailored optical properties over a wide wavelength range by tuning particle shape 

and size, as well as manifold surface functionalization, which render them applicable in 

different environments and for many analytes. The most widely used nanoparticles display a 

simple spherical morphology, however at the expense of exhibiting moderate Raman signal 

enhancement as single particles, because of their high symmetry. Aggregated colloidal 

nanoparticles still feature low-cost while often exhibiting very strong enhancement due to a 

three-dimensional (3D) distribution of plasmonic hotspots. However, since colloidal 

aggregation is a dynamic process, SERS spectra must be recorded within a certain time-

window, meaning that the reproducibility of the SERS spectra depends strongly on the 

precise experimental conditions used. On the other hand, anisotropic plasmonic single-

nanoparticles enable substantial Raman signal enhancement, due to the presence of intrinsic 

hotspots at edges and corners, such as in nanorods and nanocubes, or at sharp protruding 

features, such as in nanostars. Among all other shapes, gold nanostars have likely attracted 

the most attention recently: their validity as effective SERS enhancing platforms was proven 

early on and has been a motivation to further pursue the investigation of their properties over 
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the last decade.126-131 Within the general concept of nanostars, we consider a variety 

geometries and symmetries, and therefore we dedicate a section below to exclusively discuss 

this particular shape class. 

Although colloidal systems pose the potential problem of aggregation in solution, this can be 

overcome by directing the self-assembly of colloidal nanoparticles into homogeneous and 

ordered layers and arrays. Multilayered systems and supercrystals offer substrates with three-

dimensionally organized hotspot architectures. Alternatively, sophisticated colloidal 

lithography and chemical etching methods can be also applied. All of these methods allow 

designing and engineering the hotspot size, geometry and density in a reliable manner, over 

large areas. Some of the reported assembly strategies allow the fabrication of substrates 

which are not just restricted to flat supports but can also be applied to flexible, curved or 

rough supporting materials, thereby leading to sensing applications.  

The renewed drive to expand the materials base for plasmonics beyond the coinage metals 

and aluminum, motivated by both extension of localized plasmon resonances into the 

infrared, as well as issues around loss, temperature stability and CMOS compatibility,132 is 

expected to also have an influence on the development of substrates for SERS.133 Transition 

metal nitrides, transparent conductive oxides, metal sulfides, as well as doped oxides, could 

well be candidate materials for future surface enhanced spectroscopy substrates, and a survey 

of those materials from this point of view is called for. 

2.1. Surface Chemistry, Stability, and Solution-Phase Nanoparticles – A Balancing Act 

Nanoparticles synthesized using bottom-up synthetic methods are widely used as SERS 

substrates. Most often these materials are synthesized via metal-reduction routes in the 

presence of electrostatically-stabilized chemical species, dynamic stabilization using 

molecules or ions with reversible affinity for an interface, or covalently attached surface 

ligands. Each of these surface chemistries offers different advantages and disadvantages for 

subsequent SERS applications, as these surface chemistries simultaneously promote the 

suspension of the nanostructures in solution, lead to the formation of electromagnetic hot 

spots for increased SERS signals,134 and/or can block the metal surface from adsorption of 

the targeted molecules when used for direct detection.135 The latter mechanism can limit 
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direct SERS detection because of signal suppression arising from short range chemical 

enhancement mechanism routes associated with SERS. Solution-phase nanoparticles are 

inherently “metastable” because colloidal dynamics induce frequent collisions between 

nanostructures due to Brownian motion.136,137 These materials can remain stably suspended 

in solution for long periods of time, yet can also undergo degradation through dissolution,138-

140 aggregation,136,137 and/or sedimentation141 processes, during storage and/or use. While 

dissolution is dependent of electrical potential differences between the metal nanoparticle 

composition and other chemical species in solution, both sedimentation and aggregation 

depend on the dynamic movements of nanostructures in solution. The kinetics of these 

processes can be modeled using collision theory.142,143 In so doing and by treating 

nanostructures as point charges moving in three dimensions in water at room temperature, it 

is estimated that over ~104 particle collisions will occur per second in a 1 mL solution 

containing ~5 nM nanostructures.137 The energetics involved with the collisions will dictate 

whether nanostructures aggregate forming potential hotspots for large SERS enhancement, 

form relatively larger aggregates in solution which can lead to electromagnetic losses and 

particle sedimentation if the mass of the aggregates overcomes buoyancy forces, or remain 

stably suspended in solution thus exhibiting plasmonic properties that are maintained. 

Surface chemistry and the local environment surrounding nanostructures in the solution 

phase, control the energetics and fate of these materials for SERS applications. Both molecule 

orientation and dwell time at high field strength locations must occur suggesting that 

adsorption is required.135 Second, the energetics of nanoparticle collisions must be 

considered as these influence the underlying plasmonic properties and enhancement 

associated with SERS substrates.144 In other words, both chemical and electromagnetic 

enhancement mechanisms influence the observed spectroscopic signal, and these both 

depend on the local environment surrounding the nanostructures and their surface chemistry. 

The probability of observing a SERS signal for a given molecule increases as the analyte 

exhibits more favorable binding energies and non-zero sticking probabilities to an 

interface.145,146 Many parameters including material composition, solvation, and local surface 

chemistry can either promote the sticking probability of a molecule or prohibit it. In general, 

SERS signals are detectable for a given molecule if that molecule exhibits a larger attractive 

potential to the surface vs. its incident kinetic energy, thus increasing its residence time at the 
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interface and thereby exceeding the collection time window for a SERS measurement.135 It 

is well established that thiolate-containing molecules are excellent targets for SERS 

measurements, as residence times are large, thereby promoting adsorption via displacement 

of stabilizing agents and solvent molecules.  

 

Figure 2.1. The total interaction pair potentials between two (••••) Au@TA, (- - -) 

Au@MHA, and () Au@MUA nanoparticles predicted using xDLVO theory. Reproduced 

with permission from Ref. 137. Copyright 2015, American Chemical Society. 

Not all molecules, though, disrupt the local nanoparticle environment sufficiently so that 

SERS measurements can be made. In these cases, SERS can still be observed if the molecules 

are trapped between small nanoparticle clusters. As such, the energetics of nanoparticle 

interactions also influence the likelihood of observing SERS signals. One model that is 

commonly used to describe these interactions is the extended Derjaguin, Landau, Verwey, 

Overbeek (xDLVO) theory.147-150 The xDLVO theory models the pairwise interaction 

potential between two objects148-150 as a function of van der Waals, electrostatic, and steric 

(osmotic and elastic) potential energies.148-150 The sum of these separation distance-

dependent interaction potentials can accurately predict whether colloidal particles will form 

aggregates (irreversible clusters), agglomerates (reversible cluster formation), or will remain 
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in an identical state as the initial primary particles.137 In most cases, the short-range attractive 

van der Waals potential is the driving force behind cluster formation. It has been shown for 

both silver151 and gold137,144 particles that, these attractive potentials depend on the size-

dependent dielectric constants of the metals and the magnitudes of these interaction potentials 

increase with decreasing nanoparticle dimensions (for nanoparticles with diameters below 

~100 nm). It was recently demonstrated that the smallest dimensions of a nanostructure such 

as the tips of gold nanostar spikes (i.e., branched nanostructures) drive nanoparticle clustering 

behavior,144 as well as the reproducible use of these materials in SERS assays.152 Clearly, 

attractive interactions between colloidal nanostructures in solution can shorten the average 

separation distance, thus increasing the electromagnetic field strength at gaps between 

nanostructures and increasing SERS signals. For visible light excitation, edge-to-edge 

nanoparticle separation distances of 0.8-1.5 nm are likely ideal for maximizing the 

electromagnetic enhancement of SERS chromophores between nanostructures.134 This range 

is limited at shorter separation distances via quenching mechanisms153 and by field decay at 

larger separation distances.154-157  

Surface functionalization, electrostatic potentials from ions at the particle interface, and 

solvent ultimately provide opposing forces to attractive potentials induced via van der Waals 

forces.136,148,149 To understand how these parameters influence interparticle separation 

distances and, in turn, SERS signals, both electrostatic terms (dependent on ionic 

composition of the solution) and those that depend on solvent and surface chemistry (i.e., 

osmotic and elastic potentials) must be considered.136,148,149 All in all, the sum of these 

interaction potentials should be considered in a way that balances the likelihood of molecule-

interface affinity for SERS detection without yielding uncontrolled aggregates, if quantitative 

SERS signals are sought. As such, how nanoparticle and medium attributes contribute to 

these processes should be understood.137 Increasing ionic strength has been shown to 

compress the electrostatic repulsive double layer137 and decrease solution permittivity,158 

thereby reducing electrostatic repulsive interaction potentials between colloidal 

nanostructures. Similarly, the osmotic potential between nanostructures arises from the 

competition of solvent molecules to solvate surface bound functional groups on two 

nanoparticles at short inter-particle spacing. This stabilizing force comes into play when the 

edge to edge separation distance between nanostructures is less than twice the thickness of 
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one adsorbate layer.136,148 When separation distances are shorter than one adsorbate 

thickness, entropic effects arise from surface ligand compression,148 resulting in an elastic 

contribution to the potential. These stabilizing forces can be large, that is exceeding 100/kBT 

when the separation distance between two SERS-active particles is less than 1 nm. By 

comparison, the elastic potential is repulsive but smaller in magnitude.  

The various mechanisms involved in nanoparticle clustering energetics offer an opportunity 

in SERS detection, as equilibrium separation distances between nanostructures can be tuned, 

leading to separation distances ideal for SERS excitation at visible wavelengths (0.8-1.5 nm). 

As shown in Figure 2.1,4 the addition of a self-assembled monolayer composed of thioctic 

acid, 6-mercaptohexanoic acid, or 11-mercaptoundecanoic acid on ~13 nm gold nanospheres 

yielded ideal interparticle separation distances in this critical range, as differences in 

monolayer thickness and packing density influence contributions to the energetics between 

nanoparticles upon collision. Moving forward, the metastability or the retention of plasmonic 

properties by solution-phase SERS substrates will be key toward the reproducible use of these 

materials. As such, synergistic contributions from attractive van der Waals potentials, 

electrostatic surface potentials, solvent composition, and surface ligands could be balanced 

to facilitate the rational design of solution-phase SERS assays while also considering 

nanoparticle stability, fate, and interparticle interactions.  

2.2. Anisotropic Nanoparticles: Nanostars 

While nowadays the term nanostars is quite pervasive in the literature, owing in particular 

to the wealth of applications that these particles have found, it identifies in reality a group of 

nanoparticles with a wide variety of morphologies, whose only common trait is to have a 

uniform core, often spherical, and several branches of variable sharpness, length, number, 

and crystallinity, depending on the synthetic method.  

The first reports of branched gold nanoparticles appeared in the early 2000s involving the 

use of CTAB and ascorbic acid, with or without NaOH.159,160 Hafner then proposed in 2006 

the term nanostar to describe gold nanoparticles characterized by spherical cores and 

protruding spikes, which he synthesized from both CTAB-capped seeds and commercial 

seeds employing ascorbic acid as the reducing agent, in the presence of NaOH.161 However, 

only the systematic experimental studies by Liz-Marzán and co-workers,162-165 and the 
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theoretical explanation of their plasmonic response by Nordlander and co-workers,166 

established gold nanostars as a very specific nanoparticle morphology, with streamlined and 

unified synthetic protocols. Nonetheless, these particles can still be found in the literature 

under a wide variety of names. For instance, they have been defined as branched 

nanoparticles,167 nanoflowers,168 multipods (tetrapods, hexapods, or octapods),169 

nanourchins,170 highly-branched nanostructures,171 hedgehog nanoparticles,172 spiky 

nanoparticles,173 wrinkled nanoparticles,174 nanodendrites,175 nanopopcorn,176 

nanoflowers,177 and even nanoechinus.178 While one can understand that a nanoparticle called 

nanopopcorn may have shorter and more rounded branches than another termed nanourchin, 

in certain instances the differentiation has become quite blurry, especially as the field has 

moved forward during the past ten years and research has focused more on the application, 

rather than the synthesis and detailed characterization of these particles. There needs to occur 

therefore, after a decade of research, a clarification of what are the defining parameters that 

characterize a nanostar, including a neat classification of the synthetic protocols. 

The synthesis of gold nanostars was first proposed as a seeded protocol involving the use of 

CTAB as the surfactant.161 Later on, a poly(vinylpyrrolidone) (PVP)-mediated protocol was 

proposed,162 that produced high yields of reproducible gold nanostars with multiple short 

spikes when conducted in dimethylformamide (DMF). Interestingly, another seeded 

approach (mediated by CTAC) was reported roughly at the same time, which involved the 

use of four growth solutions to produce regular nanostars with short branches,179 resembling 

what we currently define as multipods. Such multipod-like nanostars, with ten identical 

(short) pyramidal arms and twinned morphology, can currently be synthesized with 

impressive uniformity via a different seeding method employing a single growth solution 

(Figure 2.2).180 Later on, a seeded growth method mediated by HEPES buffer was proposed 

by Pompa and co-workers,181 who obtained nanostars with short, rounded spikes, protruding 

from a large spherical core. Interestingly, HEPES and other kinds of Good’s buffers are now 

regularly employed to produce nanoparticles with only four to five spikes, in the seedless 

version of the synthesis.182 The advantage of using HEPES is that its biocompatibility 

discards toxicity concerns that can be raised when polymers or surfactants are employed 

instead (e.g. CTAB). Eventually, Vo-Dinh proposed a surfactant-free, seed-mediated method 

that led to the tunable synthesis of biocompatible gold nanostars stabilized only by ascorbic 
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acid without requiring the use of toxic surfactants (e.g. CTAB).183 This type of nanostars is 

arguably the one that has so far led to the most intense signal enhancements in direct SERS 

sensing applications, likely due to the approachable metallic surface, not hindered by the 

presence of surfactants and perhaps because of the presence of a significant amount of silver 

used in the synthesis.184 While the majority of protocols involve the use of seeds, few other 

seedless methods have been reported, in addition to that mediated by HEPES.185,186 One 

protocol involved the use of either glucosamine or glucosaminic acid as the only reagents 

needed for both reduction and induction of shape anisotropy.186 Following this method, 

Feldmann and co-workers proposed another seedless method mediated by CTAB,187 which 

enabled the study of SERS properties at the single particle level.166 Overall, while the 

seedless methods may appear more advantageous for their simplicity, they afford only limited 

tunability and lead to higher polydispersity. One question that arises now is however the 

following: what defines monodispersity in branched nanoparticles? Is it the overall diameter, 

or the aspect ratio of the spikes? Or is it the number of spikes rather than their sharpness? 

These questions become even more important when the nanostars are characterized by high 

shape anisotropy, such as those first proposed by Pallavicini and co-workers,188 and recently 

studied more in depth at the Fabris group (Figure 2.2).189 

If we go back chronologically through the literature, on a sort of journey down memory lane, 

we realize that, during their first years of existence, gold nanostars have been thoroughly 

studied and characterized, with a variety of technical tools, including femtosecond laser 

spectroscopy,190 dark field scattering,191 photoelectron emission microscopy,192 and two-

photon photoluminescence.183 Their nonlinear response was explored,193 along with their 

performance in SERS.161-166,180,184,193,194 Similarly, their optical response was theoretically 

modeled, in primis by Nordlander and co-workers,166 but also by García de Abajo and 

others.162,183,194,195 Thereafter, the community has been steered away, perhaps lured by the 

exceptional field enhancements they produce and the possibility of using them for chemical 

sensing, intracellular imaging, or catalysis. Because of this, fundamental studies on the 

synthesis and growth mechanisms or on the theoretical and computational understanding of 

their plasmonic response have substantially decreased in number.  

In the last couple of years however, the community has turned back to tackle a better 

understanding of these intriguing nanoparticles. The growth of symmetric nanostars has been 
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carried out in microfluidic devices,196 and followed in real time by liquid cell TEM;197 their 

purification via density gradient centrifugation was reported,198 their dark field response was 

studied in great detail and confirmed computationally,199 and systematic studies to optimize 

monodispersity and plasmonic response of surfactant-free nanostars were carried out.200 

Detailed accounts on the growth mechanism of PVP-capped gold nanostars were also 

reported,201 and the influence of seed morphology and silver nitrate concentration on the final 

morphology and stability of nanostars with few, long, high aspect ratio spikes was also 

studied.189 Because gold nanostars are generally characterized by limited shelf lives, the 

parameters affecting their stability were analyzed in detail by Haes and co-workers.144 Along 

the same lines, the thermal stability of nanostars was studied in 3D in real time by Bals and 

co-workers, who showed that faster atomic migration from the tip to the base of the spike 

occurs as the temperature increases.202 Finally, three-dimensional finite element method 

simulations were reported to understand in detail the origin of the plasmonic resonances of 

gold nanostars with highly elongated spikes, and their 3D coupling behavior was proposed.203 

In the wake of this renewed interest on the fundamental properties of gold nanostars, we need 

to ask ourselves as well which are the properties of these particles that are most relevant to 

SERS. How do we calculate the enhancement factor of substrates produced by such 

complicated particles? We could simplify their morphology,189 or find methods to evaluate 

their extinction coefficient and surface areas.204,205 But how do we move forward to ensure 

that each nanostar produces the same enhancement? In many applications this may not be an 

issue, but if we think about a parallel between SERS tags and fluorescent dyes, how will we 

make the former competitive if their response is inconsistent? Also, could an improvement 

on the quality, tunability, monodispersity, and reproducibility of nanostars improve the 

chance for SERS to become truly quantitative? While artificial intelligence appears to be 

infiltrating every area of science, there is an opportunity to understand how these tools can 

be leveraged to first optimize, and then drive, the synthesis of gold nanostars to extend the 

reach of SERS toward true applicability in medicine, forensics, and catalysis, or even more.   
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Figure 2.2. Gold nanostar morphologies vary substantially depending on the synthetic 

protocol used. A) PVP-capped gold nanostars synthesized via seed-mediated approach. 

Adapted with permission from Ref. 190. Copyright 2012, Elsevier B. V. B) A Good’s buffer-

mediated seedless method yields nanostars with few rounded branches. Adapted with 

permission from Ref. 182. Copyright 2016, American Chemical Society. C) Multipod 
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nanostars with pyramidal branches can be synthesized with high control and reproducibility 

employing PVP in the presence of dimethylamine. Adapted with permission from Ref. 180. 

Copyright 2015, American Chemical Society. D) Gold nanostars with few, long spikes can 

be obtained with high reproducibility employing Triton X 100 as surfactant. Adapted with 

permission from Ref. 189. Copyright 2019, Royal Society of Chemistry. E) Tunable spike 

length and number can be achieved in gold nanostars employing ascorbic acid as the capping 

agent. Adapted with permission from Ref. 200. Copyright 2018, American Chemical Society. 

 

2.3. SERS in Single-Nanoparticle Dimers (Precision SERS) 

A set of substrates that are particularly interesting for understanding the fundamental 

mechanism of SERS are lithographically prepared metal nanostructures that have a single or 

very few hotspots, i.e., lithographic plasmonic oligomers.89,206,207 They may be fabricated in 

large quantities with excellent control over their geometry, especially over the gap size 

between the plasmonic building blocks. Subtle geometrical changes allow tailoring the 

oligomers, e.g. to support Fano resonances between two optical excitations.208,209 A key 

advantage of plasmonic oligomers is that their structure is accessible by electron and force 

microscopies, allowing us to relate their structure to their optical properties and SERS 

efficiency. The optical properties of plasmonic oligomers have been studied via far-field 

absorption and scattering, as well as by near-field optical mapping.208,210-214 

Some experimental data obtained from SERS by plasmonic oligomers challenged our 

theoretical description of SERS. For systematic studies of SERS by a single, well-defined 

hotspot, Raman probes have been explored and found to be highly beneficial. A super-sharp 

Si tip was e.g. used to correlate the electromagnetic near field with the SERS enhancement. 

A dual scattering scanning near-field microscope/surface enhanced Raman setup correlated 

the spatial distribution of the enhanced field with the distribution of the SERS signal 

produced by the Si tip, finding excellent agreement of the hotspot shape and relative intensity 

pattern with the electromagnetic enhancement model.214 Another interesting probe comprises 

graphene and other two-dimensional materials, which are transferred onto plasmonic 

oligomers.215,216 Graphene is a non-resonant Raman scatterer, with a constant cross section 
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in the IR and visible energy ranges.217,218 This means that any change in the SERS intensity 

with respect to polarization, laser energy and so on are caused by the plasmonic hotspot (as 

opposed to intrinsic variations in the Raman scattering cross section that occur in many other 

materials).215,219 Conversely, the extreme localization of SERS hotspots allowed detecting 

strain in two-dimensional materials with sub-wavelength resolution, using phonon 

frequencies as a marker for strain.220 To study how plasmonic enhancement depends on the 

excitation wavelength, the laser excitation was varied in small steps (≈ 5 nm) in SERS 

experiments on graphene, coupled to a plasmonic dimer. The SERS resonance profile found 

a resonance that differed strongly (≈ 200 meV) from the plasmonic resonance obtained by 

elastic scattering in dark-field spectroscopy.216 The discrepancy was much larger than the 

difference to be expected between near- and far-field resonances (<50 meV), which remains 

yet to be resolved. 

Another key feature that requires additional experimental studies is the total SERS 

enhancement. First sets of quantitative experiments were performed on individual hotspots 

where the plasmonic nanostructures were imaged with electron and force microscopies, but 

the position, density, and orientation of the molecular Raman probes were inaccessible 

experimentally.23,221-223 The studies reported an experimental SERS enhancement that was 

102-104 stronger than predicted by accompanying simulations. A further refinement of this 

approach involved Raman reporter molecules (-sexithiophene) encapsulated in carbon 

nanotubes (6T@CNT), as shown in Figure 2.3.224 Carbon nanotubes were used as 

nanocontainers to carry molecules into the plasmonic hotspots, thereby making molecular 

position and orientation visible by SEM and AFM. 6T@CNT have the added benefit that the 

large distance between 6T molecules and the gold surface (large on atomic scales, several 

nm), as well as the presence of a carbon wall between 6T and the gold surface, prevent both 

enhancement by surface roughness and chemical enhancement. Nevertheless, the 

experimentally determined enhancement of almost 105 was two orders of magnitude higher 

than that simulated for the configuration in Figure 2.3.224 Our current understanding of SERS 

thus appears to miss ingredients that can explain the higher experimental intensity, as well as 

the apparent shift in resonance energy. Recent proposals to describe SERS within the 

microscopic description of the Raman effect and within the framework of optomechanics 

may guide us toward a full description of the effect.102,105,225 Such a description may need to 
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include more explicitly phenomena related to strong light-matter coupling, such as 

superradiance and Rabi shifts of plasmonic resonances.226 

 

Figure 2.3. Quantitative SERS enhancement using 6T molecules encapsulated in carbon 

nanotubes. (a) Encapsulation process, adapted with permission from Ref. 227. Copyright 

2016, American Chemical Society. (b) SEM image of a gold dimer with 6T@CNT deposited 

in the gap. (c) SNOM image of the plasmonic hotspot. (d) SERS (red) and Raman (black) 

spectra of 6T measured under plasmon resonance conditions (638 nm). The total 

enhancement on several dimers varied between 3 ⋅ 104 − 9 ⋅ 105, corresponding to 1 ⋅ 106 −

4 ⋅ 107 for the enhancement of the Raman cross section. Reproduced with permission from 

Ref. 224. Copyright 2017, Royal Society of Chemistry. 

 

2.4. Self-Assembled Nanoparticles 

 Monolayers at liquid-liquid interfaces 

The quest for uniform, reproducible and affordable enhancing substrates aimed at realizing 

the potential analytical applications of SERS, has led to substrates that have generally fallen 

into two broad classes: aggregated colloidal nanoparticles (NPs) and solid substrates carrying 

plasmonic nanostructures.228-231 Solid substrates are generally more stable and convenient to 

handle, both in use and storage, but the sophisticated fabrication procedures typically 
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required for their production render them considerably more expensive than aggregated 

colloidal NPs.    

Metal liquid-like films (MeLLFs) combine the advantages of conventional aggregated 

colloids and solid substrates. Since they consist of a densely packed monolayer of colloidal 

Ag/Au NPs assembled at the interface of two immiscible liquids, they are easy and 

inexpensive to prepare but still provide stable hot-spots.232 The key to inducing self-assembly 

of colloidal Ag/Au NPs into MeLLFs at liquid-liquid interfaces (LLIs) is to remove the 

electrostatic repulsion between adjacent particles at the interface. For Ag/Au NPs, this has 

typically been achieved through surface functionalization using strongly adsorbing charge-

neutral organic “modifier” molecules, such as thiols.233,234 However, these strongly adsorbing 

modifiers may also block the adsorption of analytes to the surface of the enhancing particles. 

Bell and co-workers recently reported that charged colloidal Ag/Au NPs can be induced to 

assemble at LLIs without any surface modification, by using hydrophobic “promoter” ions, 

such as tetrabutylammonium (TBA+), which carry an opposite charge to the NPs. Such 

promoter ions act as charge screening agents and thus reduce the electrostatic repulsion 

between adjacent particles at the oil side of the LLI (Figure 2.4),232,235 so that densely packed 

interfacial NP films form spontaneously when an aqueous Ag/Au colloid is shaken with an 

immiscible organic solvent, in the presence of a low concentration of promoter. The particles 

within these reflective MeLLFs are optically coupled and yield strong SERS enhancement at 

a level similar to that obtained from aggregation of the parent colloids. However, unlike 

aggregated colloids, MeLLFs are typically stable for days and have excellent signal 

uniformity, with a striking relative standard deviation of 1.1% in absolute signal intensity 

over mm-scale enhancing areas.232 Moreover, since MeLLFs lie at the water-oil interface, 

this allows them to directly interact with analytes dissolved in either phase for in-situ 

detection of both water and non-water soluble analytes, such as dipicolinic acid and 4-

mercaptobenzoic acid, down to below ppb levels. The ability to perform dual-phase analysis 

is extremely important since this facilitates applications of SERS in various fields, ranging 

from the detection of important analytes with low solubility in water such as hydrocarbons 

and explosives to the in-situ monitoring of chemical reactions in organic solvents.  
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Figure 2.4. A: Schematic illustration of “promoter” induced NP interfacial self-assembly. B: 

SEM characterization of SENS showing short-range hexagonal particle packing. Insets 1 and 

2 show optical images of an Au MeLLF and an Au SENS, respectively. Inset 3 is a tilted 

SEM image of SENS showing the NPs anchored in the polymer. C: Schematic illustration of 

SENS used for solvent-free SERS analysis.  Adapted with permission from Ref. 235 

(Copyright 2016, American Chemical Society), 239 (Copyright 2018, Elsevier B. V.). 

Apart from being a versatile enhancing substrate as shown above, MeLLFs can also be used 

as a simple precursor for constructing bulk-scale solid enhancing substrates with densely 

packed, uniform hotspots on their surfaces. Stable and robust enhancing substrates carrying 

a monolayer of densely packed Ag/Au NPs can be created by simply dip-coating various 

rigid substrate materials in MeLLFs.232,236 Using MeLLFs-coated transparent quartz plates 

as the enhancing material allowed continuous in situ SERS monitoring of the headspace 

directly above various bacterial cultures and revealed strong characteristic bands from 

chemisorbed dimethyl disulfide (DMDS).236 Since DMDS is a fermentative metabolite 
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commonly produced by a variety of viable bacteria, it can therefore be used as a general 

SERS marker compound for the identification of viable bacteria cultures. Using a hand-held 

Raman system, the sensitivity limit for headspace SERS detection of E. coli DH5a was found 

to be 1.5×107 CFU/mL, which corresponded to detection of bacterial infection within 15 min 

of inoculation of the growth medium. This combination of generality and speed offers a 

convenient and low-cost bedside detection of bacterial infections, as well as rapid and high-

throughput screening of antibiotics against specific bacterial infections. 

 Monolayers at liquid-air interfaces 

The main disadvantages that come with dip coating MeLLFs onto solid substrates are the 

weak attachment of the NPs to the surface of the substrate material through van der Waals 

forces, and that the initial particle packing of the MeLLFs at the LLI may be perturbed when 

the deposited film is dried. Ideally, a method is required to transform the mobile interfacial 

particle arrays into bulk freestanding films which are strong enough for routine handling 

while retaining their initial nanostructure. This can be achieved by growing a supportive thin 

polymer film onto the MeLLFs, at the organic side of the LLI, through in situ solvent 

evaporation-induced deposition of predissolved polymer, as shown in Figure 2.4.237 This 

approach results in materials with particles anchored onto the surface of the supporting 

polymer films, with the majority of their surfaces still remaining exposed, rather than being 

trapped within the polymer layer, which is why they have been named surface-exposed 

nanoparticle sheets (SENS). Importantly, neither the self-assembly nor the polymer 

deposition process involve material-specific chemical reactions, which means that this 

approach can be readily used to generate bulk scale (100’s of cm2), flexible and robust 

NP/polymer hybrid materials carrying various types of densely packed plasmonic NP surface 

layers. Since the initial packing of the particles at the LLI is preserved, the optical properties 

of the SENS resemble those of the parent MeLLFs and they exhibit strong and uniform SERS 

enhancement. Using monodisperse spherical Au NPs ca. 50 nm in diameter as the plasmonic 

components in SENS and thiophenol (TP) as the probe analyte, the enhancement factor (EF) 

and average signal uniformity within 1.5×1.5 cm2 areas were measured to be ca. 107 and 8%, 

respectively.238 
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A significant advantage that arises from the combination of flexibility, robustness and 

exposed plasmonic surface in SENS is that they can be physically pressed into contact with 

solid analytes, to achieve solvent-free quantitative SERS measurements, as shown in Figure 

2.4.239 SERS requires the target molecules to sit in plasmonic hotspots, which are typically 

only a few nm across. Therefore, in order for solid samples to be able to diffuse into 

enhancing regions they are normally either dissolved into a solvent or vaporized prior to the 

analysis. However, it may not be desirable or even possible to dissolve the sample, for 

example if the structure of the analyte changes in solution or the physical form of the sample 

needs to be retained. Since the enhancing hotspots in SENS are exposed and physically 

accessible but also firmly anchored onto a robust and flexible polymer substrate, solid 

analytes are pressured into the enhancing hotspots in SENS to generate intense SERS signals. 

Examples of solid dry samples ranging from explosives to pharmaceuticals have been 

demonstrated using this approach, which allows quantitative SERS analysis down to 

picogram-levels. Moreover, the excellent signal uniformity in SENS means that the physical 

distribution of the analytes can be mapped using the SERS signal intensity, which allows 

non-destructive, solvent-free SERS imaging.  

Related studies were carried out by using gold nanoparticles with different morphologies and 

a variety of surface coatings, providing also various degrees of hydrophobicity. Indeed, 

deposition and self-assembly at the water-air interface can be facilitated by using 

nanoparticles covered with hydrophobic surface ligands, as recently shown for Ag and Au 

nanospheres of different sizes up to 200 nm, as well as anisotropic Au nanorods, 

nanotriangles and nanostars, using a mixture of thiolated polyethylene glycol (PEG-SH) and 

1-dodecanethiol in chloroform, leading to SERS enhancement factors at 785 nm for 

thiophenol as high as 3x106 for AuNR monolayers.240 Interestingly, the same study showed 

that dense monolayers of Au nanostars are not as efficient, in agreement with numerical 

simulations that demonstrate collective optical effects leading to lower near field 

enhancements.19 Liquid-air interfaces were also used to monitor the optical and Raman 

enhancement properties of gold nanospheres and nanorods, in situ and in real time by 

watching the dynamic response of NP positioning at the interface, the authors identified the 

need to include X-ray reflectivity and GISAXS measurements to accurately determine 

interparticle distances at the interface.241 
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 Multilayers 

Applications of SERS require large-area substrates with reliable and reproducible 

enhancement at a pre-defined wavelength and scalable production at low cost. Despite the 

availability of substrates partly meeting such requirements (see previous section), most of 

them still suffer from expensive fabrication methods (lithography) or display a random 

distribution of hotspots. Recent efforts have focused on improving the organization of NPs 

within thin films, toward more intense and uniform distribution of hotspots. A recently 

introduced substrate comprises self-organized colloidal gold nanoparticles with diameters 

>30 nm (Figure 2.5). The nanoparticles self-organize into hexagonally packed layers that 

cover up to mm2 areas.242 Particularly interesting are the pronounced plasmonic resonances 

in the near-IR that arise for nanoparticle multilayers, e.g. in the peak labeled DM in 

Figure 2.5. Such resonances originate from plasmons with vanishing dipole moment that are 

normally considered optically forbidden.243 These excitations are optically active because of 

the large nanoparticle diameter and the retardation of the incoming light. Their energy and 

lifetime are tuned by nanoparticle diameter and gap size, but for a given structure the 

excitations are uniform across the entire sample area.243,244 The effect of the dark mode on 

SERS is illustrated in Figure 2.5 for excitation at 785 nm (1.58 eV). No plasmon gets excited 

in the gold nanoparticle monolayer (Figure 2.5) resulting in the Raman spectrum of 

polystyrene without SERS enhancement. For the bilayer, an increase is observed in the 

overall scattering intensity, because the laser is in resonance with the dark plasmon mode; 

the additional intensity corresponds to 104 enhancement. Adding more layers increases the 

number of plasmon excitations to the gold multilayer spectrum (Figure 2.5).243 For thicker 

films these modes transform into standing waves, similar to what is observed for disordered 

three-dimensional NP arrangements.245 Nanoparticle multilayers and crystals open the route 

towards tailoring the SERS enhancement to a specific laser excitation and analyte 

wavenumber for large-area SERS substrates. The plasmon resonances may be matched to the 

incoming and scattered photon wavelength by controlling the system parameters. 
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Figure 2.5. Self-organized gold nanoparticle layers as SERS substrates. (a) TEM images of 

hexagonally packed gold nanoparticles in a monolayer (left), bilayer (middle), and trilayer 

(right). BM – bright mode, DM – dark mode. (b) Absorption spectra and plasmon eigenmodes 

of the gold layers shown in (a). (c) Raman spectrum of polystyrene measured on the 

monolayer (black) and the bilayer (red). The 5-10 increase in total scattering intensity 

corresponds to ≈ 104 enhancement of the Raman cross section. Adapted with permission 

from Refs. 243 (Copyright 2018, American Chemical Society) and 244 (Copyright 2019, 

Royal Society of Chemistry). 

In a more elaborate development, Klajn and co-workers applied a liquid-air self-assembly 

method to obtain binary multilayers comprising Au and Fe2O3 nanoparticles, which were 

then treated to chemically remove the iron oxide, leaving so-called gold “nanoallotropes”. 

The resulting highly ordered hierarchical structure, displayed highly efficient SERS 

enhancement due to the availability of small interparticle gaps (hotspots) and larger ones that 

allow the analyte molecules to diffuse through the entire superlattice.246 

2.5. Vertically Aligned Au Nanorod Arrays  

In the search for substrates that provide uniform SERS enhancement, self-assembled arrays 

of anisotropic plasmonic nanostructures with a regular pattern of hotspots offer additional 

elements for optimization and light manipulation. Mono- and multi-layered, vertically 
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aligned gold nanorod (AuNR) arrays have been obtained through self-assembly, by keeping 

a balance between AuNR concentration and physicochemical parameters of the solvent. For 

example, Tay and colleagues247 achieved large vertically aligned AuNR superlattices by 

adjusting NaCl concentration in a colloid containing 2 nM AuNRs. An experimentally 

determined critical AuNR concentration of 2.0 nM and 50 mM NaCl produced well-ordered 

vertically aligned, hexagonally close-packed AuNR array as shown in Figure 2.6. The self-

assembly and formation of AuNR superlattices occurs while the rods are suspended in the 

aqueous phase, so that the ionic strength of the solution affects the way AuNR rafts are 

assembled on the planar substrate. As previously observed in similar systems, the self-

assembled vertically aligned AuNRs produce hexagonally packed structures containing a 

regular pattern of hotspots in the longitudinal interparticle junctions between nanorods, when 

excited with an electromagnetic radiation polarized parallel to the planar carrier substrate. 

The elongated rod shape and vertically aligned assembly facilitate trapping of the analyte of 

interest within the interparticle region with high local field intensity, making it an ideal SERS 

sensor. As prepared, the surfaces of AuNRs are passivated with CTAB molecules, which 

provide necessary electrostatic repulsion between AuNR and play a key role in the self-

assembly process. For the AuNR array to function as a SERS sensor, it is necessary to remove 

some of the surface bound CTAB molecules to allow the analyte of interest to reach the 

highly enhanced interparticle junctions. Exposure to UV-ozone cleaning disrupts the CTAB 

layer, allowing SERS detection of analyte molecules, which was tested by the detection of a 

small common SERS reporter molecule thiophenol and subsequently applied to SERS 

detection of cannabinol (CBN), the metabolite of tetrahydrocannabinol (THC), as shown in 

Figure 2.6.248 
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Figure 2.6. (a) SEM image of a vertically aligned AuNR array. (b) SERS spectra of CBN on 

AuNR arrays. Adapted with permission from Ref. 248. Copyright 2018, Elsevier B. V. 

As the SERS intensity is related to the number of hotspots per illumination volume, perfectly 

and homogeneously packed 3D nanorod supercrystals are expected to be one of the most 

efficient architectures for robust and reliable SERS substrates. Alvarez-Puebla et al. showed 

that highly monodisperse CTAB-stabilized Au nanorods spontaneously crystallize into 

regular islands of uniform dimension, comprising ca. 15 monolayers of standing nanorods, 

upon slowly drying the nanorod colloid in a controlled humidity atmosphere. Such nanorod 

supercrystals were shown to provide ultrasensitive biodetection of scrambled prions (see 

Section 6 below).249 In a subsequent work, Liz-Marzán and co-workers investigated 

systematically (both experimentally and by numerical modeling) the influence of the number 

of stacked Au nanorod monolayers, on the SERS efficiency of the supercrystals.250 In order 

to improve the efficiency of self-assembly, monodisperse Au nanorods were coated with an 

amphiphilic alkanethiolate (1-mercaptoundec-11-yl)hexa(ethylene glycol), termed MUDOL 

or MUHEG, and subsequently drop-casted onto glass slides, so that supercrystals comprising 

standing nanorod multilayers were spontaneously formed upon drying. Depending on the 

initial nanorod concentration, regular supercrystals comprising 1 up to 20 monolayers could 

be obtained (in the spontaneously formed coffee ring area). Interestingly, the SERS signal of 

crystal violet (CV) was found to be almost identical for supercrystals of 1-3 monolayers (EF= 

107) when excited at 633 nm, but half for the monolayer than for the multilayer when exciting 

at 785 nm. This result is in agreement with simulations, assuming that the analyte cannot 
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penetrate within the gaps between nanorod monolayers, and thus only the upper layer 

contributes to the SERS enhancement.  

A strategy to tune the size and morphology of supercrystals over large scales can be achieved 

by controlled evaporation within a patterned substrate, leading to small supercrystals within 

a silicon pattern251 or to large supercrystals within micron-sized pillars, on a transparent glass 

substrate.252 By using an elastomeric polydimethylsiloxane (PDMS) template, Hamon et al.  

obtained uniform, stable, reproducible micron-sized Au nanorod supercrystals arrays over 

mm2 scale areas.252 The SERS EF for CV excited at 633 nm was determined to be 3.1 x 105. 

A similar template-assisted self-assembly procedure was used for the fabrication of regular 

micron-sized pyramidal supercrystal substrates made of highly monodisperse PEGylated Au 

nanospheres, over mm2 areas.253 In these examples, the size and shape of each individual 

supercrystal, as well as the periodicity of the array, are limited by the dimensions of the 

cavities in the PDMS template and the dimensions of the nanoparticles. By selecting a 

suitable lattice parameter - nanoparticle size combination, the strong optical response of the 

superstructures can be tuned over the visible to the near-infrared (NIR) range, which is 

appealing for multiple SERS applications. Supported by electromagnetic simulations, 

Matricardi et al. have recently shown that regular square arrays of hexagonally packed 

supercrystals leads to highest SERS enhancement when the surface lattice plasmon resonance 

wavelength (lattice parameter L=500 nm) matches the laser excitation wavelength (785 

nm).254 The authors also observed that the absolute SERS enhancement correlates to the 

numbers of nanoparticle layers (and hotspots) within the supercrystal and that the absolute 

intensity and its relative standard deviation (RSD) depend on the degree of local order within 

the array. An extension of this work to gold nanorod superlattices has been reported, where 

the use of ethanol as co-solvent was shown to significantly improve the superlattice 

quality.255 

2.6. Assembly on Rough, Flexible or Curved Supports  

Recent efforts have been directed to implementing large-scale, robust and economic 

production of reproducible SERS substrates. The mechanical properties of the support 

material can also be a limiting factor, e.g., on curved surfaces or hard to access places, in 

swab applications etc. Paper thus appears as an inexpensive, flexible, lightweight, 
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biodegradable nanoparticle support that may overcome these problems. Li et al. developed 

SERS substrates impregnated with Au nanorods by dip coating.256,257 A drawback however 

was the required dipping time of 2 days. SERS paper substrates have also been fabricated in 

large scale by inkjet printing and screen printing of highly concentrated nanoparticles.258-260 

The pen-on-paper approach presented by Polavarapu et al. is the easy, fast and effective do-

it-your-self variation, which does not require any instrumentation.261 The concentrated 

nanoparticle ink (3mg/mL) can be filled in a commercially available ink pen and the SERS 

arrays painted directly onto slightly hydrophobic inkjet paper, in the desired size (limited by 

the pen orifice). In contrast to commonly used filter paper-based substrates, this method has 

the advantage that no additional hydrophobizing step of the paper is required to avoid 

spreading of the ink and analyte of interest. The immobilized nanoparticles are so well 

adhered at the fibers that they cannot be removed by sticky tape or redissolved into solution. 

The pen-on-paper approach was demonstrated for different types of nanoparticles, including 

spherical citrate-stabilized Au and Ag nanoparticles, as well as CTAB-stabilized Au 

nanorods, reaching a detection limit of 10 aM for malachite green.  

Some specific SERS applications may require that the nanoparticle support be not only 

flexible, but also transparent. This is the case when excitation of the plasmonic nanostructure 

and detection of the analyte should occur through the backside of the supporting material, 

e.g., the direct, non-destructive analysis of art works or historic textiles262 and other curved 

surfaces. The support material polymethylsiloxane (PDMS) fulfills many such useful 

requirements, as it allows facile assembly of different types of nanoparticles such as Au and 

Ag nanospheres,263,264 as well as Au nanostars,265-267 lacks toxicity, and the interfering 

intrinsic Raman signal is not very pronounced.  

Analysis of biofluids such as blood and urine using Raman spectroscopy has originated 

diagnostics which are minimally invasive, readily accessible, and from repeated 

samplings.268,269 However, analysis in biofluids additionally requires compatibility in high 

ionic strength environments, which contain various biomolecules, easily inducing NP 

aggregation and severely interfering with SERS spectra.270,271 The development of an 

omnidispersible SERS probe, capable of rapid biodetection using layer-by-layer (LbL) 

coated ‘hedgehog particles’ (HPs) is an example of a generation of colloids with pronounced 
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surface corrugation and high dispersion stability.272 Surface corrugation as a dispersion 

strategy based on surface nanoscale topography, was first demonstrated using spiky colloids 

referred to as ‘hedgehog’ particles (HPs) consisting of a micron-sized polystyrene (PS) core 

surrounded by nanoscale zinc oxide spikes.273 The  HPs’ mesoscale geometry resembles that 

of spiky pollen grains, and of some cells and viruses with highly corrugated surfaces.274 

Surface corrugation from the spikes leads to marked reductions in contact area and van der 

Waals forces, resulting in the ability to disperse particles in both organic and aqueous 

solvents. In the case of biological particles of micro-, meso-, and nano-scale dimensions, the 

HP structural motif enables accurate control over particle agglomeration and adhesion 

resulting in both greater colloidal stability and specificity of attachment.  

The introduction of LbL films on highly corrugated particles allows for high NP loadings 

and can be used to create dense coatings of plasmonic NPs for SERS applications.275,276 By 

introducing gold NPs to the spiky HP geometry, Kotov and co-workers created dense 

conformal plasmonic nanoparticle films with tunable thickness.272 Importantly, these 

modified Hedgehog particles, maintain excellent dispersion stability in high ionic strength 

environments (Figure 2.7). Confocal microscopy shows dispersed single Au NP-modified 

HPs, while large aggregates are observed for Au NP-modified PS beads. Au NP-modified 

HPs were also shown to form stable dispersions in heptane, illustrating dispersibility in 

environments of extreme ionic strength or polarity.272  
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Figure 2.7. SEM (a,b) and TEM (c) images of HP modified with two bilayers of gold 

nanoparticles. (d) Photographs of dispersions of LBL-modified HPs withgold layer thickness 

increasing from left to right, in 1 M NaCl. (e,f) Confocal microscopy images of Au-coated 

HPs (e) and PS Beads (f), in 1 M NaCl. Adapted with permission from Ref. 272. Copyright 

2018, American Chemical Society. 

 

The SERS performance of HPs was assessed using two probe molecular dyes: methylene 

blue (MB) and rhodamine 6G (R6G). As the density of the NPs increased, the SERS signal 

from MB correspondingly increased due to the proximity of the Au NPs, resulting in hotspots 

where SERS enhancement occurs.277 Two model biofluids were used to examine signal 

stability with other biomolecules present: tryptic soy broth with addition of 1% glucose 

(TSB), and Dulbecco’s modified eagle medium (DMEM) media with 5% fetal bovine serum 

and 1% penicillin/streptavidin, commonly used as bacteria growth medium and in blood 

culture, respectively. Au-coated HPs were able to detect both dyes in complex media with 

over an order of magnitude increase of intensity compared to Au-coated beads, and can detect 

R6G in the presence of MB in both types of complex biological media (Figure 2.8) whereas 
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Au-coated beads cannot. Au nanostars were also unable to detect the probe molecules in 

complex media even when equipped with a polyethylene glycol stabilizer layer. This 

indicates that the greater degree of corrugation observed in HPs is critical for dispersion and 

for a stable SERS signal to be maintained, and must be accounted for in the design of a 

corrugated SERS probe.  

For future SERS probes, the importance of dispersion stability to allow for a more robust and 

stable SERS signal is critical for sensing in biofluids. Surface corrugation represents an 

interesting strategy to engineer dispersion stability in a wide array of environments. The 

introduction of surface corrugation to create plasmonic structures has the potential to create 

a family of SERS sensors with stability in a wide range of biofluids and the capability to 

perform sensitive multiplexed detection.    

 

Figure 2.8. (a) Background-corrected Raman scattering intensity of various AuNP-modified 

HPs for detection of 1 μM methylene blue with increasing loading of AuNPs; 1 bilayer (blue), 

1 bilayer with salt (red), 2 bilayers with salt (black). (b) Raman scattering spectra obtained 

with HP (black) and PS Beads (red) modified with two bilayers of gold nanoparticles of 1 

μM MB and 1 μM R6G in TSB. Adapted with permission from reference 272. Copyright 

2018, American Chemical Society. 

2.7. Hole-Mask Colloidal Lithography 

Hole-mask colloidal lithography (HCL) is a cost-effective and versatile nanofabrication 

method based on colloidal self-assembly lithographic patterning for generating homogeneous 

macroscopic areas (up to several cm2) of nanostructures with short-range translational order 

but well-defined particle shape and orientation.278 Early versions of the technique were used 

to fabricate basic nanoplasmonic structures, such as nanorings,279 while later developments 
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allowed for fabrication of more advanced structure types, e.g. chiral particles.280 HCL 

structures are extremely useful for a variety of plasmonics applications, for example 

nanoplasmonic biosensing,281 but they have in general turned out to be relatively inefficient 

SERS substrates because they typically lack the sharp protrusions or nanogaps that have 

turned out to be crucial ingredients in SERS.71 The structures shown in Figure 2.9 are an 

exception to this. Here, angle resolved deposition was used to generate Au dimers with 

nanometric gap lengths (d = 7.1 ± 4.2 nm std.) and with an underlying Au mirror surface to 

amplify field enhancement further.282 The structures could be used to record SERS signals 

from attograms of BPE, a common SERS probe molecule. The corresponding enhancement 

factor was estimated to the order of 1011. This is, in fact, orders of magnitude higher than 

what can be expected from pure electromagnetic field enhancement in these nanogaps, 

indicating that additional amplification due to surface induced molecular resonance effects 

are also at play here.282  

In a recent development,283-285 a variant of HCL was used to fabricate metasurfaces and 

colloids comprising silicon nanoparticles of various shapes and sizes (Figure 2.9). Such high 

refractive index nanoparticles support pronounced geometrical resonances (Mie modes) in 

the visible to the NIR wavelength range. The Mie resonances are superficially similar to 

localized surface plasmons in terms of far-field optical behavior, but the associated enhanced 

near-fields are mostly confined to the nanoparticle interior rather than to the surface. Figure 

2.9) illustrates this effect for high aspect ratio Si nanodisks that support a particular resonance 

feature known as an “anapole”.286 The anapole is manifested as a dip in the extinction 

efficiency and a concomitant amplification of the local field inside the disk for certain disk 

radii. This in turn generates strongly enhanced Raman scattering from the Si 522 cm-1 optical 

phonon.286 While not a SERS effect in the classical sense, it is not far-fetched to imagine that 

Mie resonances in high-index dielectrics can be combined with plasmons in metal 

nanostructures to generate a huge variety of novel and powerful substrates for SERS and 

other nanophotonic applications. 
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Figure 2.9. Resonant nanostructures fabricated through hole-mask colloidal lithography. a) 

Side view of SERS substrate consisting of gold nanodisk dimers fabricated on top of a Au 

mirror with a SiO2 spacer layer in between; b) top view of a Au dimer-on-mirror SERS 

substrate illustrating the uniform dimensions and orientations of the individual 

nanostructures. c) Si nanopillars and d) chiral Si colloids fabricated by a variant of HCL; e) 

illustration of near-field amplification and Raman scattering enhancement in Si nanodisks 

supporting an anapole resonance. Figure reproduced with permission from Refs. 282 

(Copyright 2015, Royal Society of Chemistry), 283 (Copyright 2017, American Chemical 

Society), 284 (Copyright 2017, Wiley-VCH), 286 (Copyright 2018, American Chemical 

Society). 

2.8. Nanopillars 

Densely spaced nanometer sized pillars have been used as SERS substrates for several 

decades. Vo-Dinh and co-workers fabricated nanopost array substrates for SERS detection 

using nanoparticle arrays as masks for submicron photolithography.287 When metallized, 

these nanopillars (NPs) can offer large enhancement factors (EFs), often in combination with 

a leaning effect of the NPs.288-290 Upon exposure to liquid and subsequent evaporation, the 

NPs can form clusters due to collective leaning of the pillars induced by capillary forces 

(Figure 2.10). The cluster formation ensures that analyte molecules are trapped and 

positioned in the vicinity of hotspots. The majority of these NP substrates are realized by top-
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down fabrication using lithography based techniques, e.g. nanosphere lithography,291 block 

co-polymer lithography,292 and phase-shift interference lithography.293 Different designs 

with small assemblies ranging from two to seven NPs have been studied, with the pentagonal 

assembly having the largest enhancement.294 These substrates have, among other uses, been 

applied in melamine detection in milk.295 NP substrates can also be produced by lithography-

free techniques, such as mask-less reactive ion etching (RIE).Error! Bookmark not defined. 

Furthermore, these pillars can be replicated by injection moulding to potentially facilitate 

large scale and cost efficient manufacturing of substrates, also allowing for direct integration 

of microfluidics for sample handling.296 

 

Figure 2.10. Concept of leaning nanopillar substrate. (a–c) Scheme of the leaning 

mechanism. d) Scheme of the enhancement mechanism. When solvent evaporates, surface 

tension pulls the silicon nanopillars together, trapping analytes at the hotspot, giving rise to 

a large Raman signal. e) SEM image of a cluster of leaning silver-coated silicon nanopillars. 

f) Tilted SEM image of the outer perimeter of the evaporated solvent droplet area. The 

nanopillars to the right have leaned to form hotspots while the nanopillars to the left remain 

vertical and free-standing. g) SEM image of a nanopillar substrate, seen perpendicular to the 

surface. The line indicates the outer perimeter of the evaporated solvent droplet. Bottom: 

individual free-standing nanopillars. Top: clusters of nanopillars. Reproduced with 

permission from Ref. 288. Copyright 2012, Wiley-VCH. 
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Polymer nanopillars have been realized in regular patterns combining lithography and 

nanoimprint.297 Here a detailed and inverse NP substrate is first realized and subsequently 

transferred into polymer via nanoimprint. In a different approach, polymer NPs with 

integrated gold particles have been realized using anodic aluminium oxide as a template.298 

Recently, superhydrophobic polymer NPs have been realised by mask less RIE using Ar 

plasma.299 Wafer-scale fabrication of silicon NP substrates have been realised by maskless 

reactive ion etching. By fine tuning the etching process, it is possible to customize pillar 

height, density and width.288 Hotspot engineering has been conducted on these substrates and 

high SERS EFs and extraordinary signal uniformities over large sampling areas (~50 cm2) 

have been achieved.300-302 These substrates are now being commercialized, enabling a variety 

of applications and studies.303-309 

The concept of mask-less etching can be transferred to glass substrates, allowing for 

realization of NPs as well as more exotic structures such as nanocylinders.310 Glass NP 

substrates have been patterned with gold electrode structures and applied for combined 

electrochemistry and SERS detection.311 An exceptionally good electrochemical as well as 

SERS performance were obtained, probably as a result of overall larger nanostructured 

electrode surface and the presence of isolated metallic caps on the pillars. An applied 

potential on the NP substrate enabled 20 times increase in signal intensity when detecting 

melamine. 

Large-area, uniform, and robust nanohoodoos (pillars with a ‘neck’) can be fabricated in 

wafer-scale using block copolymer lithography, which provides an ordered etch mask with 

uniform structures with high resolution and high precision.312 Gold is evaporated onto the 

nanohoodoos forming gold nanoparticles, thereby creating a SERS substrate that can be used 

for both gas and liquid sensing. Upon drying of a deposited analyte solution, the gold 

nanoparticles slide on the nanohoodoos and form particle clusters with strong, dense, and 

uniform hot spots. Gold can be removed by wet etching and the substrate can be re-metalized. 

In this way the substrate can be recycled numerous times and other plasmonic materials can 

be applied.  

2.9. Nanostructured Dielectrics and Hybrids 
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The renewed drive to expand the materials base for plasmonics beyond the coinage metals 

and aluminum, motivated both by extensions of localized plasmon resonances into the 

infrared, as well as issues around loss, temperature stability and CMOS compatibility,132 is 

expected to also have an influence on the development of substrates for SERS.133 Transition 

metal nitrides, transparent conductive oxides, metal sulfides, as well as doped oxides, could 

well be candidate materials for surface enhanced spectroscopy substrates, and a survey of 

those materials from this point of view is called for. A completely different route towards 

extending the materials base for SERS substrates does away with surface plasmon resonances 

altogether, and instead investigates the use of dielectrics and semiconductors. A pioneering 

study by Hayashi and co-workers on GaP small particles,313 dating back to 1988, saw 

evidence of an electromagnetic enhancement of Raman scattering due to Mie resonances, yet 

further reports compared to the scale of plasmonic-based SERS research have been scarce. 

While this might be partially due to often smaller local field enhancements than possible with 

metals, it must be recognized that dielectric substrates can offer a number of advantages for 

enhancing light/molecule interactions at surfaces: compatibility with semiconductor device 

processing, a wide parameter space for electronic structure and bandgap tuning, potential for 

surface-modification beyond thiol bonds, and crucially less extreme conditions in terms of 

heat generation and photochemical reactions compared with plasmonic surfaces. 

Similar to metal-based substrates, any enhancement of Raman scattering in molecule-

semiconductor systems can be conceptually broken down into an electromagnetic and a 

chemical contribution. The chemical contribution is associated with charge-transfer 

resonances from the HOMO level of the molecule to the conduction band of the 

semiconductor, and from the valence band to the LUMO level.314 Bandgap and exciton 

formation should hence allow for a wide parameter space, in terms of tuning and optimizing 

enhancement via this route. 

For structured dielectric surfaces, the electromagnetic enhancement is due to morphological, 

Mie-type resonances, which can be either electric or magnetic in nature. For dielectric 

structures of a few wavelengths size, higher-order Mie modes, also known as whispering 

gallery modes, provide large quality factors; however the associated sharp resonances are not 

optimal for SERS, as they cannot overlap with both the excitation laser light and the Stokes-
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shifted beam. The substantial advances in nanotechnology now enable the controlled 

generation of dielectric nanostructures of sizes on the order of the wavelength in the material, 

and crucially also nanosized gaps between dielectric components in antenna-like 

configurations. This in turn enables the exploitation of low-order electric and magnetic Mie 

resonances, with their much broader spectral width and, in gap structures, reduced mode 

volumes, which has in recent years lead to exciting discoveries in dielectric nanophotonics 

based on single antennas and metasurfaces.315 The possibility of thus tailoring nanoscale light 

fields with dielectrics requires the employment of nanostructured dielectrics and 

semiconductors for SERS316 and surface-enhanced spectroscopies more generally. For 

example, a significantly reduced local heat generation has been demonstrated for silicon 

dimer nanoantennas, compared to equivalent plasmonic nanoantennas,317 while recently 

SERS and surface enhanced fluorescence for monolayer coverage have been observed.318 

Although the absence of fluorescent quenching would allow the use of the same 

nanostructured dielectric substrate for both enhancement of Raman scattering and 

fluorescence emission, contrary to metals, in practice the non-suppression of background 

fluorescence needs to be taken into account when choosing the illumination laser wavelength. 

Other intriguing developing materials are metal oxides, particularly when doped with oxygen 

vacancy centers. Large SERS enhancements have been shown for non-stochiometric 

tungsten oxide319 and a variety of ion-irradiated metal oxides.320 In hybrid structures 

composed of Ag or Au colloids on top of titanium oxide thin films, the chemical enhancement 

factor in Raman scattering can be increased via photoinduced oxygen vacancy creation,321 

opening up additional pathways for substrate-molecule charge transfer. 

 

3. SERS Tags 

The selective detection and localization of target molecules requires target-specific ligands 

for molecular recognition via non-covalent interactions. For example, proteins are selectively 

recognized by antibodies directed against them as antigens, while for nucleic acids the 

complementary oligonucleotide strands are employed. The optical identification and 

visualization of the target-specific ligands, and therefore the target molecules, typically 

require labeling agents, for example, fluorescent dyes/quantum dots322 (e.g., in 
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immunofluorescence) or enzymes, which give rise to a colored reaction product upon 

incubation with a colorless substrate (e.g., horseradish peroxidase in ELISA and 

immunohistochemistry). SERS nanotags are an emerging class of labeling agents based on 

molecularly functionalized, Raman-encoded noble metal nanoparticles.323,324 

Advantages of SERS nanotags over existing labeling approaches include i) multi-color 

detection: the tremendous spectral multiplexing capacity for parallel detection/localization is 

due to the narrow FWHM of vibrational Raman bands compared to the broad emission 

profiles of molecular fluorophores (Figure 3.1); ii) quantification: the SERS signal is 

proportional to the number of SERS nanotags; iii) no or minimal photo-bleaching, i.e. high 

photo-stability of the SERS signal in repeated and/or long-term measurements; iv) single 

laser wavelength excitation: all SERS spectra of a set of spectrally distinct SERS nanotags 

can be excited by using a single laser excitation; v) suppression of autofluorescence in 

biological/biomedical applications: the use of SERS nanotags with plasmon resonances in 

the red to NIR elegantly circumnavigates the excitation of unwanted and interfering 

autofluorescence; NIR excitation is also required for biomedical applications in vivo.325-328 

A disadvantage of SERS nanotags is their large size and weight compared with molecular 

fluorophores, but also with quantum dots.329 For many bioanalytical applications such as 

assays (e.g., in microfluidics or lateral-flow assays on membranes), where typically no 

restrictive spatial constraints are relevant, this steric aspect is typically not a problem. 

However, the size of SERS nanotags – typically several tens of nm – becomes relevant when 

confocal high-spatial resolution microscopy on single biological cells is performed.330 Last 

but not least, SERS nanotags are colloids and sample purity is an issue which is often 

overlooked. Obtaining purified colloids is more challenging compared with conventional 

fluorescent dyes, for which established separation techniques from analytical chemistry are 

known for decades.331 
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Figure  3.1. Comparison of spectral emission profiles: fluorescence from Cy5 and SERS 

from 4-NTB on AuNPs excited with 632.8 nm laser. Reproduced with permission from 

Ref. 332. Copyright 2014, Royal Society of Chemistry. 

3.1. SERS Nanotags: Noble Metal Nanoparticles Coated with Raman Reporter Molecules 

SERS nanotags typically comprise a noble metal nanoparticle (NP) coated with a Raman 

reporter molecule for identification via its characteristic Raman spectrum. Figure 3.2 shows 

a schematic representation of a SERS nanotag, specifically designed for red laser excitation, 

which is beneficial for bioanalytical and biomedical applications where autofluorescence 

often occurs: the hollow Au/Ag nanoshell is coated with a self-assembled monolayer (SAM) 

of an aromatic thiol featuring a high Raman scattering cross section and protected by a silica 

shell.333 
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Figure 3.2. Sketch of a SERS nanotag comprising a hollow Au/Ag nanoshell coated with a 

self-assembled monolayer of an aromatic thiol as the Raman reporter molecule. The particle 

is protected by a silica shell. Rerproduced with permission from Ref. 333. Copyright 2009, 

Wiley-VCH. 

For bioanalytical and biomedical applications, the SERS nanotag is conjugated to target-

specific ligands such as antibodies or oligonucleotides. A wide variety of configurations for 

SERS nanotags exist and also various options for their bioconjugation are available. Table 

3.1 summarizes the most common types, which are based on the variation of i) the type of 

metal NP, as well as its size and shape; ii) number of NPs: monomer versus assembly; iii) 

the type of Raman reporter (e.g., fluorescent dyes for SERRS or SAMs of small aromatic 

thiols); iv) the protective shell (e.g., short ethylene glycol (EG) or long PEG, biopolymers, 

and silica); v) the type of bioconjugation, depending on available functional groups on the 

protective shell (carboxylic acids, amines, thiols, etc.). 

Table 3.1. Components of SERS nanotags with some examples. 

Component of SERS nanotag Examples 

Plasmonic NP: metal, size, 

shape 

Au, Ag; spheres, rods, stars 

Number of NPs Monomer vs. cluster 

Raman reporter molecule Dyes, aromatic thiols 

Protective shell EG/PEG, BSA, silica 

Bioconjugation via COOH, NH2, SH 

 

In the following two subsections we discuss the advantages and disadvantages of using either 

fluorescent dyes for SERRS or aromatic thiols for SERS. 

3.2. Fluorescent Dyes for SERRS and Multiplexing 

The fabrication of a SERS nanotag with the highest possible SERS efficiency requires the 

choice of the best plasmonic nanoparticle that will act as Raman enhancer, as well as the best 

Raman reporter that, in principle, should have an inherently large Raman cross section.334 
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Chromophores and fluorophores including cyanine dyes, crystal violet, malachite green, nile 

blue, R6G, etc. fulfill this requirement. Additionally, by using an excitation laser line in the 

Raman measurements that overlaps with the absorption spectrum of the Raman reporter, we 

are under Resonant Raman conditions (surface enhanced resonance Raman scattering, 

SERRS). Thus, for cases where the SERRS conditions are fulfilled, an increase in the Raman 

enhancement of 10-100 fold over conventional SERS experiments have been reported.335 

Therefore, the fabrication of a library of SERRS tags for multiplexing purposes will depend 

on either a collection of dyes with a similar absorption band and in resonance with the 

selected excitation laser line, or the combination of dyes capable of producing a SERRS 

signal over a wide range of excitation wavelengths (typically from 514 to 1064 nm). 

Unfortunately, the availability of Raman dyes that satisfy both approximations is somehow 

limited, which hampers the potential applications of the SERRS tags for multiplexing. 

Alternatively, different combinations of dyes in the Raman encoding shell would allow an 

encryption based on either frequency alone or using signal intensity as an additional code 

element.336 

3.3. SAM of Small Aromatic Thiols and Spectral Multiplexing 

Porter and co-workers have introduced aromatic thiols/disulfides as Raman reporters because 

they form a SAM on gold surfaces via stable Au–S bonds.337-379 Advantages of using small 

aromatic thiols as Raman reporters are: i) reproducible SERS signatures due to the dense 

packing and uniform orientation of Raman reporter molecules within the SAM,333,340,341 ii) 

Maximum SERS brightness due to the maximum surface coverage with Raman reporter 

molecules (Figure 2) compared to sub-monolayer coverage;333 iii) high spectral multiplexing 

capacity as the number of vibrational bands scales linearly with the number of atoms; iv) no 

or minimal photobleaching since resonant electronic excitation of the molecule is avoided. 

The brightness of SERS nanotags depends on both the Raman scattering cross section of the 

individual Raman reporter adsorbed on the metal surface and the number of reporters per 

particle.325 Fluorescent dyes generally feature larger Raman scattering cross sections, 

however their packing density on the metal surface is typically much lower, compared to 

SAMs.342,343  Aromatic thiols also generate fewer vibrational bands as their molecular size is 
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typically significantly smaller than those for fluorescent chromophores.333,344 The latter 

aspect has been exploited in a quantitative 6-plex SERS experiment. Specifically, various 

mixtures of 6 SERS nanotags with distinct spectral signatures were employed. The 

stoichiometry of the mixtures was known a priori for comparison with the results from 

spectral decomposition. By using the known SERS signature of the 6 individual particle 

types, the SERS spectra of the mixtures could be quantitatively decomposed into the 

contributions of the individual particles.345 Overall, a good agreement between experiment 

(SERS spectrum of the mixture) and simulation (different linear combinations of the 6 

individual SERS tag spectra) was obtained.  

Finally, it should be noted that, in addition to the use of commercially available Raman 

reporter molecules, some groups have also designed and synthesized custom-made Raman 

reporters. Examples include the conjugation of existing dyes to thiol-containing linkers for 

binding to the metal surface346-349  and the modification of aromatic thiols with triple bonds 

and short hydrophilic linkers containing terminal carboxy groups for bioconjugation.350 

3.4. Protection and Stabilization 

Direct hydrophilic stabilization of SAMs (short spacers) 

Colloidal stability and solubility in water of SERS nanotags are both largely dominated by 

the Raman reporters adsorbed on the metal surface.351,352 The conjugation of ethylene glycol 

(EG) spacers to the terminus of a Raman reporter molecule, e.g. the carboxylic acid of 

mercaptobenzoic acid or one of its derivatives, can significantly increase both the colloidal 

stability as well as the solubility in water, since the hydrophilic EG groups point towards the 

interface with the suspension medium. By using a mixture of a Raman reporter extended with 

a short  hydrophilic monoethylene glycol (MEG) unit comprising a terminal hydrophilic OH 

group, and the same Raman reporter extended with a longer triethylene glycol (TEG) moiety 

with terminal COOH moieties for bioconjugation, not only increased the steric accessibility 

of the SAM for bioconjugation via the longer TEG-COOH spacer, but also provided an 

option for controlled bioconjugation by varying the ratio of the two spacer units (MEG–OH 

: TEG–COOH).340,353-355 A further advantage of the hydrophilic EG units is the minimization 

of non-specific binding.340 This is a very important aspect in many biological and biomedical 
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applications: the binding selectivity is determined by the target-specific binding molecule 

and should not be hindered by non-specific binding of the labeling agent, which might lead 

to false-positive results.356 However, although both colloidal stability and water solubility 

are both guaranteed by this approach, many biomedical applications, in particular those in 

vivo, require the use of significantly longer EG chains. 

Stabilization by polymers and biopolymers 

Metal nanoparticle stabilization is a critical issue if the SERS tags are to be dispersed in 

biological fluids, since they will be prone to aggregating in high ionic strength media, which 

would compromise the stability of the SERS signal. Different polymers have been employed 

as protective layers to confer stability to SERS encoded particles in biological media and to 

prevent the release of the Raman reporter or non-specific protein adsorption.357 Polyethylene 

glycol (PEG) can be considered as the most versatile polymer, due to its biocompatibility 

allowing prolonged blood circulation lifetimes. Additionally, PEG synthesis through 

controlled polymerization can readily incorporate well-defined end-groups. For instance, the 

presence of an end-thiol functionality allows anchoring onto the metal nanoparticle surface, 

while preserving enough space to bind the Raman reporter (Figure 3.3).352 Alternative 

strategies comprise the encapsulation of plasmonic nanoparticles within crosslinked 

polymers such as poly(N-isopropylacrylamide) (pNIPAM).358 The encapsulation of single 

plasmonic nanoparticles within the microgels was based on a grafting through 

polymerization approximation.359 The porous nature of the pNIPAM coating allows the 

incorporation of Raman reporters, even if they do not have a specific affinity towards the 

metal nanoparticle surface, through diffusion and subsequent trapping by sealing the porous 

shell by layer-by-layer deposition of an outer polyelectrolyte coating, which eventually 

facilitates covalent conjugation with antibodies (Figure 3.3).360,361 Raman-encoded SERS 

tags have also been stabilized by encapsulation with an amphiphilic diblock copolymer such 

as polystyrene-block-poly(acrylic acid), through a thermodynamically controlled self-

assembly process leading to uniform coatings (Figure 3.3).362 A similar process was used for 

the stabilization of SERS encoded nanostars, using the copolymer dodecylamine-modified 

polyisobutylene-alt-maleic anhydride (PMA).363 Phospholipids have also been reported to 
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provide coatings that render the nanoparticles biologically compatible and highly 

versatile.364-367 

 

Figure 3.3. (A-B) Resonant Raman configuration; multi-dye conjugates capable of 

producing signals over a wide range of common excitation wavelengths (A) and dye 

conjugates with similar optical properties for multiplexing (B). Adapted with permission for 

Refs. 336 (Copyright 2014, American Chemical Society) and 360 (Copyright 2015, Wiley-

VCH), respectively. (C-F) Configuration for protection and stabilization; thiolated 

polystyrene (C), pNIPAM shell (D), PSS-PAA block copolymer encapsulation (E) and 

phospholipid coated SERS nanotags (F). Adapted with permission from Refs. 352 (Copyright 

2007, Springer-Nature), 360 (Copyright 2015, Wiley-VCH), 368 (Copyright 2018, Royal 

Society of Chemistry), and 364 (Copyright 2010, American Chemical Society.), respectively. 
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High molecular weight proteins such as bovine serum albumin (BSA) have also been reported 

as suitable stabilizing agents for encoded metal nanoparticles, preventing their aggregation 

as well as the desorption of Raman active molecules.346,351,369,370 BSA adsorption onto metal 

surfaces was suggested to occur via an electrostatic mechanism, in combination with binding 

of the single free external thiol group on N-form BSA (associated with a cysteine residue) to 

the the metal surface.371,372 Other proteins, such as antibodies, could be similarly used as 

stabilizing agents after binding the Raman reporter molecules, giving rise to a one-step 

biconjugation of the SERS tags.373 

Silica Encapsulation of SERS Nanotags 

Natan and co-workers introduced silica-encapsulated SERS nanotags, obtained by co-

adsorption of a Raman reporter and mercaptosilane (1:20 stoichiometry for incubation) onto 

the metal NP surface, followed by silica deposition on the vitreophilized NPs.374,375 This 

approach leads to sub-monolayer coverage of Raman reporter molecules (ca. 5 % based on 

the 1:20 stoichiometry) on the metal surface due to competitive surface adsorption with 

mercaptosilane. Doering and Nie presented a similar approach towards silica-protected SERS 

nanotags,376 while Schlücker and co-workers introduced the concept of silica-encapsulated 

SERS nanotags with 100 % surface coverage of Raman reporters, which leads to significantly 

brighter particles compared to sub-monolayer coverage.333,377 The subsequent formation of a 

silica shell around the SAM of aromatic thiols was initially achieved by preparing vitreophilic 

NPs using layer-by-layer deposition of polymers such as PAH and PVP onto SAM-coated 

NPs.333 Since this route involves several steps in different solvents and multiple 

centrifugation steps, it becomes labor-intensive and time consuming. A faster route can be 

achieved by using Raman reporter-SiO2 precursor conjugates, which contain both the actual 

Raman reporter molecule and a silane covalently attached to it.341 However, this approach 

requires an additional step using organic synthesis under protective atmosphere, due to the 

use of a moisture-sensitive silane. 

The deposition of a silica shell around a SERS nanotag is attractive because it provides high 

mechanical stability and the option for long-term storage.374 In addition to AuNPs and Au/Ag 

nanoshells, silica encapsulation has also been demonstrated for a variety of other plasmonic 

NPs, including gold nanorods,378 gold nanostars,379,380 gold NP dimers,332 and assemblies,381 
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which highlights the potential of this approach. A potential drawback is however, that 

electrostatic interactions with biological material render silica prone to non-specific binding. 

Thus, in particular for applications in vivo, an additional PEG coating using silane-PEG is 

recommended.382 

The plasmonic substrate can however be modified into either positive or negative charge by 

suitable surface modification, which allows electrostatic binding of various charged analyte 

molecules. The hydroxyl groups on the surface of silica can also be conveniently 

functionalized for incorporation of various analyte molecules. Modification of silica using 

bioreceptors enables potential application in immunoassays.374,383 On a different direction, 

the metal-molecule charge transfer contribution to SERS can be eliminated by silica coating, 

as varying the thickness of the silica shell further allows tuning the electromagnetic field 

experienced by the analyte molecule. In a recent study, Swathi, George Thomas and co-

workers have investigated the Raman signal enhancement by varying silica shell thickness (t 

= 3 to 25 nm). By using Ag@SiO2 with a negative surface charge ( = -33 mV) and a 

positively charged analyte molecule (1-pyrenyl(methyl)trimethylammonium 

hexafluorophosphate), an enhanced Raman signal intensity was observed when the probe 

molecules were placed at t ≤ 10 nm. At larger thickness, probe molecules are at sufficiently 

large distance from the plasmonic core that they experience negligible enhancement.384 Silica 

coating can also be used to tune plasmon hybridization, when brought in close proximity.385 

In a recent study, the gap distance between dimeric Ag@SiO2 nanostructures was varied from 

1.5 up to 40 nm, by increasing the silica shell thickness. A dimerization process was achieved 

by binding the ammonium ion screening the negative charge on the silica surface. An 

enhancement in Raman signal intensity (105-106) was observed at hotspots, decaying with 

gap distance. The SERS enhancement at hotspots was found to follow a 1/dn dependence, 

with n=1.5, in agreement with theoretical studies by Schatz and co-workers.32,386 

3.5. Bioconjugation to SERS Labels 

Direct conjugation of ligands to unprotected SERS nanotags 

The final step in the preparation of SERS tags is the bioconjugation step with a targeting 

entity, which confers to the encoded particle a high specificity to the molecule of interest. 
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The bioconjugation approach will strongly depend on the configuration of the SERS tag and, 

more precisely, on its protection and stabilization. Thus, for unprotected SERS nanotags 

direct bioconjugation to the plasmonic nanoparticle could be achieved through the adsorption 

of proteins (i.e. antibodies, thiolated DNA) by either electrostatic interactions or covalent 

binding. Within this direct bioconjugation, different alternatives have been developed, such 

as the co-adsorption of a thiolated Raman reporter and the antibody leading to a mixed 

monolayer.338 An alternative design involves a bifunctional coating, where first a thiolated 

Raman reporter with a terminal succinimide group is attached and the protein can then be 

covalently attached through the formation of an amide linkage.339  

Conjugation of ligands to protected SERS nanotags  

The bioconjugation of protected SERS tags relies on the terminal functional group of the 

stabilizing shell. Typically, most common end groups are either carboxyl groups or primary 

amines, which facilitate further bioconjugation of the nanoparticles through the formation of 

an amide bond by carbodiimide activation.387 The extensive library of different 

functionalities reported from polymer chemistry readily allows functionalization of 

nanoparticles with biological molecules through chemical approaches, such as Michael 

addition, click chemistry or Diels-Alder reaction, among others.388 Bioconjugation from 

biopolymer stabilized nanoparticles relies on the availability of terminal amine and carboxyl 

groups, allowing subsequent functionalization through EDC/NHS chemistry as described 

above.389 For example, Knudsen et al. described the stabilization of SERS tags by BSA 

adsorption, but in combination with glutaraldehyde, leading to a cross-linked organic 

encapsulation.390 The addition of glutaraldehyde removes most of the surface amino groups 

from BSA, rendering a SERS tag with a net negative charge from the carboxylic acid groups. 

For silica-encapsulated SERS nanotags, silanes with amino or thiol groups (e.g., APTMS, 

MPTMS) can be employed for bioconjugation. Heterobifunctional crosslinkers, such as those 

with a NHS ester at one terminus and a succinimide at the other, can couple the amino (or 

thiol)-functionalized SERS tags to target-specific ligands such as antibodies via their thiol 

(or amino) moities (Figure 3.4).333 A similar strategy can be also used to link with sugar head 

groups such as mannose for lectin targeting, allowing for the specific uptake by macrophages 

and thereby serving as an in vitro model for the detection of atheroslerosis.391 
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Figure 3.4. SERS nanotag-antibody conjugate with a heterobifunctional linker molecule. 

Reproduced with permission from Ref. 333. Copyright 2009, Wiley-VCH. 

3.6. Brightness of SERS Nanotags 

Ensemble experiments 

The evaluation of the brightness of a SERS tag relies on measuring the SERS enhancement 

factor (EF). The EF is a relative measurement of the effect of the plasmonic nanoparticle on 

the scattering intensity of the Raman reporter. From a qualitative point of view, a relatively 

simple method to estimate the SERS enhancement efficiency is the measurement of the 

analytical enhancement factor (AEF),57 which can be calculated as: 

𝐴𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆
𝑐𝑆𝐸𝑅𝑆

𝐼𝑅
𝑐𝑅

⁄  

where ISERS and IR are the intensities of the SERS and Raman signals, respectively, and cSERS 

and cR are the concentrations of the analyte in the SERS and control Raman experiments 

respectively. Although ensemble measurements of the SERS intensity can be a useful 

measure to characterize SERS performance for analytical applications, in particular for SERS 

in colloidal solutions, uncertainties about SERS tag concentration, size heterogeneity, and a 

lack of widely accepted external intensity standards for calibrating intensity, represent 

significant hurdles against this approach.51  

Alternatively, the variation of the SERS intensity as a function of particle concentration has 

been proposed as a way to test how quantitative and reproducible the intensities of SERS tags 

are.360 Nam et al. reported that SERS nanotags (under non-resonant conditions) composed 

by Au/Ag plasmonic nanosnowmen can be detected at concentrations as low as 1 pM. 

Interestingly, for the same configuration but under resonance conditions, the lowest 
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detectable particle concentration was 5 fM, which represents an improvement of two orders 

of magnitude in the detection limit, additionally showing a linear dependence over 1-100 fM 

range, which makes them suitable for quantification purposes.392 

Single-particle experiments 

Conventional SERS experiments are performed on colloids in a cuvette. This type of 

ensemble measurements yield a mean value of the SERS intensity averaged over all particles 

within the focal volume during the acquisition time. Quasi-spherical AuNP and AgNP are 

the most commonly metal colloids used in SERS and it has been demonstrated that monomers 

are not SERS-active, but small clusters of AuNP such as dimers and trimers are.23,381,393-395 

From a pragmatic point of view, one does not necessarily have to care about the 

monomer/cluster composition of the colloid, as long as there is enough SERS signal for 

detection. However, this aspect clearly matters when microscopic SERS experiments are 

performed, in which, due to spatial constraints, only single particles may bind to a given 

biological target.396 Computer simulations are very helpful in the theory-guided design of 

bright SERS nanotags which are detectable at the single-particle level.199,381 A convincing 

experimental demonstration of single-particle SERS brightness typically requires correlative 

experiments either on immobilized tags70,199,397 or in suspension.398 

The ideal SERS nanotag would be a highly monodisperse colloid in which each and every 

single particle gives an equally strong SERS signal. This highly ambitious aim requires 

synthetic efforts for producing highly uniform SERS nanotags, advanced separation 

techniques for isolating the highly SERS-active particles, and finally sophisticated single-

particle SERS characterization techniques in suspension to determine the distribution 

function of the SERS intensity for a sufficiently large number of individual tags. 

 

4. Analytical Techniques and Quantification 

4.1. Analytical Techniques 

The task of analytical techniques dealing with SERS is either identifying or quantifying 

molecules, or both. To reach this aim many different approaches for many different 
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molecules/components (or classes of molecules) have been developed during the past 

decades. In general, the identification of a molecule/component can be performed via direct 

or indirect strategies. Direct measurements are characterized by recording and analyzing the 

analyte’s own fingerprint, whereas indirect strategies use the SERS response of a secondary 

molecule, stimulated by the presence of the analyte. Normally, direct techniques offer the 

advantage to reflect the instantaneous situation of the molecule (binding state, orientation, 

molecular conformation, interaction to the surface and to surrounding molecules) but imply 

label-free SERS measurements, which are often more challenging due to very low Raman 

cross sections for most molecules. This problem can be overcome by using a bright molecule 

as a messenger (label), featuring an extraordinarily high SERS cross section. Analytical 

detection schemes based on label molecules or SERS tags, belong to indirect techniques. 

Indirect pathways are also possible without labels in the classical sense, e.g. when the SERS 

response of a secondary molecule changes or depends on the interaction with the analyte.  

These molecules can be of different nature and in general are selective to a specific analyte. 

Chemosensors such as molecular beacons, aptamers, or DNA sequences are some of the 

molecules used in biomedical applications (see Section 5 for some examples). Moreover, the 

different interaction of chiral molecules with the plasmonic substrate or with the ligand 

attached to the substrate can be used to discriminate between two enantiomers using SERS. 

The large signal enhancements in SERS generate stronger and more stable signals than those 

from chemical fluorophores, but the lack of precise control over the degree of amplification 

typically results in poorly reproducible, non-quantifiable SERS signals. Over the years, focus 

has been on the enhancement of the Raman signal, rather than quantifying the signals, which 

is of high importance for various analytical aplications. The enhancement factors reported 

are often overclaimed or misclaimed, thereby limiting practical application, particularly in 

diagnostics and bioimaging.399-402 Addressing these issues should be one of the central topics 

for future advancement in the field of SERS, which aims to build a well-defined analyte-

nanogap system with outstanding uniformity for large area scaling. To this end, plasmonic 

nanogaps should be fabricated in a robust way to ensure a reproducible field enhancement. 

The highest SERS enhancement would be obtained in the narrowest gap distance (sub-

nanometer size) before quantum quenching effects dominate.89,403,404 Further optimization of 

SERS detection also demands many aspects of excitation and detection matching, such as 
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plasmon resonances in wavelength,405,406 polarization407-409 and emission direction.410 Sub-

nanogaps can be realized by aggregation, assembly or lithographic methods (see section 2) 

but also in core-shell nanoparticles having tailored gaps between core and shell (so-called 

intra-gap). Alternatively, sub-nanogaps can also be generated between nanoparticles and flat 

metallic surfaces. Such a situation is realized in nanoparticle-over-mirror (NPoM) 

configuration, with a dielectric and a defined spacer between nanoparticle and mirror. Shell-

isolated nanoparticles (SHINs) can also be considered as a specific realization where the 

dielectric spacer is equivalent to the nanoparticle shell, additionally acting as a protection or 

coating. SHINs are flexible nanoparticle systems for analytics because, as well as the size, 

material and shape of the plasmonic core, the material and thickness of the dielectric layer 

and the support can be tailored for specific application strategies. 

4.2. SERS Chemosensors 

Chemosensors (also molecular sensors) can be considered as an analytical concept (or 

device), which is used for sensing of an analyte. They are typically composed of a signaling 

moiety and a recognition moiety, which in the presence of the analyte generate a detectable 

signal or a signal change. SERS-based chemosensors comprise plasmonic nanoparticles or 

nanostructures functionalized with specifically binding ligands (the chemosensors) as 

receptors, which can selectively recognize the analyte of interest. The analyte-ligand 

interaction changes the original ligand SERS signal or gives rise to a different SERS signal. 

Advantages of this method include the generation of highly selective sensors, but also the 

use of the chemosensor as an analytical standard for quantitative purposes. An advantage of 

SERS chemosensors is the high sensitivity and the small bandwidth of the molecular 

fingerprint that permits distinguishing even molecules with similar structures. The same 

concept can be applied to target biological material, e.g., by functionalization of the 

nanoparticles with specific antibodies, aptamers, peptides etc. (Section 5). This kind, to 

which also some of the SERS labels described in section 3 belong, works as a SERS 

biosensor. SERS chemosensors and biosensors have been designed for many different 

analytes, from single atoms such as metal ions,411-414 to small ions and molecules,415-417 

biomolecules,418,419 genes,420 cells and tissues, both in vitro and in vivo.421 A look into the 

recent literature reveals a heavily rising tendency and interest in the development of SERS 
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sensors; examples of analytical applications are presented in more detail in other sections 

below. 

4.3. Enantioselective Discrimination of Chiral Molecules by SERS 

Molecular chirality is one of the most intriguing fundamental characteristics in various fields 

such as catalysis, chemical biology, and pharmacology.422-427 Two kinds of enantiomers in 

biological process can demonstrate essential differences in terms of physiological responses. 

Various conventional spectroscopic methods have been used to explore enantiomeric 

discrimination, such as fluorescence spectroscopy, nuclear magnetic resonance (NMR) 

spectroscopy, vibrational circular dichroism (VCD), and Raman optical activity (ROA). 

Most of these approaches require either the synthesis of a specialized chiral entity as a chiral 

selector or the use of circularly polarized light (chiral light).  

Few studies have been reported on achieving chiral discrimination by SERS, which 

unfortunately lack generality and show poor distinction between enantiomers. As a result, we 

can say that generic spectroscopic enantioselective detection by SERS has not been realized 

due to difficulties in the fabrication of a SERS receptor with the specific stereochemical 

properties required to detect molecular chirality. Ozaki and co-workers proposed a label-free 

enantioselective discrimination method for chiral molecules based on SERS,428,429 which 

does not require either chiral reagents or chiral light. The enantioselective discrimination of 

various chiral alcohols was achieved by SERS through charge–transfer (CT) 

contributions.428,429 The relative peak intensities in the SERS spectra of a chiral selector 

without chirality rely strongly on the chirality of its surroundings. This marked spectral 

discrepancy probably arises from the tendency of chiral isomers to form intermolecular 

hydrogen-bonding complexes with the chiral selector in different molecular orientations, 

resulting in different CT states and SERS intensities of the adsorbed selector molecules in 

the system. Figure 4.1 shows the fabrication process for the chiral discrimination system 

based on SERS.429 The Ag-chiral selector molecule complex was fabricated on a glass 

substrate by a previously reported method.428,429 

 



 78 

 

Figure 4.1. Schematic view of the fabrication process of a chiral discrimination system based 

on SERS. Reprinted with permission from Ref. 429: Copyright 2016, American Chemical 

Society. 

Figure 4.2 shows the SERS spectral features for the enantiomeric separation of p-

mercaptopyridine (MPY).428 Of note is a marked intensity decrease of the band at 1578 cm-1 

(the non-totally symmetric vibration, b2 mode) and a simultaneous intensity increase of the 

band at 1612 cm-1 (the totally symmetric vibration, a1 mode) when the Ag-MPY complex 

was immersed in a solution of the S enantiomer, or even in the racemic mixture (Figure 4.2). 

Additionally, the enantioselective discrimination indicator, i.e. the ratio of the intensity of 

the bands at 1202 and 1220 cm-1, in both 2-butanol and 1-methoxy-2-propanol (MOIP) 

increased when increasing the S enantiomer content (Figure 4.2B,E).  It was considered that 

there are some slight differences in the spatial structures of the S and R enantiomer-MPY 

complexes versus Ag NPs, generating different energy states that could induce differentiated 

CT processes between the adsorbed MPY and the Ag substrate.428 In general, changes in the 

relative Raman intensities of adsorbates in a SERS spectrum could be a visible manifestation 

of a CT transition and be considered as a propensity rule to estimate the occurrence of a 

photoinduced CT process. According to the CT mechanism, it can be inferred that the S-type 

enantioselective discrimination process in an assembled system increases the contribution of 

the Frank–Condon term and simultaneously inhibits the Herzberg–Teller term. Nevertheless, 

in spite of the hydrogen bonding interaction with the Ag-MPY complex, the R enantiomer 

may have a difference in either orientation or composition, leading to a different CT state 

being involved in the CT transition. In this case, SERS enhancement of the MPY molecules 

may still be greatly influenced by the Herzberg–Teller effect. Thus, this enantioselective 
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phenomenon in SERS spectra is dominated by the CT enhancement mechanism, based on 

the effect of intermolecular hydrogen bonding in the system. In this label-free 

enantioselective discrimination method, the selectivity originates from the enantioselectivity 

of the intermolecular hydrogen bonding interactions. The difference in protonation of the Ag-

MPY complex through hydrogen bonding leads to formation of different CT states of the 

complex, which are further manifested in remarkable differences in the SERS spectra.428 

 

 

Figure 4.2. A, D) Normalized SERS spectra of the MPY-Ag complex separately immersed 

in different chiral alcohols (2-butanol and MOP, respectively) in their optical pure and 

racemic forms. B, E) and C, F) Magnifications of the 1175-1250 cm-1 and 1540-1650 cm-1 

spectral regions of the SERS spectra shown in (A) and (D), respectively. Reproduced with 

permission from Ref. 428. Copyright 2014, Wiley-VCH. 

 

To further explore the possible mechanism of enantioselective discrimination, a series of 

SERS experiments were carried out with p-aminobenzenethiol (PATP) as the chiral selector 

molecule.429 Laser excitation wavelength-dependent and concentration-dependent SERS 
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experiments revealed that CT-induced chiral discrimination enhanced the differences 

between both enantiomers of two chiral alcohols (2-butanol and 1,1,1-trifluoro-2-propanol) 

interacting with PATP, by SERS. It was proposed that the directions of CT from Ag 

nanoparticles to PATP molecules are different under different enantiomeric conditions, 

resulting in different CT transitions and significantly different SERS spectra.429 

The above studies demonstrate discrimination between two enantiomers and break the 

traditional notion that chiral discrimination requires other chiral entities as chiral selectors or 

the involvement of chiral light in the system. This approach may thus be of great significance 

in the field of chiral separation and chiral catalysis. The above studies did not consider the 

possibility that chirality of plasmonic nanostructures may contribute to enantiomeric 

discrimination. Investigation of the hotspot-by-hotspot dependence ability of the chiral 

selector may reveal the local chirality of plasmonic nanostructures, which should be 

complemented by DFT calculations for CT complexes. Similar studies may also be possible 

using TERS. It has been reported that the metal tip in TERS has intrinsic chirality.74,430 even 

if chirality is averaged out by a collective measurement by SERS. Ozaki and co-workers 

recently reported the observation of enantiomeric discrimination by TERS, using a 

chemically modified TERS tip.431,432 In this case the mechanism of enantiomeric 

discrimination is probably due to a CT mechanism similar to the SERS case, as well as the 

chirality by the tip. The contribution of chirality by the tip was confirmed by measuring the 

tip-by-tip dependence of enantiomeric discrimination. Nurushima and Okamoto433 reported 

strong nanoscale optical activity localized in two-dimensional chiral metal nanostructures. 

As nanostructures with chiral shapes behave like chiral molecules and show optical activity, 

it is likely that the summation of local optical activities over the entire nanostructure provides 

optical activity to the chiral nanostructure. Their study indicates that prominent nanoscale 

local circular dichroism (CD) signals may exist even if only a tiny CD signal is observed as 

the macroscopic optical activity of the nanostructured sample. In contrast to conventional 

Raman spectroscopy, where there is no chirality because any chirality would be averaged 

out, SERS and TERS have intrinsic chiral nature. For example, a hotspot itself is not 

completely symmetrical and thus may have some chirality. We should probably deepen in 

our understanding of chirality in the near field.  

 



 81 

4.4. Quantitative SERS with Plasmonic Nanogap Particles 

Enhancing the SERS signals by many orders of magnitude while uniformly controlling the 

signal intensities and spectral features from Raman-active molecules on each structure is 

utterly challenging and complicated, since even one or two nm difference in the position of 

a Raman dye on a nanostructure can significantly affect SERS signal intensity.52 Precisely 

synthesizing plasmonic nanostructures in ultrahigh yield, creating the plasmonically 

enhanced electromagnetic field on many nanostructures, often assembled, in a reproducible 

manner, precisely positioning Raman dyes inside a highly localized and enhanced field, 

controlling the orientation, number and density of dyes, incorporating and tuning resonance 

effects between laser wavelength, plasmonic structure and dye molecule, measuring and 

comparing SERS signals from single molecules, single particles and bulk samples in a 

quantitative manner, and understanding and controlling the interactions between Raman 

dyes, nanostructures, passivation molecules and target samples, particularly for biomedical 

and chemical sensing applications, should all be considered for quantitative SERS (Figure 

4.3). Analytical methods for obtaining the plasmonic gap size, the number and orientation of 

particle-surface-modified Raman dye molecules and SERS enhancement factors (EFs), 

significantly influence the outcome of SERS results that vary among different studies by 

different researchers, with different approaches and setups. Further, the SERS signals from 

a large number of individual particles should be compared to the SERS signals from bulk 

samples for quantitative assessment of SERS data. In these regards, from design to 

applications, many different steps and aspects must be carefully and quantitatively 

scrutinized to test whether a particular probe or system is actually useful for real applications 

with SERS (Figure 4.3). It should be noted that, although more desired and beneficial, 

ultrahigh SERS EF values from plasmonically enhanced nanostructures mean that that these 

structures are likely to generate poorly controllable and heterogeneous SERS signals to a 

larger degree than the cases with lower EF values.  

Important advances have been made for quantitative SERS using plasmonic nanogap 

structures possessing ~1 nm gaps, either between particles (interparticle gap or intergap) or 

inside a single particle (intraparticle gap or intragap) (see TEM images in Figure 4.3).89,399,400 

Precisely synthesizing the targeted nanostructures in high yield (well over 95%) is the first 
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step for quantitative SERS,434,435 and poor controllability of the size and shape of the 

nanogaps with low structural reproducibility can generate large fluctuations in SERS signal 

intensity and peak positions (Figure 4.3).436,437 Single-molecule SERS has been shown to be 

reliable and repeatedly detectable with gold-silver nanodumbells, where a Raman dye is 

positioned at the center of DNA-tethered gold nanoparticles and interparticle gaps have been 

engineered by nm-scale tuning of silver shells.434 It has been theoretically shown that forming 

~1 nm or smaller gap is critical toward largely increasing the electromagnetic field within 

the gap between metal structures, and DNA-tethered nanoparticle dimers with <1 nm 

interparticle gap can generate a narrow distribution of larger SERS EFs.435 Intrananogap 

particles are promising and therefore several methods and strategies have been reported to 

form nanoparticles with highly uniform and controllable ~1-nm intragaps.220,438-440 Such 

particles with robust 1-nm gaps can be used as reliable SERS labels (or SERS tags) with 

quantitative SERS signals. It should also be noted that quantum tunneling effects may be 

present for sub-nm (~0.3-0.7 nm or smaller) gaps formed between metal 

nanostructures,89,441,442 and this effect should be avoided for stronger SERS signals because 

tunneling reduces the electromagnetic field inside the nanogap (see Section 1). Therefore, 

sub-nm accuracy in engineering nanogaps and precisely positioning Raman dyes inside them 

are needed to obtain maximum and reproducible SERS signals. 

If biomedical applications are considered, quantitative aspects and data reliability in SERS 

become even more important, and surface chemistry of SERS probes is critical in maximizing 

target binding and minimizing nonspecific binding. Further, large-scale production of 

targeted SERS probes/substrates with high structural precision and desired functionalities 

while generating the same detection/imaging results with different batches of probes, 

particularly as scaling up the synthesized probe amounts, is absolutely necessary for the 

clinical and commercial use of SERS probes/substrates, but utterly challenging. Although 

fluorescent probes have been dominantly used in biomedical applications, they suffer from 

many issues including poor photostability (photobleaching/photoblinking), limited 

multiplexing capability (broad linewidth), and autofluorescence background signals. In 

contrast, Raman scattering exhibits sharply and clearly discernible molecular fingerprint 

peaks with excellent photostability443 can be free from background signals, and offers richer 

information on molecules and nanostructures. These features have been recently shown 
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powerful in biosensing and bioimaging applications with high multiplexing potential, a 

reliable long-term monitoring capability of biomolecules of interest inside a cell, multimodal 

bioimaging, and ultrasensitive and quantitative bio-detection.440,444 Thus, if the quantitative 

SERS issue can be addressed properly with all the supporting evidences described above, we 

might now be looking at the emergence of SERS probes/substrates that can finally replace or 

complement widely used fluorescent probes in the near future and provide opportunities for 

SERS probes in a wide variety of practical applications. 

 

 

Figure 4.3. Prospects and challenges of quantitative SERS (top) and representative 

plasmonic nanogap structures for quantiatitve SERS (bottom). 

4.5. Remote SERS  
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For trace-molecule detection and analysis, the SERS sensitivity and reliability critically 

depend on whether the analyte is stably positioned around the effective hotspot region 

(Figure 4.4), or better yet, the orientation matches the vibration modes and plasmonic fields. 

To trap analytes inside nanogaps, various techniques have been applied, including plasmon-

enhanced optical forces,445,446 micro-capillarity,289 DNA assembly,222,447,448 and host−guest 

chemistry.449,450 

Recently, a quantitative SERS study using a MoS2-spaced metallic nanoparticle-over-

mirror (NPoM) system (Figure 4.4) by Chen et al. tried to meet most of these 

requirements.404 By using monolayer MoS2 to separate the nanoparticle and gold mirror, a 

robust 0.62 nm-thick gap, which is near the upper limits of field enhancement, was created. 

To obtain the maximum SERS signal, the optimal resonant excitation was matched by a 

plasmon-scanning technique. Furthermore, the strict lattice arrangement of MoS2 filling the 

gap ensures a precise alignment between the lattice vibrations and the plasmonic field 

components. As a result, the plasmonic enhancement can be quantitatively probed. These 

quantitative SERS designs might provide important guidelines for interesting effects under 

the high gradient plasmonic field, such as quantum plasmonics,451 plasmon-phonon 

interactions,452 selection rule breakdown,453 and cavity optomechanics.100,101 

 

Figure 4.4. While in conventional SERS, the molecules to be probed are hard to trap and 

control, a Raman probe based on 2D materials can be used to build a robust sub-nanometer 

gap. It allows a perfect orientation match between the vibrational modes and the local 

plasmonic fields. Reprinted with permission from Ref. 404. Copyright 2018, Springer 

Nature. 
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In conventional local SERS experiments, the samples are directly exposed to a far-field 

incident beam, to excite a much smaller nanoscopic hotspot region for the desired SERS 

signal. This local excitation mode not only brings strong background noise from the 

remaining unenhanced region, but is also unsuitable for some biological studies due to 

photodamage effects under the strong laser exposure. An effective approach to circumvent 

these problems is based on using remote SERS, by coupling the hotspots with a plasmonic 

waveguide. This was first demonstrated in a nanowire-particle system (Figure 4.5).454,455 In 

this scheme, surface plasmon polaritons (SPPs) are generated at the nanowire end by far-field 

excitation, and then propagate along the nanowire waveguide,456 to excite SERS signals of 

molecules in the nanowire-particle junction (several micrometers away from the laser beam). 

Owing to the separation between the SERS output region and the excitation beam, this 

technique allows for high signal-to-noise-ratio (SNR) SERS detection, without losing single-

molecule sensitivity. This is especially suitable for applications associated with SERS 

imaging. 

Recently, in an initial stage, the remote SERS technique by virtue of a nanogap-coupled 

nanowire probe was applied to live-cell SERS endoscopy (Figure 4.5).457 In contrast to the 

local SERS detection with a laser beam directly illuminating the cell, remotely excited 

hotspots in the cell show a largely reduced photodamage effect, and much higher SNR SERS 

signals from the nucleus region. In the future, the sensitivity and specificity of in vivo remote 

SERS detection could be further improved by optimizing the plasmonic nanogaps, using 

various chemical-linking techniques. Their resonant antenna conditions in complex liquid 

environments, including resonance and polarization matching, should also be carefully 

considered. On the other hand, a remote-excitation plasmonic source from a similar nanogap-

coupled nanowire probe has been used to suppress the background noise in TERS 

measurements.458  
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Figure 4.5. (a) (i) SEM, (ii) scattering and (iii) Raman images of a nanoparticle-coupled 

nanowire plasmonic waveguide for remote SERS. The green cross in (iii) marks the 

illumination position. Reprinted with permission from Ref. 454. Copyright 2009, American 

Chemical Society. (b) (i) Transmission (ii) remote SERS images of a live HeLa cell with the 

nanoparticle-coupled nanowire endoscopy. (iii) the SERS spectrum from the nucleus region 

of the cell. Reprinted with permission from Ref. 457. Copyright 2014, Wiley-VCH. 

The NPoM system is another promising platform for future remote excitation methodology. 

This is based on the conversion between SPPs propagating along the metal film and localized 

plasmon modes within the gaps. This can be achieved by momentum matching, through the 

use of a proper excitation wavelength and control of particle geometry and gap morphology. 

The propagation of the antenna-mediated SPPs can be flexibly directed by rotating the 

excitation polarization, or controlling the laser beam position with respect to the gap 

antenna.459 By reciprocity, the strongest out-of-plane gap mode can be excited to the 

maximum by the SPPs due to their vertically-oriented electric field. This facilitates the 

optimization of SERS detection and studies in a quantitative manner. By further combing 

specific-targeting techniques460 in the NPoM system, the remote excitation technique could 

manifest the potential for future quantitative SERS detection and studies, including 

bioanalysis and plasmon-driven chemical reactions.461-463 On the other hand, the remotely-

excited gap antenna can be used to avoid damage from the pulsed high power laser for the 

excitation of plasmon-enhanced nonlinear Raman processes, such as coherent Raman 



 87 

scattering464 and molecular optomechanics,106 making these novel phenomena clearly 

resolved in a more stable plasmonic analyte-hotspot system. 

4.6. Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) 

Admittedly, SERS is an extremely surface sensitive technique, but it is material limited, 

requiring nanostructured plasmonic substrates to generate surface plasmon resonances 

(SPRs) for enhancing the Raman signals. To overcome this limitation, Tian’s group 

developed so-called shell-isolated nanoparticle-enhanced Raman spectroscopy 

(SHINERS).465 In SHINERS, inert shell-isolated nanoparticles (SHINs) consisting of 

plasmonic cores (Au or Ag) and ultrathin but pinhole-free silica shells, work as nano-sized 

Raman signal amplifiers (Figure 4.6). The plasmonic cores generate strong electromagnetic 

fields, which enhance the Raman signals of nearby molecules, while the silica shells isolate 

the plasmonic cores preventing physical interactions with the analyte. At the same time, the 

silica shell can greatly improve the long-term stability of the plasmonic cores, especially 

when Ag is used.466 In general, by simply applying SHINs to the probe surface, SHINERS 

can be used to investigate any type of substrate, with enhancement factors up to 5-8 orders 

magnitude.467 SHINERS has now been widely applied in various fields, including 

electrochemistry (EC), analytical chemistry, catalysis, energy, life sciences, and even 

people’s daily lives.468 

 

Figure 4.6. Schematic diagram of the principle of SHINERS. Reprinted with permission 

from ref. 465. Copyright 2010, Springer Nature. 

A major application of SHINERS is probing interfacial processes at single crystal surfaces 

with well-defined surface atomic structures and electromagnetic fields,468 which is of 

significance in surface science but can hardly be studied by traditional SERS due to the well-
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known material limitation of SERS. Combining SHINERS with electrochemistry (EC), Li 

and co-workers successfully studied in situ the potential dependent adsorption behavior of 

molecules, such as hydrogen, CO and pyridine, at Au(hkl), Pt(hkl) and Rh(hkl) surfaces, 

respectively, and observed their different potential dependent adsorption 

mechanisms.465,467,470,471 Next, they used in situ SHINERS to study catalytic reaction 

mechanisms at Au(hkl) and Pt(hkl) single crystal electrodes. For example, during 

electrooxidation at the Au(hkl) single crystal surface, direct Raman spectroscopy evidence of 

the OH intermediate was observed.472 Recently, in situ electrochemical-SHINERS has been 

used to monitor the oxygen reduction reaction (ORR) at Pt(hkl) surfaces, the most important 

cathode reaction in fuel cells.473 When ORR was performed under acidic conditions, OOH 

intermediates were observed at Pt(111), whereas OH species were observed at Pt(110) and 

Pt(100) surfaces. However, ORR in alkaline conditions led to observing O2
- at all three low-

index Pt(hkl) single crystal electrode surfaces. Therefore, different key intermediate species, 

generated at distinct Pt(hkl) facets, can induce different ORR catalytic pathways. 

In contrast with catalysis on well-defined surfaces, nanocatalysts are used throughout 

industrial processes to greatly enhance their efficiencies. However, nanocatalysts feature 

more complicated surface structures and are usually dispersed on supports, such as oxides or 

carbon black, with high surface areas. Therefore, due to the lack of coupling effects between 

the catalysts and SHINs, it is difficult to directly employ SHINERS to study surface catalysis 

processes on nanocatalysts. To that end, a general SHINERS-satellite strategy was developed 

to track nanocatalytic processes in situ.474 Nanocatalysts were deposited on SHINs via 

charge-induced self-assembly, to form SHINERS-satellite (Au core@silica 

shell@nanocatalyst satellite) nanocomposites, so that the Raman signals of species adsorbed 

on the nanocatalysts can be effectively enhanced. Using the SHINERS-satellite strategy, the 

reaction mechanisms and structure-activity relationships for CO oxidation on Pt- and Pd-

based nanocatalysts were successfully identified. Additionally, in situ SHINERS 

demonstrated that O2 is efficiently activated on PtFe bimetallic catalysts, into superoxide and 

peroxide, even at room temperature, with higher activities than those achieved with a pure Pt 

catalyst. Conversely, at Pd nanocatalysts CO oxidation only occurs at high temperatures 

when PdOx is formed and O2 is activated to superoxide and peroxide, indicating that O2 

activation is essential for CO oxidation and that surface PdOx may be the active site. 
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SHINERS has also been used on numerous substrate surfaces in various fields, to obtain 

enhanced Raman signals. One example is the application of SHINERS to study the 

atomically smooth Si single crystal surface, widely used in the semiconductor industry, 

which successfully provided the Raman signal of the Si-H bond during surface cleaning 

processes.465 In addition to metallic and non-metallic substrates, SHINERS can also be used 

to probe complex biological systems. For instance, membrane structures of living cells were 

obtained using SHINERS with Raman signals detecting mannoprotein and other bioactive 

substances related to protein secretion and movement in living cells.465 In combination with 

portable Raman spectrometers, SHINERS has also been used in the areas of food safety and 

rapid detection, to successfully detect pesticide residues on the surface of fruit or vegetables. 

SHINERS, therefore, provides the opportunity to overcome the long-standing material and 

morphological limitations of traditional SERS, while significantly improving the trace 

analysis capabilities of Raman spectroscopy. The SHIN enhancement concept has been 

expanded to other surface enhanced spectroscopies. For instance, due to the quenching effect 

resulting from nonradiative energy transfer between metal substrates and fluorophores, 

surface enhanced fluorescence displays only around one order of magnitude enhancement. 

Both the Aroca and Li groups developed shell-isolated nanoparticle-enhanced fluorescence 

(SHINEF), reporting a 103 enhancement factor with general application to different 

fluorophores, quantum dots, and even phosphorescent molecules.466,475-478 Li and co-workers 

also established shell-isolated tip-enhanced Raman and fluorescence spectroscopy by 

employing shell-isolated tips, which can exclude interference by contaminants and allows 

acquisition of tip-enhanced Raman and fluorescence signals simultaneously.479 Thus, it 

shows promising applications for the Raman and fluorescence dual mode analysis of 

solutions, such as biological systems. More remarkably, shell-isolated tip-enhanced ablation 

and ionization mass spectrometry has also been realized, which greatly improved the spatial 

detection resolution from the micrometer to the nanometer scale.480 These shell-isolated 

nanostructure-enhanced spectroscopic techniques with ultrahigh sensitivity and spatial 

resolution will make it possible to monitor biological and energy conversion processes at a 

single-molecule or even a single-atom in real-time, thereby providing profound fundamental 

insights into reaction processes. 
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4.7. Analytical Quantification  

The most fundamental goal of an analytical chemist is answering two questions about an 

analyte in a sample: 1) what is it? 2) what is its concentration? SERS answers the qualitative 

question better than several other analytical tools. The SERS pattern is a vibrational 

fingerprint of the species being analyzed, leading to direct identification.52 Advanced 

chemometric methods can be applied to extract the spectral signature for each component in 

a complex mixture481 The high sensitivity inherent to SERS allows identification of particular 

analytes, even at very low solution concentrations. The ability of SERS to answer the 

quantitative question is regularly challenged by analytical chemists outside the SERS 

research field. This skepticism is justified by the reputation of SERS being an irreproducible 

technique. The source of irreproducibility has been assigned to the nature of the SERS 

substrate (metallic nanostructured surface that supports the effect). As extensively discussed 

above, the plasmonic SERS effect requires molecules to be adsorbed on surface regions of 

strong localized fields, i.e. hotspots. The electric field distribution around a hotspot is not 

homogeneous and it is highly dependent of the local geometric characteristics of the metallic 

nanofeatures. In principle, this causes a high degree of variability in SERS intensities, since 

nanometric changes in molecular position, orientation and nanoparticle geometry should 

result in very large changes of the scattering response. This “limitation” of the SERS 

technique has arguably precluded the widespread application of the method in industrial 

settings. However, the last 20 years have been marked by an accelerated development in 

nanotechnology, including methods for design, fabrication and synthesis of 

nanostructures.482,483 Motivated by trying to find solutions to the “substrate reproducibility 

problem”, SERS researchers played a pivotal role in those advances and reported several 

approaches, with different degrees of sophistication, for substrate preparation (some of these 

approaches are described in this perspective). In fact, hundreds of papers have been published 

over the years on how to produce SERS substrates with different characteristics, including 

large-area, low-cost, high efficiency and “good reproducibility”. The state-of-the-art in the 

field offers a variety of technologies to prepare substrates (from either top-down or bottom-

up approaches) that present reasonable (less than 20% RSD) variations in SERS 

intensities.482 Even commercial substrates that provide a good degree of reproducibility are 

now available.484 These substrates allow the construction of robust calibration curves from 
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SERS data that can be used for quantification in real-world analytical applications. Beside 

the control of substrate reproducibility, the processing and analysis of spectral features for 

quantification is another significant challenge, in particular in complex mixtures and 

environments, multicomponent samples (of known or unknown composition) and at low 

concentrations down to the single-molecule level. 

Development of chemometrics for quantitative SERS 

Whilst many would consider analytical techniques within SERS limited to nanoparticle 

production, different types of sample processing and analysis, an important aspect that has 

been developed over the last decade is the use of chemometrics. These computational 

approaches are based on multivariate data analyses and use the whole SERS spectra rather 

than specific bands for quantification. A recent review of mathematical approaches for 

quantifying analytes from SERS data,485 details two general approaches, which are 

summarized and exemplified here. 

The first approach uses a readily identifiable unique peak that is specific to the substance 

being quantified. In this case, one can generate a simple calibration model by plotting the 

intensity or area of the band against analyte concentration. In order to overcome any 

extraction efficiencies from complex samples or any unavoidable analytical challenges (viz., 

number and arrangement of nanoparticles in the collection voxel, or laser power fluctuations) 

recent developments have involved the use of isotopologues (also referred to as isotope 

dilution surface enhanced Raman scattering (ID-SERS)) where isotope substitution is used 

in an internal standard, with the same molecular formula and structure as the determinand.486 

This method leads to different but recognizable vibrations (e.g., a CH at ~2800 cm-1 is shifted 

to ~2100 cm-1 in CD) which can then be used for ratio-based correction. However for 

12C to 13C and 15N to 14N, the shifts are generally more modest and peak overlap is observed, 

especially within the fingerprint region of the SERS spectra; therefore, these ratio corrections 

involve the use of chemometrics. Examples of the use of isotopologues, often with 

chemometrics, for absolute quantification include assessing nicotine levels within electronic 

cigarettes,487 as well as drugs and biomarkers in human biofluids: measuring codeine in 

plasma488 and uric acid in serum.489 Other analytical approaches for absolute quantification 

involved the standard addition method (SAM) with the incorporation multivariate analyses. 
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Recent examples include the quantification of various drugs and metabolites in urine 

including the antibiotic nitroxoline,490 nicotine491 and uric acid, as this metabolite is a 

potential marker for preeclampsia during pregnancy.492 

Chemometrics, which has been central to the above studies, uses multivariate calibrations 

such as partial least squares regression (PLSR), although there are many other versions of 

supervised, or even unsupervised, learning methods.493 In PLSR a set of standards are 

prepared where one knows the level of the substance to be quantified. SERS spectra are 

obtained (directly, with isotope additions, or via SAM) and a PLSR model generated that 

associates the spectra with the level of the determined target. This process needs to be 

validated carefully, which can be achieved by generating more samples containing known 

levels of target molecules, and then testing the model’s predictive power.493  One of the 

advantages of using multivariate PLSR calibration is that structured outputs (i.e., the Y 

variables) can be used,494 which contain multiple analytes to be quantified, thus allowing 

quantitative multiplexed analysis with SERS.495 

Analytical Quantification from Single-Molecule Measurements  

Although the substrate reproducibility problem has been tamed, there are still challenges 

related to SERS quantification, particularly for a non-specialist. Some of them are 

experimental pitfalls, such as sampling496 and acquisition conditions (time or laser power, for 

instance), that need to be tailored for a particular analysis. However, there are also 

fundamental characteristics of SERS that need to be considered, particularly when attempting 

SERS quantification at ultralow concentrations (generally, less than 1 nM). One of these 

characteristics are SERS intensity fluctuations (SIFs),100,497 which are observed at low 

concentrations and constitute a challenge for a robust analytical calibration. The origin of 

these intrinsic fluctuations can be rationalized considering a simple Langmuir model for the 

analyte adsorption onto the SERS-active surface. In this case, the concentration in solution 

(the quantity of interest for an analytical chemist) is related to the amount of adsorbed analyte 

(surface coverage or concentration) by an adsorption equilibrium constant (Ka). For a typical 

adsorbate (Ka around 107, for instance), the surface coverage would be around 1% for a 1 nM 

solution. Below 1 nM, the surface coverage would decrease linearly with the solution 

concentration (Langmuir model). In these conditions, variations in Raman intensities arise 



 93 

due to the number and nature of the SERS hotspots. The electric fields in SERS hotspots are 

tightly localized and occupy a relatively small fraction of the surface area illuminated by the 

excitation laser.498,499 When the surface concentration is also small, then the probability of 

molecules to be found in a hotspot becomes low. This leads to strong variations (spatial and 

temporal) of the SERS signal, which, at the limit, can be assigned to single molecules visiting 

the SERS hotspot. Figure 4.7 shows an example of an experimental time-dependent 

trajectory of SIFs for rhodamine 6G (R6G) adsorbed on a nanostructured silver surface. The 

inset in Figure 4.7 shows 5000 spectra acquired at every second. The “SERS intensity” from 

each spectrum was used to generate the temporal trajectory. Note that although intensity is 

plotted in Figure 4.7, more sophisticated approaches to analyze this type of data, involving 

principal component analysis (PCA) or other data reduction methods, are preferred. In that 

case, the whole spectral pattern is considered and photodecomposition products can be 

readily identified and removed from the dataset.500,501 

 

Figure 4.7. SERS Intensity of 10 nM R6G adsorbed on silver colloids recorded versus time. 

The spectral dataset is shown in the inset. Excitation was at 633 nm and acquisition time was 

1 second. Adapted with permission from Ref. 501. Copyright 2013 D.P. dos Santos. 

The wild intensity fluctuations shown in Figure 4.7 provide a challenge for the generation 

of a proper calibration curve. The distribution of intensities in this case is not Gaussian and 

simply measuring an average is not appropriate. Moreover, the large fluctuations lead to large 

error bars. These issues can be somehow tackled by increasing the sample size; however, for 

a long-time trace, the laser excitation fixed in a spot at the nanostructured surface would 
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increase the probability for photodecomposition products and other artifacts. A methodology 

has been suggested for SERS quantification at ultra-low concentration conditions, 

particularly when the strong SIFs can be related to single-molecule SERS events.502 The 

substrate was a thin film of immobilized gold nanoparticles on a glass slide. Enrofloxacin 

(ENRO) and ciprofloxacin (CIPRO), two fluoroquinolone antibiotics which are emerging 

contaminants found in surface waters481 were analyzed by SERS at ultra-low concentrations 

(less than 1 nM). The analytes were drop casted on the nanostructured surface and several 

areas of the slide were spatially mapped503 using a Raman microscope. Spatial mapping was 

preferred to avoid photodecomposition, because, in this case, the diffraction-limited laser 

illumination was moved from a particular spot right after the 1 second spectral acquisition. 

It is assumed that, as the concentration decreases into the pM regime, the Raman signal 

generated from a particular illuminated spot (pixel) will originate from single molecule 

events. 

 

Figure 4.8. A) Analytical calibration curve using the average value of the SERS intensities 

(represented as NMF scores). The error bars are related to the magnitude of the fluctuations; 

B) digital SERS mapping for CIPRO (100 molecules/m2) adsorbed on immobilized gold 

nanoparticles; C) revised calibration curve obtained using the digital SERS procedure; D) 

digital SERS mapping for CIPRO (10 molecules/m2) adsorbed on immobilized gold 

nanoparticles. Adapted with permission from Ref. 502. Copyright 2018, American Chemical 

Society. 
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Figure 4.8A shows a typical analytical calibration curve obtained by plotting the average 

scores from the non-negative matrix factorization resolution method (NMF - equivalent to 

SERS intensities, but the whole spectrum is considered instead of just one band) against the 

number of molecules being illuminated (the concentration ranged from 3 pM to 14 nM). The 

large variations in SERS intensities, as depicted in Figure 4.8, lead to very large “error bars” 

and preclude proper quantification. Figure 4.8A nicely illustrates a fundamental problem for 

SERS quantification that is related to the nature of the phenomenon, rather than to substrate 

variability. In order to circumvent this problem, a methodology was suggested, based on the 

digitization of the SERS signal. The technique is based on the assumption that the SERS 

signal from each pixel of a SERS map is from a single molecule event. In that case, 

quantification can be achieved by counting the number of single-molecule events (defined 

by establishing an intensity threshold above the background) observed in the map for a 

particular concentration. Figure 4.8B,D shows two digitized SERS maps at different 

concentrations. The number of single-molecule events in the 50 x 50 m2 maps, represented 

by blue squares, scales with the concentration, as shown in Figure 4.8C. The digital 

procedure described here is general and could be implemented for any type of analyte, as 

long as the SIFs are due to single-molecule events.Error! Bookmark not defined.  In terms of 

substrates, this method is suitable for nanostructured surfaces with “immobilized” hotspots. 

In the case of suspensions, other factors, such as aggregation process (that traps molecules in 

certain regions of the surface) and the even the dynamics of the movement of the nanoparticle 

clusters within the suspension might also play a role.504 

The methodology described here provides a robust alternative for SERS quantification in 

conditions of extreme fluctuations (ultralow concentrations). As in any procedure based on 

counting statistics, the error in the determination will scale with the number of (single-

molecule) events (counts). Therefore, this digital SERS procedure should provide reliable 

results as long as a large area SERS map is considered. SERS quantification has been dubbed 

as the Achilles’ heel of the technique. However, with the advent of substrates with a high 

level of reproducibility, methods are being devised to tackle fundamental sources of Raman 

intensity variations, particularly at ultralow concentrations.505-507 Pre-concentration 

procedures have also been described,508,509 and they can be incorporated into devices for an 

integrated approach for SERS quantification from highly diluted solutions. The further 
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development of methods capable of transforming SERS intensity variations into useful 

analytical signal might constitute the next step towards a wider application of the SERS 

technique in industrial, commercial and clinical settings. 

 

5. Analytical Methods and Devices in Biomedical Applications 

SERS has attracted increasing interest in the development of novel methods and devices for 

biomedical applications. Practical and sensitive diagnostics and cost-effective techniques, 

capable of simultaneously detecting the presence of several biomarkers (i.e. multiplex 

detection) associated with specific diseases at the point-of-care (POC), are highly desirable. 

SERS has provided solutions for many diverse medical applications due to its versatility. 

Different analytical techniques, methods and devices have been developed to overcome the 

different needs. Before delving into the details of the different applications, we mention here 

the most common and some novel techniques used in biomedical applications. 

5.1. Basic Techniques in Biomedical Applications 

Label-free SERS measurements in biofluids 

As mentioned in Section 4 above, direct determination of analytes can be performed by 

recording the characteristic signal of the analytes in close contact with plasmonic 

nanoparticles. If we focus on biomedical applications such as the analysis of biofluids, we 

need to consider that the readout of the signal and therefore the result of the analysis is always 

associated to three parameters: the nature of the analyte, the nature of the fluid, and the nature 

of the optical enhancing material. Additionally, the desired output about the analyte, either 

ultrasensitive detection or/and quantification, should also be considered. Notably, although 

in some cases, the mere presence of a given chemical species in a biofluid is indicative of 

disease, in modern medicine it is essential to achieve quantification of the levels of certain 

parameters, to provide an adequate diagnosis, but also to understand the effect of a given 

treatment after diagnosis. For example, although SERS can be successfully applied to the 

diagnosis of degenerative disorders (e.g., presence of amyloid proteins in Creutzfeldt-

Jakob249 or Alzheimer’s510 diseases), infectious (e.g. the presence of virus,511 bacteria512 or 

fungi,513 or genetic diseases (presence of mutations in DNA),514 indicators of other 



 97 

malignancies are not so obvious and depend on the excess or shortage of a given molecule in 

the biofluid.  

SERS direct detection in the biomedical field has proven useful in the demonstration of the 

analytical capabilities of technique (i.e., single-molecule detection and ultrasensitive 

qualitative analysis) however the inherent complexities of the biofluids (i.e., blood, saliva, 

urine, etc.) hinder its direct applicability. Notwithstanding, the direct addition of the biofluid 

to the plasmonic substrate may yield good results in two situations. First, when the analyte 

to be determined has a very strong affinity for the plasmonic surfaces. In such a case, the 

retention of the analyte on the plasmonic surfaces is preferred to the other components of the 

sample, giving rise to the possibility of quantitative/semiquantitative detection in well-

designed plasmonic platforms. A clear illustration of this is for example the determination of 

scrambled Creutzfeldt-Jakob prions in blood samples by using Au nanorod supercrystals 

(Figure 5.1A). In this case, the prionic protein presents an amino acid sequence of -Met-Lys-

His-Met-, known to have and extraordinary affinity for gold surfaces. This high affinity, 

together with the exceptional enhancing properties of nanorod supercrystals, allowed the 

SERS quantification of the prion at low (pM) levels.249 Second, direct approaches are also 

useful when the target analyte can be easily purified from the main components of the 

biofluid. A typical example is the detection of single point mutations in nucleic acids (Figure 

5.1B). These macromolecules can be easily extracted from cells, purified and cut into the 

desired fragments by using commercial kits and endonucleases. Subsequent addition of the 

samples to the appropriate plasmonic surfaces (in this case positively charged spermine 

derivatized silver nanoparticles) allows classification of the samples, by using statistical 

protocols, into their respective groups, wild type or mutated, which is of paramount 

importance in the treatment of several neoplasm such as colorectal cancer.515 

Indirect strategies in biofluids: SERS chemobiosensors 

The indirect detection of analytes in biological media based on the SERS response of a 

secondary molecule - a chemosensor - that changes in the presence of the analyte, is very 

useful for analysis in complex media. In particularly complex systems, such as biofluids, 

when the study of analyte levels (quantification) is required, indirect strategies are commonly 

used, and SERS biosensors are excellent systems. The complexity of biofluids, which 



 98 

includes millions of substances different to the target analytes, requires the external 

functionalization of the plasmonic materials with chemical species capable of imparting 

selectivity toward those analytes (i.e. chemosensors).506 The target analyte is determined here 

through a structural or electronic change in the selective molecule (reflected in its SERS 

spectrum) upon combination with the analyte. Advantages of this method include the 

generation of highly selective sensors but also the use of the chemosensor as an analytical 

standard for quantitative purposes. These biological chemosensors can be employed for the 

analysis of small and large molecules and can themselves be small or large molecules.  For 

example, small chemosensor molecules have been used to monitor chloride516 or nitric 

oxide517 inside living cells but also amyloid proteins.518 The most common chemosensor used 

in biological systems relies on the use of biomolecules with high affinity and specificity 

against their analytical targets; especially aptamers, peptides and proteins (antibodies). 

Again, these macromolecules have been used for detecting both small metabolites, such as 

benzoylecgonine,519 and large proteins such as ovoalbumin520 or thrombin.521 Unfortunately, 

the low SERS cross-section of polymers (including biopolymers) is well known,522 resulting 

in the limited availability of aptamers, peptides or proteins that may gather specificity, 

selectivity and high SERS signals all together. Possible solutions include the use of internal 

and external molecular labeling of the chemosensor. In the internal labeling, a molecule with 

high cross-section for SERS is introduced as a bridge between the plasmonic surface and the 

chemosensor itself. Detection is based on orientation changes of this molecule (also known 

as molecular spring) upon conjugation of the chemosensor with its target, in agreement with 

surface selection rules (Figure 5.1C).523 This approach results very efficient for analysis of 

bulky analytes. For example, it has been demonstrated in the quantitative determination of 

oncoproteins in cell lysates524 or even whole blood.525 

Molecular beacons: Small analytes do not promote great orientation changes and, thus, the 

use of external labels, such as molecular beacons, may result of good interest. Classically, 

molecular beacons are fragments of nucleic acids with a stem-and-loop structure doubly 

labeled with a fluorophore and a quencher group on each end. In the absence of targets, the 

molecular beacons act as switches that are normally closed by the stem part (in the “off” 

position) without observed fluorescence background because of quenching. However, upon 

binding to their targets, conformational changes in the MB open the hairpin, and fluorescence 
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is turned “on”. MBs are characterized by simple operation and high sensitivity and 

specificity. By replacing one of the fluorophores with a plasmonic surface, the SERS signal 

of the other fluorophore can be monitored as a function of MB interaction with the 

target.526,527 

 

Figure 5.1. (A) SEM images of a typical nanorod supercrystal island film and SERS spectra 

of (a) natural and (b) spiked human blood; (c) natural and (d) spiked human plasma. (e) SERS 

spectra spiked human plasma after spectral subtraction of the matrix (human plasma). (f) 

SERS spectra of the scrambled prion. Adapted with permission from Ref. 249. Copyright 

2011, National Academy of Sciences. (B) SERS of 141‐nucleobase ssDNA fragment of the 

wild type K-Ras gene and with different single point mutations and its classification by using 

partial least‐squares discriminant analysis (PLS‐DA). Adapted with permission from Ref. 515. 

Copyright 2017, Wiley-VCH. (C) SERS detection of the oncoprotein c-MYC. The sensor 

includes a specific peptide (H1) for c-MYC chemically attached to an optical molecular spring 

(mercapto-N-methylbenzamide, MMB) which is bound to a silver nanoparticle. Theoretical 
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and experimental Raman spectrum of MMB and SERS spectra of MMB, MB-H1, and MB-

H1 in the presence of c-MYC, on SiO2@Ag. Magnification of the spectral windows between 

730−800 and 990−1050 cm−1 are also shown. (C-B) Model used in the estimation of the 

molecular orientation. Absolute orientation of the molecule on the surface and relative 

orientation of the ring over the surface are represented by XYZ and xyz axes, respectively. 

Adapted with permission from Ref. 525. Copyright 2016, American Chemical Society. 

A related technique (see Section 8 for details) with direct bioaplication, is surface‐enhanced 

spatially offset Raman spectroscopy (SESORS), which allows the detection of SERS-labeled 

nanostar probes beneath thick material and bone, such as a monkey skull,528 thus opening the 

possibility of noninvasive remote sensing of SERS nanoprobes for biomedical imaging. The 

possibility of combining the spectral selectivity and high sensitivity of the SERS process, 

with the inherent molecular specificity of bioreceptor‐based nanoprobes provides a multiplex 

selective diagnostic modality, as well as efficient and versatile multimodal therapy.529 

 

5.2. Methods in Biological Applications 

The revolution of the currently known as modern medicine has driven the evolution of 

existing techniques and the appearance of others. The development of microscopic and 

spectroscopic techniques combined with the preparation of nanomaterials with a high degree 

of control has been a crucial step that resulted in important findings. When technology 

advances, measurement methods, devices, etc. appear, which are adjusted to the upcoming 

requirements. SERS is a technique that has evolved considerably and found a variety of 

applications which recently focused toward biological and medical ones.530 In medicine, 

practical and sensitive diagnostic and cost-effective techniques, capable of simultaneously 

detecting the presence of several biomarkers (i.e., multiplex detection) associated with 

specific diseases at the point-of-care (POC), are highly desirable. In addition to rapid 

diagnostic solutions, extremely precise methods, including advanced imaging techniques, are 

also required for accurate diagnostics and follow up care.531 SERS imaging has revealed itself 

as a promising technique that covers several of these characteristics and requirements. 

However, each system is different from another and therefore different measuring methods 

should be considered. The most common and simple methods, well-known in the SERS 
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community, consist in general of a SERS active substrate and a detector which registers the 

Raman signal generated when the target molecule is combined with the substrate, while 

irradiating with a laser (direct method). The indirect method makes use of receptors, disposed 

in the substrate forming a receptor/target signal. A wide variety of advanced methods have 

been developed to cover such a diversity of biosamples.  

SERS based DNA detection methods 

Nucleic acid biomarkers, such as DNA, mRNA, and microRNA (miRNA), have long been 

considered valuable diagnostic indicators to monitor the presence and progression of various 

diseases. For in vitro nucleic acid detection, a label-free SERS-based technology called 

“Inverse Molecular Sentinel” (iMS) can be used as a homogenous bioassay in solution or on 

a chip platform (Figure 5.2A). The sensing mechanism is based on hybridization of target 

sequences and DNA probes, resulting in a distance change between SERS reporters and the 

nanoplatform’s plasmonic active surface. As the field intensity of the surface plasmon decays 

exponentially as a function of distance, a change in the distance in turn modulates the SERS 

signal intensity, thus indicating the presence and capture of target sequences. The iMS 

technique is a single-step detection method, with simple delivery of sample solutions onto 

DNA probe-functionalized nanoplatforms, followed by measurement of the SERS signal 

after probe incubation. Target sequence labeling and sample washing to remove unreacted 

components are not required, rendering the technique simple, easy-to-use, and cost-effective. 

The iMS methodology can be used in solution format for multiplexed detection of miRNA 

biomarkers of cancer.532 Alternatively, the iMS approach can also be adapted to a nanochip 

platform (see Section 5.3 below), which is based on a metal film on nanoparticle (MFON) 

array substrate, developed for the arguably first analytical application of SERS.533,534 The 

MFON type substrate was further developed and referred to as a “Nanowave” chip (Figure 

5.2B).535-537 The Nanowave chip has been used for multiplex detection and diagnosis of host 

genetic biomarkers of respiratory viral infection and infectious diseases such as the dengue 

virus (Figure 5.2C).538 

Another sensitive yet simple DNA detection method involves a nanoplatform using 

ultrabright SERS core–shell probes called “nanorattles” (Figure 5.2D-H).539 In this sensitive 

sandwich assay, the presence of nucleic acid targets is detected by sandwich hybridization of 

magnetic beads having capture probes and ultrabright SERS-encoded nanorattles having 
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reporter probes. Upon hybridization, a magnet is applied to concentrate the hybridized 

sandwiches at a detection spot for SERS measurements. Using this method, a specific DNA 

sequence of the malaria parasite Plasmodium falciparum could be detected with a detection 

limit of approximately 100 attomoles. Single nucleotide polymorphism (SNP) discrimination 

of wild type malaria DNA and mutant malaria DNA, which confers resistance to artemisinin 

drugs, was also demonstrated.540 The simplicity of the method renders it a suitable tool for 

molecular diagnostics at the point-of-care (POC) and in resource-limited settings.  

A SERS-based bioassay using plasmonic nanorattles was also developed for rapid diagnosis 

of head and neck squamous cell carcinoma (HNSCC), which is a critical challenge, 

particularly in low and middle income countries. In a blinded HHSCC trial, the SERS 

nanorattle-based technique demonstrated a sensitivity of 100% and specificity of 89%, 

supporting its use as a useful alternative to histopathological diagnosis.541 In comparison to 

histopathology, which can take several months in remote limited-resources regions, the 

SERS nanorattle method can provide a diagnosis within only a few hours, allowing for earlier 

treatment before the onset of distant metastases.  

 

 

Figure 5.2. A). Operating principle of the iMS detection approach (“Off-to-On” scheme). 

The “stem-loop” DNA probe of the iMS, having a Raman label at one end of the stem, is 

immobilized onto a metallic nanoparticle or nanostar via a metal-thiol bond. In the absence 

of the target, the probe is “open” with very low SERS signal (‘Off’ state). Upon exposure to 
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a target sequence, the target first binds to the toehold region (intermediate I) and starts 

displacing the DNA probe from the placeholder via branch migration (intermediate II), 

finally releasing the placeholder from the nanoparticle system. This allows the stem-loop to 

“close” and brings the Raman label closer to the plasmonic metal surface, producing a strong 

SERS signal (‘On’ state). Adapted with permission from Ref. 532. Copyright 2016, 

American Chemical Society. (B) Nanowave platform consisting of nanosphere arrays coated 

with a silver film. Adapted with permission from Ref. 533. The inset represents the unit cell 

used as a 3D model for Finite Element Modeling (FEM) calculations. Adapted with 

permission from Ref. 535. Copyright 2012, American Chemical Society. (C) AFM image of 

a bimetallic Nanowave chip used for detection of Dengue nucleic acid biotargets. Adapted 

with permission from Ref.  538. Copyright 2014, Royal Society of Chemistry. (D) Synthesis 

of cubic nanorattles to be used in an integrated “Lab-in-a-Stick” device. TEM images of: (E) 

AuNP; (F) AuNP@AgCube; (G) Reporter-loaded AuNP@CubeCage; (H) Cube nanorattles. 

Adapted with permission from Ref. 539. Copyright 2018, Springer Nature. 

Another promising method for SERS biosensing is based on anisoptropic gold nanoparticles 

such as gold nanostars (GNS). For in vivo monitoring, implanted SERS nanosensors based 

on GNS have been developed as “smart tattoos” for the detection of nucleic acid targets. In 

vivo detection of nucleic acid targets was demonstrated using implanted GNS nanoprobes in 

the skin of a large animal model (pig).542 The in vivo nanosensor involved the iMS detection 

scheme using GNS with plasmon bands in the NIR tissue optical window, rendering them an 

efficient platform for in vivo optical detection. Nanorattles with Raman reporters trapped 

between the core and the shell were used as an internal standard system for sensor self-

calibration. These results illustrate the usefulness and translational potential of implanted 

SERS nanosensors for in vivo biosensing. 

GNS also provide an excellent multi‐modality theranostics platform that combines SERS 

detection with other modalities including two‐photon luminescence (TPL), photodynamic 

therapy (PDT), photothermal therapy (PTT) or photoimmunotherapy, to treat metastatic 

cancer and produce an anti-cancer ‘vaccine’ effect.543 A method to synthesize biocompatible 

GNS was developed without using a non-toxic surfactant, suitable for in vivo applications 

and future clinical applications.183 Plasmon‐enhanced and optically modulated delivery of 

nanostars into brain tumors in live animals has been demonstrated. A quintuple‐modality 
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nanoreporter based on gold nanostars for theranostic applications using SERS, TPL, 

magnetic resonance imaging (MRI), computed tomography (CT), and PTT has also been 

reported,544 which overcomes the limitations of conventional optical methods, typically 

limited to SERS from superficial levels, due to the attenuation caused by highly scattering 

and absorbing tissue.  

 

Immunoassays 

Immunoassays are well-established biochemical tests that measure the presence or 

concentration of a specific target molecule in solution, through the interaction between 

antibodies and antigens. To date, enzyme-linked immunosorbent assays (ELISA) using well 

plates, or chemiluminescence using magnetic beads, have been extensively employed as 

immunoassays for diagnostic applications. However, such methods have drawbacks, 

including tedious washing steps, long assay times, the need for large sample volumes, and 

poor limits of detection (LOD). The LOD is a particularly important parameter, as it is 

directly related to the capability of using such platforms for early stage diagnosis of the 

disease. Apart from high analytical sensitivities and low LOD, SERS features other intrinsic 

benefits, such as facile molecular fingerprinting, operation over a wide range of excitation 

wavelengths, reduced photo-bleaching and the ability to extract highly resolved 

spectroscopic signatures. Accordingly, SERS-based assays are well suited for the 

simultaneous detection of multiple bio-targets within complex analytical samples, such as 

blood and plasma.545 Nonetheless, the application of SERS in quantitative analysis of 

biomolecules is problematic due to the difficulties associated with reproducing SERS 

enhancement levels. Such variability stems from a lack of control over factors including the 

degree of particle aggregation, particle size and analyte distributions on particle surfaces. To 

address some of these critical issues, integration of SERS with microfluidics has revealed 

several useful advantages over conventional macroscale SERS platforms.546 For instance, the 

ability to operate within a continuous flow regime and to generate homogeneous mixing 

conditions within microfluidic networks, has been shown to afford quantitative SERS-based 

analysis. The combination of SERS and microfluidics appears to provide an ideal means for 

ensuring sensitive detection with reproducible measurement conditions and well-defined 

detection zones. Additional benefits of such an integrated system for bio-analytics includes 
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the ability to make measurements using minimal sample volumes and low analyte 

concentrations. 

5.3. Devices 

The point-of-care (POC) concept, which is directly related to lab-in-a-stick” portable devices 

and microfluidic systems coupled with immunoassay methods, has already been mentioned 

several times in this Perspective. Such devices rely on the idea of achieving easy, fast but 

accurate medical diagnostic tools, which can be used everywhere, available for everyone, 

with no need for an expensive technology. This idea goes hand in hand with the concept of 

reaching a more personalized medicine. For that purpose, nanotechnology has provided the 

possibility of reducing device size and producing such point-of-care tools.  Several devices 

have been reported and many more are under development.547 

Microfluidics-based devices 

Chon et al.548 reported a SERS-based on-chip immunoassay, using magnetic beads in a 

continuous flow regime. Magnetic immunocomplexes were trapped by solenoids embedded 

in microfluidic channels. Whilst successful in application, memory effects caused by the 

deposition of nanoparticles on channel walls affect both measurement reproducibility and 

sensitivity. To address these issues, the same group549 developed a two-phase liquid/liquid 

segmented flow system for SERS measurements (Figure 5.3). This system allows the 

generation and manipulation of monodisperse, nanoliter-sized liquid droplets in an 

immiscible carrier fluid, with high throughput. Compared to single phase flow, the 

localization of reagents within discrete and encapsulated droplets enhances mixing, 

minimizes residence time distributions, and affords ultrahigh analytical throughput. An 

integrated microfluidic system, including droplet generation, transport, mixing, merging and 

splitting modules, has been developed for both efficient immunoreactions and wash-free 

assays, where immunoreactions could be efficiently performed by transport through multiple 

winding channels. Subsequently, large droplets including magnetic immunocomplexes were 

split into daughter droplets for the wash-free immunoassay. It should be noted that the 

integration of SERS with such a microfluidic platform can be used to perform rapid, sensitive 

and safe immunoassays of hazardous materials, since all immunoreaction and detection 

processes are carried out within isolated nanoliter volumes, in an automated manner.  
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More recently, SERS studies have been combined with microfluidics to perform immuno- 

and cellular assays. SERS-based microfluidic technology can also be applied to DNA 

analysis. Current DNA detection techniques typically require DNA amplification using PCR 

and detection of amplified signals by fluorescence. It is thus possible to detect very low 

concentrations of DNA without amplification using SERS-based microfluidics, due to 

enhanced detection sensitivity. It is also possible to detect multiple analytes simultaneously, 

since SERS target signals are much narrower than fluorescence bands. For use in medical 

diagnostics, an important aspect would be in the miniaturization of the optical sensing device. 

Although typical dimensions of microfluidic channels are very small, most Raman 

spectrometric systems comprise bulky optical components, including lasers, microscopes, 

monochromator and detector, which are external to the microfluidic channel. A fully 

integrated and portable Raman system would be required for real-time, in-the-field analysis. 

Such integrated systems are likely to become a powerful next-generation biomedical 

diagnostic tool. In conclusion, the use of microfluidic platforms allows an exquisite degree 

of control over mixing times, scattering geometries, localized heating and photo-dissociation. 

Consequently, their marriage with SERS-based detection schemes affords reproducible and 

quantitative analysis. We propose that SERS-based microfluidic platforms will have a 

substantial impact on biomedical diagnostics in the near future. In this respect, it is also 

important to realize that a closer collaboration between medical and scientific communities 

will be critical in creating such robust platforms for a wide range of diagnostic applications. 
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Figure 5.3. (a) Schematic illustration of an integrated SERS-based microfluidic channel 

composed of six microdroplet compartments: (i) droplet generation from the shear force at 

the interface between the aqueous and oil phases, (ii) droplet mixing for the first 

immunoreaction, (iii) droplet merging for the formation of magnetic immunocomplexes, (iv) 

droplet mixing for the second immunoreaction, (v) droplet splitting for the wash-free 

immunoassay, and (vi) Raman detection of unbound SERS nanotags in supernatant solution 

droplets. (b) Extended images for (i) droplet generation, (iii) droplet merging, and (vi) droplet 

splitting. Adapted with permission from Ref. 546. Copyright 2017, American Chemical 

Society. 

 

In relation with infectious disease detection, Vo-Dinh et al.539 developed a method for the 

direct detection of pathogen RNA in blood lysate, which uses a SERS-based bioassay 

integrated in a “lab-in-a-stick” portable device. This device could detect RNA from 

plasmodium falciparum malaria parasite, directly from an infected red blood cell lysate. This 

was the first report of SERS-based direct detection of pathogen nucleic acid in blood lysate 

without nucleic acid extraction or target amplification, underlining the potential of this 

integrated bioassay for field use and point-of-care diagnostics. Direct detection of genetic 

biomarkers in body fluid lysates without target amplification is likely to revolutionize nucleic 

acid-based diagnostics. 
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Another alternative lab-on a chip (LOC) device combined with SERS that allows high-

throughput SERS measurements under reproducible measurement conditions, has been 

developed by Popp and co-workers.490,550,551 Here, the walls of a glass microfluidic channel 

system were silanized to induce the formation of aqueous droplets in a stream of mineral oil. 

Via various ports, aqueous solutions of the target analytes, the silver colloid and the 

aggregation agent, as well as water to dilute the sample, were pumped into the channel 

system. As a consequence, droplets were formed and guided through a meandric channel to 

guarantee complete mixing of the droplet content. Finally, SERS spectra were recorded by 

focusing the laser beam into the channel with 1 s integration time. As the recorded spectra 

were measured within the droplet as well as within the mineral oil phase, all spectra with 

contributions from the oil were subsequently separated from the dataset. Thus, a powerful 

LOC-SERS system was developed allowing for the recording of large databases in a short 

time. In the case of the antibiotic levofloxacin, the potential of the LOC-SERS detection 

scheme in bioanalytics was illustrated by employing artificial as well as human patient urine 

as matrix.490 Interestingly, the SERS signal of the analyte molecule was increased upon 

dilution of the spiked artificial urine matrix with water, which has been attributed to a lower 

competition for free binding sites on the metallic surface. Moreover, patient urine samples 

were applied as a matrix and the target analyte levofloxacin was spiked within these samples. 

For all investigated urine samples, the root mean square error of prediction (RMSEP), which 

was interpreted as the limit of detection, was between 0.057 mM and 0.16 mM. In a second 

example, the standard addition method was applied to detect nitroxoline in spiked human 

urine samples using LOC-SERS as analytical tool.550 Here, urine samples from a healthy 

volunteer were spiked with the target analyte and the detection parameters were estimated by 

means of LOC-SERS, i.e. the limit of detection was ∼3 μM (0.57 mg/L), the limit of 

quantification was ∼ 6.5 μM (1.23 mg/L) and the linear range was between 4.28 and 42.8 

μM (0.81−8.13 mg/L). As the minimum inhibitor concentration (MIC) value of the most 

common uropathogens is within this range, the LOC-SERS technique illustrated its great 

potential in biomedical detection. Moreover, seven clinical urine samples were spiked with 

nitroxoline to simulate real samples with unknown concentrations. The standard addition 

method was applied and SERS spectra were analyzed employing the multicurve resolution 

alternating least-squares algorithm to predict the initial concentration of the target analyte. 
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Thus, LOC-SERS was proven as an excellent tool in biomedical application fields, thereby 

opening the path toward precision medicine, to control and adjust the drug level and avoid 

toxicity effects. In order to identify mycobacteria, the cells were first disrupted with a bead-

beating system and in a second step, SERS spectra were recorded by employing a LOC-

SERS system.551 Thus, in general all molecules within cells were allowed to interact with the 

metallic surface and could contribute to the overall SERS spectra. Within this study, six 

species of mycobacteria were applied and it was found that the SERS spectra were dominated 

by the cell wall component mycolic acid, which features a structure that is specific for 

different mycobacteria species. Due to the LOC-SERS technique, a large dataset was 

established for all investigated species in a short time, i.e. more than 2100 single SERS 

spectra of one species could be recorded in 1 h. To discriminate the bacteria, a hierarchical 

chemometric model was developed. Thus, the potential for future applications to provide 

reliable information to physicians was clearly illustrated. In the future, SERS in microfluidics 

should play an important role for automated sample feeding and sensing operation for online 

monitoring, such as drug monitoring in intensive care units. 

Cartridge SERS 

As an alternative to LOC-SERS and for application in scenarios where no monitoring of a 

target analyte concentration over a time period is required, e.g. estimating the contamination 

of surface water with drug molecules to initiate measures against pollution, a SERS-based 

cartridge system was developed.552 Here, the SERS substrate was embedded within a 

cartridge and after incubation with the analyte solutions, SERS spectra were recorded. For 

each measurement a different SERS-active surface was required and the cartridge system 

was recycled. In future applications such as food analytics or environmental monitoring, the 

development of disposable cartridges with an implemented SERS substrate, fabricated cost-

efficiently, will be of high importance.  

5.4. Future Outlook 

SERS nanosensors and nanoreporters are effective and versatile platforms for biochemical 

sensing, imaging and medical theranostics. SERS detection techniques, which have high 

multiplexing capability, will be critical toward future personalized and genomic medicine. 

The ability to simultaneously detect multiple biomarkers, such as nucleic acids (DNA, 
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mRNA, miRNA, etc.) is important for many applications and for the future medicine based 

on point-of-care diagnostics, high-throughput screening systems, biology research and early 

medical diagnostics, at the gene and molecular level. Novel methods therefore should be 

found to explore and exploit at maximum the possibilities offered by SERS. Novel substrates 

such as gold nanostars also provide useful tools for in vivo SERS sensing and theranostics 

applications. Due to their well-established features, including the lack of photobleaching and 

photodegradation, the ability to perform multiplexed bioanalysis, and narrow spectral 

fingerprints, SERS nanosensors and nanoprobes coupled with advanced POC devices, may 

lead to important theranostic applications for the medicine of the future.  

 

6. SERS in Biomedicine: From Single-Molecule Detection to in vivo Studies 

SERS has been proved extremely useful toward a large number of analytical issues related 

with biomedical applications. After describing in the previous section, the main techniques, 

methods and devices that have emerged as a consequence of technological advances, we now 

focus on the improvement of diagnostic tools that may lead to applying selective treatments 

for various diseases. All of these examples are based on the properties of SERS as an 

analytical technique. There is thus a current need to develop rapid, sensitive, simple, and 

reliable devices for the identification of ions (e.g. calcium for bone regeneration), cancer 

biomarkers  or pathogens such as different kinds of bacteria. Additionally, improvements in 

imaging modalities have been inspired by the development of more complex study systems, 

which are more realistic with respect to human bodies, typically based on 3D cell cultures, 

animal models or in vivo experiments. To image such systems, high penetration depth, no 

photobleaching and minimum overlap between signals is desired. In the NIR biological 

transparency windows (650-950 nm (NIR-I); 1 to 1.35 µm (NIR-II); 1.5 to ~1.8 µm (NIR-

III)),553,554 we find optimal light transmission through tissue, with maximum penetration and 

minimized autofluorescence. Thus, thanks to the accessibility to NIR-responsive SERS 

substrates and to its non-invasive character that avoids the need for fixing cells, confocal 

SERS imaging has also found a niche as a promising bioimaging technique.  

From single-molecule detection through in vivo studies, we can find an huge variety of 

examples which profit from SERS detection. We start this section by dealing with the 
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simplest systems based on biomarker detection and detection of pathogens, either directly or 

indirectly, measuring their internal signaling. We will then focus on single cell imaging, 

continue with complex cell cultures, tissues and finally with a perspective toward using SERS  

for in vivo studies that may allow image-guided surgery of tumor margins and development 

of endoscopy-SERS  coupled systems to  identify and localize internal tumors. 

6.1. Detection of Biomarkers 

SERS-based biomedical diagnostics is vital for early biomedical monitoring. Various targets 

have been reported for small molecules (dopamine,555,556 folic acid,557 toxin,558 etc.), 

macromolecules (vascular endothelial growth factor,559 prostate-specific antigens,560 alpha 

fetoprotein,561 DNA,562 etc.). 

One of the most fascinating and -in terms of spectroscopic interpretation- most challenging 

aspects of biomedical applications in SERS are the spectra produced by the biomolecular 

species directly, in the absence of a tag, reporter, or indicator molecule. Such label-free, 

intrinsic SERS spectra have been reported from all kinds of cells, ranging from bacteria and 

other microorganisms563,564 through plant and animal cells, including body fluids, tissue 

sections, and cell or tissue extracts. SERS spectra from bacterial and eukaryotic cells in cell 

cultures add significantly to our understanding of the interaction of plasmonic nanostructures 

with the intracellular and extracellular environments. Therefore, by controlling or defining 

the interaction of the SERS substrate with the biological system, intrinsic SERS signals can 

be used to detect specific biomarkers565 or physiologically relevant biomolecular species 

inside or near individual cells, such as AMP,566,567 important metabolites in normal568 and 

tumor cells,569 neurotransmitters,567,570 or trehalose.571 SERS microscopy always indicates 

the presence of an interaction of the substrate with the samples and allows, e.g., mapping the 

position of plasmonic nanoparticles.572-574 An important aspect in SERS experiments of live 

cells, and when gold or silver nanoparticles are used as plasmonic substrates, rather than 

when cells are attached to solid sensors575,576 or nanoelectrodes,577 or when substrates are 

inserted into cells in needle-type approaches,568,578-581 is the control of the plasmonic 

properties, which are critical for SERS enhancement. Different from labeled SERS tags, the 

sensitivity of the SERS experiment cannot be modified by changing the type or number of 

reporter molecules, e.g., by exploiting molecular resonance of a dye molecule, but only by 
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optimizing the SERS enhancement of the plasmonic nanostructure, and by maintaining it 

inside the biological environment. If nanoparticles enter cells, they are processed depending 

on their uptake mode and their constantly changing bio-functionalization, which occurs 

before, during, and after uptake, i.e. in the cellular exterior and inside different cellular 

compartments. Gold nanoparticles are very efficient SERS substrates for label-free cellular 

probing due to tunable size and shape, which influence both their enhancement, aggregate 

formation, and transport inside cells and tissues. As examples, spheres,566,574 shells,582 as well 

as flowers,583 nanorods584 and nanostars575 have been used to record intrinsic SERS spectra 

from cells. Metal nanoparticles for intracellular SERS can be stabilized by silica coating with 

varying porosity, so that analyte molecules can reach the plasmonic surface while aggregation 

in the endosomal system is controlled.567,573  

Experiments quantifying the amount and distribution of nanoparticles in cells by mass 

spectrometry,585 together with high-resolution ultrastructural imaging of the cells and the 

nanoparticles help understanding the changes in plasmonic properties and SERS 

enhancement of a particular type of SERS nanoprobe. Such experiments clearly show that 

the microscopic distribution and SERS spectral signatures are correlated, rather than the 

number of nanoparticles that are located in a cell,586 yet the morphology and interparticle 

distances within nanoaggregates are crucial. The interaction with different kinds of 

biomolecules in the cellular environment results in aggregates with high variation in SERS 

enhancement. Specifically, the combination of non-ideally spherical nanoparticles was 

recently shown to have a strong influence on the local field enhancement of gold 

nanostructures for NIR excitation,587 and is expected to play a major role in the different 

overall enhancement observed inside cells. Modeling the electromagnetic field distributions 

of highly SERS-active particles588 and their arrangements that are representative of typical 

specific biomolecule-nanoparticle in the complex biosystem,589 including the 

characterization of dark modes, which are expected to play a major role in the SERS 

enhancement,590 will help optimize SERS signals in vitro and in vivo. Improvements in 

elucidating nanoaggregate geometries in the biological environment are expected from 

ultrastructural imaging and tomography.573,591 

Understanding the formation of the biomolecular corona, i.e. the modification the surface of 

a nanoparticle undergoes inside a biological system, is a main prerequisite for all applications 
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of nanoparticles in theranostics and biotechnology, including SERS. In fact, SERS itself is 

one of the few tools that can be used to understand the composition, structure and dynamics 

of the biomolecular corona, not only in cells but also in the related biofluids and cell culture 

media. As an example, the protein corona of silver nanoparticles largely differs under 

identical incubation conditions from that of gold nanoparticles,592 and of their silica-coated 

versions,573 while the specific ring-shaped morphology along endosomal membranes that 

was observed for silver nanoparticles can be related to their particular surface composition.592  

The endosomal system of eukaryotic cells is easy to target, yet highly complex and of varying 

molecular composition and pH. The very dynamic nature of this organelle makes it ideal for 

assessment of optical and multifunctional nanoprobes for drug delivery593-595 and 

theranostics.596,597 Plasmonic structures, as key components of SERS probes, can offer high 

local optical fields for both sensitive diagnostic probing with SERS and efficient therapeutic 

tools. Particularly attractive are those multifunctional probes combining photothermal 

capabilities with the potential to monitor localization and therapeutic efficiency by SERS, 

and to better understand their action.598-603 Among them are also materials with SERS 

properties that do not rely on the plasmonic properties of gold or silver, such as molybdenum 

oxide,604 or 2D nanomaterials in chemo-photothermal therapy such as black phosphorous605 

or graphene.606,607 Of course, such non-plasmonic nanoparticles, e.g. from ZnO, are also very 

attractive tools for cancer detection, and apart from their role in novel SERS tags608 might 

serve for intrinsic SERS detection in the future. 

From the endosomal system, nanoprobes can be targeted to other organelles, for example the 

nucleus, where processes related to drug and/or nanoparticle induced apoptosis and DNA 

structure609 can be monitored by SERS. Considering the therapeutic possibilities of the 

nanoparticles and all reporter-based sensing enabled by SERS, for example monitoring of 

pH,610,611 presence of ROS,612,613 NO signaling,614 or even temperature,615,616 a whole SERS-

based toolbox for monitoring cellular physiology is at hand. Apart form the nucleus, also 

mitochondria have been targeted and can be observed by SERS,617,618 in particular due to 

their important role in apoptosis.619 

Nevertheless, a major challenge posed by the strong variations in Raman cross-sections of 

the different molecular groups renders some classes of molecules in the cells undetected, in 

particular cellular membranes and their lipids, even if probes are known to reside in close 
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proximity to cell membranes, in the many examples of endocytotic delivery. Outside cells, 

SERS spectra of pure lipids and lipid vesicles have been reported, efficient interaction of 

molecules and SERS substrates being obtained by functionalization of nanoparticles,620-622 

by using lipid-alkanethiol bilayers,623 or the in situ synthesis of gold nanoparticle-liposome 

composite structures that mimic the composition of the cellular outer membrane.591 However, 

reports of in situ and in vivo lipid SERS spectra are relatively rare.624,625 In complex 

biosystems, where other molecules are also present, contributions to SERS spectra by lipids 

have been found mainly when the interaction with the SERS substrates was enhanced, e.g. 

by using plasmonic substrates that directly connect to the outer cell membranes, such as 

nanoelectrodes.577 Lipid signals are also detected when the abundance of lipids in a biological 

system is particularly high.626,627 As recently evidenced in a macrophage model of 

Leishmania infection, SERS microscopy can show the distinct distribution of cholesterol and 

its ester ergosterol, as well as of glycoinositol-phospholipids, all of which are secreted by the 

parasite in vacuoles inside the cells and are highly specific for the infection.627 Lipid spectral 

contributions have also been discussed in a SERS analysis of exosomes,628 although most 

SERS characterizations of these important organelles in cancer diagnostics rely on protein 

biomarkers.565,629,630 

From the mere perspective of accurate detection, the controllable selectivity of plasmonic 

substrates that are used to obtain fingerprint-like SERS spectra from complex bioorganic 

samples will always compete with the selectivity of a targeting chemosensor used for 

functionalization of a labeled SERS tag of controlled enhancement and its reproducible 

spectral information due to a specific ‘flavor’. From the perspective of compositional and 

structural information that is gained from the biological cell, the spectroscopic information 

is of completely different quality, and, even though it relies on the interaction with a 

plasmonic nanostructure provides enormous insight into cellular biochemistry. 

Biomarker detection using SERS tags 

Although various SERS active plasmonic substrates can be used for biomolecule sensing, 

with great potential in biodetection, often matrix effects disturb detection sensitivity and 

accuracy. A potential strategy to address this issue would be based on developing 

ultrasensitive SERS detection based on signal amplification.631 SERS tags have been used 
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for DNA amplification in biomedical detection, e.g. applying PCR as an amplification 

strategy for highly sensitive detection of DNA with femtomolar sensitivity.632 NP assemblies 

additionally exhibit high signal to noise SERS signals which can be used to distinguish 

different targets.633-635 An interesting strategy has been developed based on SERS-encoded 

discrete silver pyramids (Figure 6.1A).634 Three silver NPs assembled in DNA-directed 

pyramids were labeled with three different Raman tags. Through a specific bioreaction 

between the aptamers and their corresponding targets, the reconfigurable structured pyramids 

switched into a smaller gap state, which induced stronger SERS. LOD in the attomolar range 

were obtained for the multiplex detection of mucin-1, thrombin, and PSA. In these systems, 

other signals such as circular dichroism and fluorescence are used next to SERS as screening 

signals.636 

SERS signals have also been developed for quantitative detection of specific classes of 

biomolecules in situ in living cells (miR-21, telomerase).637,638 Combination of two signals 

(SERS, CD) which can operate independently, detection of two types of targets (nucleic acids 

or proteins) was achieved, using two independent graphene oxide–Au NP assemblies  

(Figure 6.1B).633 Hybridization of the molecular probe with the micro-RNA miR-21 leads 

to the separation of the Raman tag from GO reducing the Raman signal, while EpCAM 

recognition decreases the CD signal in parallel. Also based on the multiple signal sensing 

principle, assemblies of Au nanorod dimers with upconverting nanoparticles (UCNP) in a 

core-satellite structure, successfully induced two independent signals (SERS and 

luminescence) (Figure 6.1C).635 The miR-21 target triggered the disassembly of Au NR 

dimers, leading to decreased Raman signal, while the target telomerase induced release of 

upconverting nanoparticles from Au NRs, resulting in increased luminescence, leading to 

LOD for miRNA of 0.011 amol/ngRNA, and LOD by luminescence of 3.2×10−13 IU (Figure 

6.1C). Other structures such as Au-Au-UCNP trimers, encoded with SERS and luminescence 

also enabled ultrasensitive monitoring of dual cancer biomarkers (mucin-1 and Alpha-

fetoprotein).639 Detection of multiple targets is crucial for early stage diagnosis, so that false 

positive or negative signals can be eliminated in biomedical samples. Future work toward 

optimizing stability in real samples could improve further point-of-care applications. Single-

molecule SERS and real-time SERS imaging of live cells provide useful tools for monitoring 

intracellular compartments and targets.640 
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Figure 6.1. (A) Multiple detection of biomarkers (PSA, thrombin, and mucin-1), using SERS 

encoded Ag-pyramids based on three Ag NPs modified by different Raman reporters. 

Adapted with permission from Ref. 634. Copyright 2015, Wiley-VCH. (B) GO–Au 

structures used for simultaneous detection of epithelial cell adhesion molecule (EpCAM) and 

miR-21 using CD and SERS signals. Adapted with permission from Ref. 633. (C) Au NR 

Dimer-UCNP Core−Satellite nanostructures for miR-21 SERS detection and telomerase 

detection by luminescence. Adapted with permission from Ref.635. Copyright 2017, 

American Chemical Society. 

6.2. Detection of Circulating Tumor Cells 

The fast and accurate optical analysis of cells in biofluids for cancer diagnosis is a current 

matter of intense research. Such determinations face a major challenge related with the 

usually small content of the cells of interest in the biofluid. Circulating tumor cells (CTCs) 

in blood are characterized by extremely low CTC concentration, ranging from units to tens 

in 8 mL of blood (standard volume for analysis) in stage IV cancer. Because of such 

extremely low CTC concentrations in blood, many methods use an enrichment process prior 
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to the quantification step, some of them based on physical properties such as size, density or 

deformability, and others resting on biological properties such as protein expression. By far, 

the most common protocol makes use of magnetic particles, usually comprising iron oxide, 

functionalized with antibodies against the epithelial cell adhesion molecule (EpCAM). The 

rationale for this choice lies on the idea that epithelial linage is not common in blood and 

thus, epithelial cells in blood are most likely related to cancer. EpCAM-magnetic particles 

are thus exposed to the blood sample and, after an appropriate time for conjugate binding to 

the targeted cells, they are extracted by means of a permanent magnetic field. These systems 

typically use more than one antibody. For example Cell Search® (Jansen Technologies) use 

also anti-CD45, attached to a dye, as a negative control to detect false positives due to the 

partial retention of anti-EpCAM by the mononuclear cell fraction of blood.641 Approaches 

have recently emerged to address these issues, mainly based on encoded plasmonic 

nanoparticles and SERS, which enable the multiplex quantification of different CTCs.642,643 

Advantages of this methodology include ultrahigh analytical resolution combined with a 

virtually unlimited number of available codes and thus markers, that can be studied 

simultaneously. Unfortunately, state-of-the art SERS acquisition times are longer than 10 ms, 

hindering the use of this technique for real samples, where a single CTC is diluted among 

billions of other cells. Thus, a viable solution could be achieved by combining the acquisition 

speed of fluorescence (down to ns) for rapid screening and sorting,644 with the analytical 

resolution of SERS applied to the smaller cell fraction, previously separated by physical or 

molecular techniques. 

6.3. Detection of Pathogens 

 The detection of the causing agent of given infectious diseases has also gained much interest. 

The specificity and detection limit that SERS allows are suitable for the detection of low 

abundance but dangerous pathogens, which pose risk for human health. The most common 

infections are produced by bacteria such as E. coli, S. aureus or S. typhimurium that can 

commonly be transmitted via food and water. Therefore, effective detection tools are 

necessary to avoid spreading of bacteria colonies and to rapidly identify infection by different 

pathogens in humans. It is also of high importance finding fast and inexpensive methods that 
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can be used in underdeveloped countries, where drinking water accessibility is reduced and 

contamination is very common.   

As recently reviewed,563 the first report that SERS directly on bacteria was reproducible 

enough to allow bacterial discrimination and identification to the species and sub-species 

levels was reported by Jarvis and Goodacre.645 In this study bacteria were mixed with 

colloids, dried and after SERS detection multivariate discriminant analysis was used for 

identification. Following this work, Ziegler and colleagues reported a similar analytical 

approach but introduced a novel and robust identification procedure incorporating SERS 

barcodes.646 However at the time these studies did not attempt to identify the biochemical 

origin of the SERS signal. By contrast, recent studies have employed the use of isotope 

substrates, such as glucose uniformly labeled with 13C or 15N ammonium hydroxide, during 

bacterial growth – a process called stable isotope probing (SIP).647 In this process heavier 

isotopes are incorporated into bacterial biomass, resulting in changes of vibrational 

frequencies (due to reduced mass in the vibrations) and thus leads to Raman/SERS shifts 

toward lower wavenumbers. This process allows the origin of vibrations to be elucidated and, 

with reference SERS spectra of natural and isotope standards of key molecules, enables 

unequivocal chemical identification. The first study by Premasiri et al.648 showed that purine-

related molecules were predominantly measured by SERS of intact bacteria, while other 

studies using SERS-SIP have also used this principle for the same purpose.649,650 This 

approach has also been used to image single bacterial cells and identify phenotypic function 

in mixed communities.651 SERS is becoming a powerful tool for characterizing bacterial 

pathogens, where this method can be used to assess antibiotic susceptibility or resistance, 

both by probing the bacteria directly652 or from measuring the volatile organic compounds 

from the headspace of bacteria cultures.653 

Rather than detecting bacteria directly, Liz-Marzán and co-workers aimed at measuring their 

intercellular signaling processes, i.e. quorum sensing (QS). Most bacteria exist in nature as 

biofilms, which support their QS, a cell-to-cell communication mechanism that allows 

bacteria to monitor and respond to cell density and changes in the environment. Because QS 

and biofilms are involved in the ability of bacteria to cause disease, it is important to find 

methods for the noninvasive analysis of QS in natural bacterial populations. Bodelón et al. 
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reported the preparation of nanostructured plasmonic substrates to monitor, using label-free 

SERRS, the presence of pyocyanin, a QS signaling metabolite in growing Pseudomonas 

aeruginosa biofilms and microcolonies.654 Pyocyanin, a heterocyclic nitrogen-containing 

compound of the phenazine family produced by P. aeruginosa, and excreted into the 

environment, plays important roles in biofilm morphogenesis in this microorganism. The 

strategy was based on the use of hybrid materials comprising a plasmonic component within 

a porous matrix that allows diffusion of small molecules only.655 Although different 

combinations were tested, the use of mesoporous silica-coated micropatterned supercrystal 

Au nanorod arrays enabled SERRS detection of QS-behavior (i.e. pyocyanin expression) at 

early stages of biofilm formation and allowed imaging the phenazine produced by small 

clusters of bacteria colonizing micron-sized plasmonic features (25 μm2 on average), as 

shown in Figure 6.2. Subsequent work demonstrated the application of this method to study 

interspecies bacterial interactions, both for separated bacterial colonies656 and for mixed 

colonies.657 

 

Figure 6.2. In situ detection and imaging of pyocyanin produced by P. aeruginosa PA14 

grown on micropatterned SiO2-coated Au nanorod supercrystal substrates. a) SEM images; 
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scale bar: 5 μm. b) Representative SERRS spectra measured at 0, 1, 3 and 20 hours of bacteria 

growth. c) Relative SERRS intensities (1600 cm−1), recorded at 0, 1, 3 and 20 hours. d) 

Optical image of the substrate and SERRS mapping of pyocyanin (1600 cm−1) at 20 hours of 

growth. Scale bar: 5 μm. e,f) SEM images of supercrystals colonized by P. aeruginosa (20 h) 

at different magnifications. Scale bar: 5 μm. Reproduced with permission from Ref. 654. 

Copyright 2016, Springer Nature. 

In some cases localized infections may give rise to septicemia or blood infection. This 

systemic disease, defined as the presence of one or less colony forming bacterial unit (CFU) 

per 1 mL of blood, may produce death in hours. Therefore, the direct detection of bacteria is 

not a trifling measurement. Despite all recent improvements in sample manipulation and 

concentration, the standard approach to direct SERS analysis of bacteria, dried on a solid 

substrate, still retains major issues in terms of spectral fluctuations, long measurement time 

to acquire statistically reliable datasets, and lack of quantitative response. These limitations 

can be potentially addressed by combining SERS with microfluidic devices. As explained in 

Section 5 above, such approaches drastically reduce the acquisition time, while improving 

the spectral reproducibility by analyzing the sample in suspension.658 

As the ultimate goal for bacterial identification is completely bypassing the culture step, 

which takes from 24 hours to several days, concentration procedures have been implemented 

into SERS-microfluidics biosensors. For example, by applying non-uniform electric fields 

on dielectric particles, including cells and microorganisms, it is possible to control their 

location.659 Combining short-range dielectrophoresis and long-range electroosmosis flows, it 

is possible to rapidly and selectively concentrate pathogens in a diluted human blood sample, 

at the stagnation area on a SERS-active roughened electrode.660 

Unfortunately, while the sensitivity issue has been addressed by some methods, only small 

volumes (~microliters) of samples, which are often not relevant for clinical diagnosis, can 

actually be investigated. Mixing of bacteria-containing biofluids with antibody-

functionalized SERS-encoded silver nanoparticles induced the accumulation of the particles 

at the bacteria membrane. By designing SERS-encoded particles to yield, upon adhesion onto 

the bacteria walls, a dense array of inter-particle gaps in which the Raman signal is 

exponentially amplified by several orders of magnitude relative to the dispersed particles 
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(Figure 6.3). Under this scenario, the sample can be directly pumped through a millifluidic 

channel where a backscattered detecting laser continuously monitors the liquid stream, 

therefore removing the need for time-consuming centrifugation/washing cycles prior to the 

SERS analysis. In fact, positive events associated with nanoparticle-coated CFUs traversing 

the laser focus generate SERS intensities well above the background of dispersed encoded 

nanoparticles. For a demonstration of bacteria detection, three different types of bacteria (S. 

aureus, E. coli, and S. agalactiae) were successfully and simultaneously quantified, at a pace 

of 13 min per mL of blood or serum (Figure 6.3) and at concentrations ranging from units to 

tens of CFU/mL.661 

 

 

Figure 6.3.  Conceptual view of a microorganism optical detection system and its relevant 

components. Silver nanoparticles (NPs) are separately labeled with different Raman-active 

molecules and functionalized with bacteria-selective antibodies (1). A nanoparticle 

dispersion is mixed in a vessel (3 mL) with the possibly infected sample fluid (2). Several 

types of bacteria are targeted using NPs prepared with specific combinations of Raman 

molecules and antibodies. The presence of one of these microorganisms induces aggregation 

of antibody-matching NPs on its membrane, rapidly evolving toward full random coverage 

(3). The mixture circulates through a millifluidic channel (4) and passes through the focus of 

a 785 nm laser (5), which is in turn spectrally analyzed to record the SERS signal generated 

by the Raman-active molecules (6). Targeted bacteria produce a large increase in the SERS 

signal, whose spectral fingerprints allow the identification of the pathogen. Correlation 
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between a time series of spectra and the SERS reference of labeled NPs. The analyzed serum 

samples contain either one pathogen (1–4, see labels) or no pathogen (5, blank). Series 6 

shows the result for a blood sample spiked with a combination of three different bacteria (S. 

aureus, E. coli, and S. agalactiae). Large correlation values reveal the passage of an 

individual bacteria or CFU. Bacterial cultures (24–48 hours) for the microorganism 

inoculated in the blood samples (series 6). White spots correspond to the colony forming 

units. Adapted with permission from Ref. 661. Copyright 2016, Springer Nature. 

 

6.4. Immuno-SERS (iSERS) Microscopy 

SERS is not only applied for sensing purposes but can also be used as an accurate imaging 

tool for ex vivo and in vivo samples, as we describe below. Immuno-SERS (iSERS) 

microscopy exploits the benefits of SERS nanotags described in Section 3. Central 

advantages of this emerging nanobiophotonic technique are the parallel localization of 

multiple proteins on cells and tissues, protein quantification, and high image contrast.325,662 

The following paragraphs are intended as a brief introduction to iSERS microscopy and its 

application ex vivo to single cells and tissues. 

iSERS microscopy employs SERS nanotags conjugated to antibodies for selective protein 

recognition.663 Protein localization is based on the characteristic SERS spectrum of the 

corresponding Raman reporter molecule. False-color images, which visualize the protein 

distribution in the cell or tissue, are typically generated from a hyperspectral data set of 

spatially resolved Raman spectra, obtained by point or line focus mapping.664 The false color 

encodes the SERS intensity of the corresponding nanotags and thereby, as the SERS signal 

response scales linearly with the amount of SERS nanotags, it quantitatively reflects the 

amount of the target protein.323 Since its first report in 2006, iSERS microscopy, which at 

that time was termed immuno-Raman microspectroscopy,665 advances have been largely due 

to the development of brighter SERS nanotags. As time is a very important experimental 

parameter, it soon become evident that acquisition times as long as 1 second per pixel in the 

initial report using hollow Au/Ag nanoshells should be reduced to the millisecond regime by 

brighter tags such as small silica-encapsulated clusters of Au NPs with single-particle 
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brightness.396 In 2011 also the nonlinear variant of iSERS, immuno-SECARS microscopy, 

was demonstrated.666 Convincing iSERS results require negative control experiments to 

unambiguously demonstrate the binding specificity of the SERS nanotag-labeled antibodies. 

This is achieved by using isotope controls, as the most important and required negative 

control in which only the corresponding antibody is exchanged, but SERS nanotags and 

cell/tissue specimens are both the same as in the positive control.667 

Single cells are the simplest biological system to which iSERS microscopy can be applied 

and therefore ideally suited for testing its performance and evaluating relevant technical 

parameters. A critical acquisition parameter in SERS microscopy is the laser power density 

at the sample, since SERS nanotags can be damaged due to significant heating as a result of 

absorption. A recent systematic study on single breast cancer cells demonstrated that ca. 1-2 

mW/pixel is a suitable upper limit.668 This value resulted from repeated measurements on the 

same single cell and the comparison of the corresponding false-color SERS images and 

spectra. In situations where an electron multiplying (EM) CCD is used for detection, the EM 

gain can be exploited for faster acquisition. Although the multiplexing advantage of iSERS 

microscopy is clearly evident in the context of single cell studies, experimental work 

demonstrating this aspect with a substantial number of SERS nanotags (N > 3 colors) is still 

missing.343,348,380,669 In the future, such multi-color studies are urgently needed to 

unambiguously demonstrate the propagated superiority of iSERS microscopy compared to 

its optical competitors. 

Formalin-fixed and paraffin-embedded (FFPE) tissue is the most commonly employed 

material in histopathology. Compared to single cells, tissue is a significantly more complex 

system containing many cells including different cell types. This situation is further 

complicated by the process of tissue treatment prior to analysis. For maintaining the 

morphology in subsequent histopathological studies, the native tissue from biopsies is usually 

fixed in formalin and then embedded in paraffin for finally obtaining µm-thick tissue sections 

using a microtome. Antigen retrieval techniques are required to make the target protein 

accessible for antibody recognition in immunostaining. A direct comparison of 

immunofluorescence and iSERS revealed that the type of antigen retrieval directly affects 

the iSERS staining results.670 Several iSERS studies on tissue were performed on prostate-
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specific antigen (PSA), an organ-specific but non cancer-specific target protein; PSA is a 

good test system since it is broadly expressed at high levels in epithelium of the prostate 

gland.332,350,356,390,665,670 Again, as for single cells, convincing multi-color iSERS studies on 

tissue (N > 3 colors) are missing and should be demonstrated in the future for promoting the 

acceptance of this technique in the biomedical community.671 Finally, also instrumental 

challenges such as the fast and automated examination of entire tissue slides with dimensions 

of ca. 2.5 cm x 1 cm must be solved prior to implementation in routine diagnostics. 

6.5. Multiplexed Cell Discrimination Using SERS Imaging 

Bright SERS tags can also be applied to monitor complex cell cultures. A recent example of 

SERS-based imaging demonstrated multiplexed cell discrimination.363 Instead of measuring 

the proteins that are present in the cells, SERS-encoded particles were used to label different 

kinds of cells, which can readily take them up, thereby providing the possibility to monitor 

live cells over long periods of time. Cell migration and differentiation is of high relevance to 

understanding tumor cell behavior and, importantly, this study proved the long term stability 

of such SERS tags. Specific imaging of breast cancer cells from five different cell lines, 

within a quintuple co-culture over time periods over 24 h were successfully performed, which 

could be extended into 3D cell culture models.  

6.6. Future Prospects of SERS in Medicine  

While the number of applications of SERS in biosensing has rapidly increased during the 

past decade,327,672,673 its progress toward becoming a widespread clinical diagnostic 

technology has lagged behind.674 A specific bottleneck problem is the limited tissue 

penetration depth achievable, which severely hinders the implementation in full-body, deep 

tissue, or intracranial applications (the maximum tissue penetration depths for simple SERS 

setups are on the order of several mm,675,676 if we do not consider SESOR 

implementations677). In fact, although SERS imaging via SERS tags has been carried out in 

murine models,676,678 it may be unlikely that this approach will become applicable to 

molecular imaging of organs in human patients. One should however not discount other 

(including niche) clinical research areas in which SERS has shown or has the potential to 

demonstrate superiority. Compared to other optical and non-optical techniques, such as 

fluorescence imaging, magnetic resonance imaging (MRI), or photoacoustic imaging, SERS 
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may in fact have distinct advantages. For instance, its well-known high sensitivity, and 

brightness, together with the lack of photobleaching of SERS tags, have proven advantageous 

with respect to fluorescence techniques for single cell imaging, even at a low concentration 

of contrast agent.679 Furthermore, the micrometer-range resolution of SERS is far superior to 

that of MRI, which ranges in the order of 1 to few mm. To put this value in perspective, if 

one assumes the diameter of a cancer cell to be of the order of 20 m, 100,000 cancer cells 

would need to be present in a tumor tissue for it to be detectable via MRI, which may render 

the analysis too late for certain types of aggressive tumors.680 Finally, photoacoustic imaging 

suffers from the lack of targeted imaging agents, compared to the case of SERS,681 for which 

there is a large number of available tags.674 We need, therefore, to ingenuously leverage these 

advantages for SERS to become a diagnostic technique with true clinical reach. 

There are three main clinical implementations of SERS that could find applicability in the 

near future (Figure 6.4): 1) During surgery, for the detection of tumor margins,682 2) via 

endoscopy, colonoscopy, or other optical fiber-guided imaging procedure to visualize and 

detect superficial diseased tissues within the interior of the body,683 or 3) via liquid biopsy, a 

term that broadly comprises the identification of disease biomarkers in blood or other bodily 

fluids.684 Biomarkers that have been the focus of most research efforts include small 

molecules,685 proteins,686,687 DNA and RNA,688-690 circulating tumor cells,691 and 

exosomes.692 

With respect to the detection of tumor margins or microinfiltrated tumor tissues, a 

breakthrough demonstration was reported by Kircher and co-workers,682 who showed that 

the use of SERS tags, to intraoperatively target glioblastoma tissues in genetically engineered 

mouse animal models, led to an improved identification of tumor margins compared to the 

surgeon’s eye alone. The approach demonstrated that tags were sufficient to improve tracking 

of tumor margins employing a portable Raman microscope instead of a benchtop instrument. 

The same authors also showed that the use of nanostars, instead of silica coated gold 

nanospheres, improved their ability to image, with high precision, pancreatic cancer, breast 

cancer, prostate cancer, and sarcoma in animal models,693 further extending the approach to 

ovarian cancer via use of folate targeting,694 and to liver cancer via intravenous injection of 

nanoparticles.695 With no need for surgical dissection, Vo-Dinh and co-workers demonstrated 
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in vivo SERS detection of gold nanostars accumulated in tumor in a genetically engineering 

mouse animal model.599 While these reports have been key to solidifying the relevance of 

SERS in clinical practice, further considerations need to made for it to be extensive to 

patients. First of all, the systematic intravenous delivery of imaging tags to the targeted organ 

would be more complex in humans than in murine counterparts, requiring stabilities of over 

24-48 hours, resistance to fouling and protein corona formation,696 and extremely high 

biocompatibility. In fact, if one takes into account that, on average, only <5% of the 

systemically injected nanoparticles reach the target organ, issues related to nanoparticle 

aggregation, shape reconstruction, accumulation, and toxicity become important. 

Furthermore, it is unlikely that SERS tags, because of the size of their plasmonic component, 

will ever be able to cross the blood brain barrier (BBB), unless its functionality has already 

been altered by damages to its integrity due to disease or impact.697 On the other hand, to 

bypass the BBB, one could design biocompatible liquids or gels, containing SERS tags, to 

be sprayed during open brain surgery onto the brain tissues that need to be excised, at a 

sufficient concentration to make them detectable via a portable Raman spectrometer, in 

sufficient amounts to cover the area under examination, without affecting its viability and 

without infiltrating surrounding healthy tissues. Another approach was proposed to bypass 

the BBB by using lasers to photothermally heat plasmonic nanoprobes (gold nanostars) and 

optically modulate their delivery into the brain tumor parenchyma with minimal off-target 

distribution in a murine model.698 For these issues to be solved productively, there will need 

to be, if we want to be successful, a collaborative approach among chemists, physicists, 

materials scientists, and clinicians.  

SERS detection of mainly cancerous tissues in animal models has been carried out via 

endoscopy, by adapting the optics of Raman microscopes to available endoscopes. For 

instance, Zavaleta et al.699 developed a flexible, non-contact, fiber optic-based device with a 

diameter of 5 mm and inserted it into an existing endoscope to obtain a device with variable 

working distance (from 1 to 10 mm), which accommodates imperfect centering during 

endoscopy and nonuniform surface topology in human (and animal) tissues. With IRB 

approval they were then able to topically administer SERS tags to patients and employ their 

device during colonoscopy. With a similar approach, Liu et al. topically administered a 

multiplexed cocktail of SERS tags to murine models of esophageal cancer and were able to 
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visualize tumor tissues in the lumen of the esophagus and to quantify biomarker expression 

levels by employing a miniature spectral endoscope featuring rotational scanning and axial 

pull-back.683 Other implementations of endoscopy include the use of plasmonic nanowire 

waveguides to limit hotspot light concentration and photodamage by providing remote 

excitation,457 and the assessment of gastric and colon disease individually and in 

multiplex.700,701 Currently, the main limitation to this approach is the minimum optical fiber 

diameter (and therefore endoscope) that can be employed, due to constraints in the design 

and implementation of the excitation and detection optics. Once this issue will be overcome, 

additional applications, not limited to cancer detection, may become feasible, such as the 

screening of the upper respiratory system for the presence of viral particles. 

As previously mentioned, liquid biopsy holds the promise to render early disease detection 

and monitoring much simpler to carry out and less painful for the patient. In particular, the 

possibility to evaluate the presence of disease biomarkers in bodily fluids instead of tissues 

would allow monitoring disease progression and response to therapy, in principle on a daily 

basis, rather than having to rely on imaging approaches that may or may not detect changes 

in tumor size. Furthermore, the opportunity to monitor the presence of biomarkers in healthy 

individuals that may however have genetically inherited the disease from their parents, would 

open the opportunity to true personalized medicine. In this area, SERS offers many 

opportunities.684 Its selectivity and sensitivity, along with the variety of SERS platforms and 

tags that have been developed over the years, are likely to render it a key player in the medical 

field. Recently, Li et al. designed and implemented a SERS immunoassay to analyze 

exosomes in 2 L of clinical serum and discriminate not only pancreatic tumor patients from 

healthy individuals, but also to distinguish between metastasized and non-metastasized 

disease.702 Alvarez-Puebla and co-workers instead implemented a SERS platform to monitor 

the biomarker c-MYC, a transcription factor de-regulated in 70% of cancers, by leveraging 

changes in Raman reporter orientation upon binding of the target. They validated the sensor 

in cell lines, healthy donors, and one cancer patient.525 One of the main hurdles to overcome 

in the application of SERS in liquid biopsy will be understanding how to process the 

specimens of bodily fluids to minimize matrix interference in the resulting spectra. When 

targeting circulating tumor cells, it will be necessary to design simpler enrichment methods 

than those developed in recent years, based on complex microfluidic devices. One promise 
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lays in the use of aptamers, which, based on their ability to capture cells by recognizing cell 

surface biomarkers, have recently shown to achieve capture efficiencies of 50-60%, with 

values of 40% for cell numbers as low as 10, which is realistic in the case of circulating tumor 

cells.686 Importantly, the use of truncated aptamers produced an increase in capture 

efficiency, promising with respect to clinical implementations of SERS in liquid biopsy. 

Looking ahead, one of the hurdles to increase applicability of SERS in medicine will be its 

implementation alongside clinical trials to address questions that are important to clinicians. 

A recent study by Bhamidipati et al. has shown that SERS may aid the oncologist in the 

stratification of prostate cancer patients, compared to immunofluorescence alone, by 

quantifying the expression of the prostate specific membrane antigen (PSMA) in tissue 

microarrays obtained from 34 patients with varying stage of prostate cancer.686 What the 

study showed was that some patients who had been clinically staged at low risk showed 

instead high PSMA expression, while other patients who had been staged at high risk, showed 

only low PSMA expression. While this was a retrospective study, if these patients had been 

on an ongoing clinical trial, the SERS data would have definitely called for further 

investigation. To proceed along these lines, pairing SERS studies to clinical trials with 

consenting patients (i.e. prospective study) will be necessary to make it possible for SERS to 

penetrate the clinic and become a diagnostic tool available to the clinicians.  



 129 

 

Figure 6.4. SERS tags can be employed to: A) aid in the identification of tumor margins 

intraoperatively. Adapted with permission from Ref. 682. Copyright 2014, American 

Chemical Society. B) identify and localize tumor tissues endoscopically. Adapted with 

permission from Ref. 683. Copyright 2015, Optical Society of America. and C) multiplex 

detection of circulating tumor cells, by identifying overexpressed membrane biomarkers. 

Adapted with permission from Ref. 691. Copyright 2014, Springer Nature. 

 

7. Environmental Monitoring 

SERS has been widely used for monitoring and quantification of environmental toxins and 

chemicals,558,703-705 heavy metals,706-708 bacteria signaling metabolites,654 etc. Different 

nanostructures, including NP dimers and oligomers (Figure 7.1A),448,703,708 Au NRs or NP 

chains (Figure 7.1B),558,706 Au NRs ladders,707 heterostructures (Figure 7.1C),709 as well as 

Au NP arrays710 and nanopillars711 film structures, among others,654,712 have been exploited 

to provide SERS enhancement for environmental detection. Additionally, the application of 

novel nanomaterials has been explored, including semiconductors,713 transition metal 

chalcogenides714 and  metal-organic frameworks,715 which may further improve the 

performance of SERS substrates.  

A

B C
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Compared to absorption spectroscopy or hydrodynamic size-based sensing technologies, 

SERS-based detection has achieved better sensitivity, even reaching the picomolar 

level.704,707 It has been reported that the use more extensive NP assemblies, such as NP chains 

versus Au nanostar dimers, the sensitivity was further improved (0.45 pg mL−1 vs. 0.8 pg 

mL−1).708 Compared to Au NR oligomers and Au NP chains which have similar sensitivity, 

sharp tips on the NPs can help improving the detection performance.707,708 For the detection 

of environmental toxins or chemicals, the sensitivities provided by end to end Au NR chains 

or NP-NR-NP trimer structures were however of the same order, indicating a similar SERS 

enhancement.558,703 An interesting structure was built by applying the polymerase chain 

reaction to create alternating plasmonic nanoparticle heterochains, which displayed stronger 

SERS intensity as the number of NPs was increased (Figure 7.1C).709 Strategies based on 

NP assemblies for SERS ultrasensitive detection thus provide alternative routes to overcome 

sensitivity limitations, but require reproducibility and stability optimization for real sample 

detection. In general, small gaps, larger assemblies (multi-gaps), roughness (sharp tips) and 

type of NP building blocks, all contribute to the overall SERS enhancement. On the basis of 

Raman fingerprint spectra, SERS is capable of simultaneously detecting multiple pollutants 

of varying molecular weight, even distinguishing organic chemicals with similar 

structures.634 Although simultaneous monitoring of multiple targets can be possible, the 

optimal SERS configuration for different molecules with a similar structure, polarity, or 

molecular weight may be different. Challenges thus remain for SERS detection technology, 

such as unspecific aggregation of NPs, variation of surface chemistry, and sample matrix 

effects, which affect the detection performance (sensitivity, selectivity and accuracy). Single-

molecule SERS will be important for probing complex chemical and biological 

environments, which could be realized by means of a dual-function linker that can localize 

and secure a single target within a plasmonic nanogap, e.g. a nanojunction of Ag NP (60 nm) 

on Ag substrate.450 Even though the dimensions of the NPs can be tailored to increase the 

sensor signals,716 the presence of impurities or the orientation of target molecules can induce 

fluctuations in single-molecule SERS spectra. SERS provides a great potential to establish a 

rapid, reliable practical detection platform, in which the targets should be matched to a 

suitable SERS substrate, optimal laser light, and controlled speed and automation for vast 

sample monitoring.  
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Figure 7.1. (A) SERS active gold nanostar dimer for mercury ion detection (top) and gold 

nanoparticle-nanorod heteroassemblies for Bisphenol A detection (bottom). Adapted with 

permission from Refs. 708 (Copyright 2013, Royal Society of Chemistry) and 703 

(Copyright 2016, Elsevier B. V.), respectively. (B) SERS active gold nanorod assembly for 

toxin detection. Adapted with permission from Ref. 558. Copyright 2012, Royal Society of 

Chemistry. (C) Plasmonic nanoparticle heterochains and SERS enhancement properties. 

Adapted with permission from Ref. 709. Copyright 2013, American Chemical Society. 

7.1. Detection of Toxins 

Based on the characteristic vibrational fingerprints, displayed even by very similar molecular 

species, and the ability to measure Raman spectra in aqueous matrices, intrinsic SERS has a 

great potential to detect toxins that could compromise our food supply. Several recent 

publications demonstrate SERS detection of toxic bacteria (e.g. Salmonella typhimurium717 

and Yersinia pestis549), proteins (e.g. ricin718), and small molecules (e.g. mycotoxins719 and 

dipicolinic acid720). Perhaps the most significant challenge toward exploiting this great 

potential lies in the requirement that, to achieve a high signal-to-noise ratio in the SERS 
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spectrum of the toxin itself, the scattering molecule must dwell within a few nanometers of 

the plasmonic substrate. Thus, the most important design element for an intrinsic SERS 

sensor lies in the nature of the affinity agent, coating, or capture mechanism that will draw 

and/or hold the target analyte near the plasmonic surface. In some cases, based on the 

molecular features of the toxin, the toxin itself will have an affinity for the plasmonic surface 

and can be directly detected using SERS. An excellent example of this circumstance was 

reported by Van Duyne and co-workers, comprising the direct SERS detection of dipicolinic 

acid, a biomarker for Bacillus anthracis, quickly and at levels relevant for detection of 

infectious doses.721 

In most cases, however, the target molecules do not display a natural affinity for the 

plasmonic substrates that enable SERS detection. As such, a wide range of affinity agents 

have been used for SERS detection of toxins (Figure 7.2).722 Among the most important 

factors to keep in mind when selecting affinity agents are (1) the length of the affinity agent 

(since this determines how far the analyte will be from the enhancing substrate) and (2) the 

Raman scattering properties of the affinity agent itself (since these vibrational bands will 

interfere with new signals from the target).  

 

Figure 7.2. Schematic view of various approaches used to localize a Raman target within the 

enhancing electromagnetic field. Reproduced with permission from Ref. 722. Copyright 

2018, American Chemical Society. 

Based on the widespread use of antibody affinity agents in traditional assays such as ELISAs, 

there are many examples of antibody-based detection of toxins. In general, antibodies 
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themselves are not great Raman scatterers, so their spectral features are not a great source of 

interference. For example, Porter demonstrated an antibody-enabled sandwich assay SERS 

detection of two antigenic protein markers of Bacillus anthracis.723 A similar antibody-

enabled SERS immunoassay was also successfully used to detect the neurotoxin Clostridium 

botulinum,724 and a lateral flow assay format was used with antibody-enabled SERS detection 

of staphylococcal enterotoxin B.725  In some cases, the antibody is used to capture the target 

toxin, but an additional capture step is needed to concentrate and probe the captured target. 

For example, Choo and co-workers concentrated antibody-captured Yersinia pestis into 

microdroplets ahead of SERS interrogation,549 while Faulds and co-workers used a 

combination of antibody-modified nanoparticles and lectin-modified nanoparticles to 

facilitate SERS detection of Escherichia coli, Salmonella typhimurium, and methicillin-

resistant Staphylococcus aureus.717 Keeping affinity agent size in mind, intact antibodies are 

quite large compared to the exponentially decaying electromagnetic fields at the plasmonic 

surface, so high affinity antibody fragments, if available, would likely improve the 

performance of all of these antibody-based detection schemes. In analogy to the three-

dimensional structure critical for antibody/antigen interaction, some groups have employed 

molecularly imprinted polymers (MIPs), a polymer cast around a target-of-interest to create 

a specific binding pocket, in SERS sensors. To date, there have only been a few applications 

of MIPs for foodborne toxin detection, including the detection of chloramphenicol in milk 

and honey726 and carcinogenic Sudan I in paprika.727 

Aptamers are another type of affinity agents with significant potential for SERS-based 

detection of toxins. These DNA or RNA structures do display some Raman scattering 

features that could interfere with the spectrum from the target analyte, but these bands are 

well-known and relatively few in number. In the context of detecting toxins using SERS, 

aptamers have been used most commonly to sense the protein ricin (or components of the 

protein). This focus on aptamer-enabled detection of ricin is due, in part, to the importance 

of ricin as a sensing target, but also because an effective aptamer for ricin was generated.728 

With this aptamer in hand, detection of relevant concentrations of ricin has been 

demonstrated in food matrices and blood.729-731 
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While the specificity of antibodies and aptamers can be advantageous, some toxin sensing 

applications would benefit from a less specific capture method so that more than one target 

toxin can be detected simultaneously. One system to consider for this application is self-

assembled partition layers like those successfully used by Van Duyne and co-workers to 

concentrate and detect glucose;732,733 however, the approach has not been used yet for small 

molecule toxin detection. An alternative low-specificity capture layer comprises covalently 

attached linear polymers. This approach has a significant potential because, based on the 

polymer repeat unit functional groups, particular classes of molecules can be targeted, and if 

controlled polymerization methods are used, the thickness of the capture layer can also be 

controlled. In two recent examples, Haynes, Reineke, and co-workers demonstrated that 

linear polymers can be used to capture the protein ricin718 or the small molecule aflatoxin 

B1719 for intrinsic SERS-based detection. 

Finally, in some cases, researchers have avoided using an affinity agent altogether, even if 

the target toxin does not have a natural affinity for plasmonic substrates, by using physical 

means to bring the target within the electromagnetically enhancing fields. For example, He 

and co-workers dried both plasmonic nanoparticles and ricin-containing solution on paper, 

and demonstrated SERS detection of ricin within 10 minutes.734 Bell, Goodacre, and co-

workers localized mesoscale droplets containing dipicolinic acid (a biomarker for Anthrax) 

onto SERS substrates by manipulating hydrophobic interactions, yielding detection far below 

the equivalent infectious dose of Bacillus anthracis.720  

Overall, while there has been some exciting recent progress using SERS to directly detect 

foodborne toxins, many analyte systems are yet to be explored. We should definitely take 

advantage of all that we have learnt in the more advanced area of SERS applications in 

biomedicine, as well as using the best of SERS substrates and measurement platforms.  

7.2. Water and Food Analytics  

To provide clean drinking water for all humans is one of the major challenges in the 21st 

century. As a consequence, monitoring water quality is of tremendous importance. A 

cartridge system with an implemented SERS substrate was applied by Popp and co-workers 

to detect sulfamethoxazole, a drug molecule, in real water matrices.552 The required 
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sensitivity of the SERS-based detection scheme is associated with the maximum allowed 

concentration of 2·10-7 M. Concentration-dependent SERS measurements were performed 

and, using this approach, the target analyte could be monitored down to 2.2·10-9 M, in various 

surface water samples. This example illustrates the potential of SERS-based cartridge 

systems in future environmental monitoring. Indeed, the future of SERS in environmental 

science might be related to the implementation of powerful and reproducible SERS substrates 

with an easy and cost-efficient fabrication protocol, into cartridge systems allowing for fast 

and cost-efficient one-point measurements in regions with less-developed infrastructure, 

outside of specialized labs. 

On the other hand, establishing a healthy life style to prevent diseases via balanced nutrition 

is of great importance. To illustrate one example where SERS gives insight into nutritional 

elements of food, the lycopene and β-carotene content in tomatoes was estimated by SERS.735 

Here, SERS substrates prepared by electron beam lithography were applied to build up a 

database from SERS spectra of lycopene/β-carotene mixtures with different percentages. 

Principal component analysis with partial least squares regression (PCA-PLSR) was 

employed for the prediction of the correct content ratio. To prove the robustness of the 

database in the determination of lycopene and β-carotene percentages in real samples, 

tomatoes were collected at different ripening states and extraction of the carotenoids was 

performed. The extracts were investigated by means of SERS and a good agreement with the 

gold standard HPLC was obtained. Since SERS has the potential to be applied outside of 

specialized labs, the future of SERS in food analytics might be the pre-testing, i.e. all food 

samples are tested by SERS and when a concentration value with high accuracy is needed, 

HPLC is applied for selected samples, e.g. to confirm the compliance of limiting values (such 

as food dyes) or minimal required concentration (such as vitamins).  

Within the described detection scheme, a label free approach has been applied, i.e. all 

molecules present in the extracts were allowed to interact with the metallic surface. In order 

to increase the specificity, recognition elements bound to the metallic surface need to be 

applied. In doing so, the structure and/or orientation of the recognition element are changed 

upon the specific interaction with the target analyte and thus, the SERS spectrum of the 

recognition element undergoes detectable variations. This chemosensor concept was applied 
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during the detection of Cu2+ ions in white wine.414 In this study, gold nanoparticles were 

modified with a dipicolylamine-based ligand and due to the interaction with Cu2+, the 

structure of the ligand was changed leading to spectral changes within the SERS response. 

The detection limit in water was measured to be 5·10-8 M using this method. To illustrate the 

potential of this detection platform in real application scenarios, such as controlling wine 

production, Cu2+ was spiked into white wine and concentrations below the recommended 

maximum amount of 7.87·10-6 M could be readily monitored in such a complex matrix.  

7.3. Nonpolar Organic Pollutants  

In spite of the relatively high polarizability exhibited by the most common nonpolar organic 

pollutants, like polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) 

or pesticides, their direct detection by SERS is challenging. The lack of functional groups 

having any affinity for a metal surface, such as thiols, amines, or carboxylic acids, makes it 

necessary to design strategies that promote the interaction between pollutants and the 

plasmonic sensing platform, which is crucial for their SERS detection. The high toxicity of 

these persistent organic pollutants (POPs) poses adverse health effects in humans and animal 

exposed to them even at extremely low concentrations, which has promoted the development 

of ultrasensitive SERS sensors with the ability to capture and detect these molecules. One of 

the  first reported approaches for detecting PAHs and PCBs was based on the 

functionalization of a plasmonic surface with alkyl thiols to create a self-assembled 

monolayer, which would interact with hydrophobic molecules through van der Waals 

forces.155,736-740 Haynes et al.737,738 demonstrated that the modification of silver film over 

nanospheres (AgFON) substrates with alkanethiols allowed the detection of PAHs or PCBs 

with an expected pM limit of detection. These hydrophobic AgFON substrates were used to 

distinguish two different PAHs/PCBs pollutants from one another in mixtures and could be 

reused after rinsing with octanol. Interestingly, when investigating the alkyl chain effect on 

the AgFON SERS performance, it was found that decanethiol monolayers worked better than 

other alkanethiols, due to the key role of layer thickness (chain length) and crystallinity of 

the monolayer.739  

Another strategy to mechanically trap small molecules on or close to the metal surface is 

based on the combination of plasmonic nanoparticles with poly-(N-isopropylacryamide) 
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(pNIPAM) (Figure 7.3).741-743 The encapsulation of Au nanoparticles within this 

thermosensitive polymer creates a core-shell nanostructure where 1-naphtol (1-NOH) can be 

captured. By shrinking the pNIPAM shell above 32 ºC, 1-NOH gets closer to the Au core 

surface, allowing SERS detection.741 As the pNIPAM shell around the Au nanoparticles is 

usually thick, it can prevent the formation of hot spots, thereby limiting the enhancing ability. 

The limit of detection can be improved by using wrinkle assisted assembly of pNIPAM-

coated Au nanoparticles into parallel linear arrays, for SERS sensing of pyrene traces (a well-

known PAH) in the gas phase.743 The detection limit of pNIPAM based sensors has also been 

improved by incorporation of magnetic Fe2O3 nanoparticles within the pNIPAM matrix, so 

that the plasmonic composites can be concentrated after the capture of the pollutant, into a 

small spot, by applying an external magnetic field. This method allowed the first SERS 

analysis of pentachlorophenol (PCP), a highly toxic contaminant, reaching a detection limit 

of 1ppb (as mandated by EPA).742 

Several reports show the use of macrocycles, such as calixarenes, cyclodextrins, or pillarenes, 

to enhance the ability of plasmonic substrates to capture and detect POPs.744-750 These 

macrocycles feature a hydrophobic cavity that can favor the size-selective inclusion and 

trapping of small hydrophobic pollutants, forming host-guest inclusion complexes. 

Importantly, the chemical properties of these macrocycles or the shape of the cavity can be 

tailored by changing the groups on the upper and lower rims. The modification of Ag 

nanoparticles with dithiolcarbamate functionalized calix[4]arene as host molecules allowed 

the detection of four different PAHs (pyrene, benzo[c]phenanthrene, coronene, and 

triphenylene) in water, with a limit of detection ranging between 10 nM and 100 pM.746 By 

implementing a silica film doped with Ag nanoparticles within a flow cell, 12 different PAHs 

could be detected in situ, in the Baltic Sea.751 The ammonium pillar[5]arene (AP[5]A) has 

been used for SERS detection,748,749 via electrostatic layer-by-layer assembly of Au 

nanospheres, yielding a plasmonic hybrid nanostructure with uniform hot spots across large 

areas, with remarkable size-selective capture capability for different PAHs (pyrene, 

nitropyrene, and anthracene) (Figure 7.3b).  

Another interesting strategy toward improving selective molecular sensing is based on the 

combination of metal organic frameworks (MOFs) and metal nanoparticles.752-757 MOFs 
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exhibit a well-defined, porous structure, tunable pore size, large specific surface area and 

tailored chemical functionality, which confer them with a high capacity for selective 

molecular trapping and sensing. Regarding pollutants, the deposition of a MOF film on an 

AgFON allowed the selective detection of benzene, toluene, nitrobenzene, or 2,6-di-tert-

butylpyridine from the gas phase. These pollutants did not adsorb onto a bare AgFON surface 

(Figure 7.3c).756 In a related work, Au nanoparticles embedded within MIL-101 

demonstrated good sensing capabilities for quantitative analysis of p-phenylenediamine in 

environmental water and the tumor marker alpha fetoprotein in human serum.757 

Interestingly, it has been recently demonstrated that certain MOFs (such as ZIF67) can act as 

SERS-active substrates for specific analytes, achieving enhancement factors up to 106 and 

limits of detection of ∼10-8 M.758 In spite of the absence of a plasmonic material, the coupling 

of different contributions, like charge transfer, interband transitions and molecular 

resonances, resulted in the enhancement of the Raman signals. While ZIF-67 showed 

excellent SERS performance for R6G detection under 532 nm laser line, it could not be used 

to detect methyl orange even at high concentrations. The field of MOFs thus facilitates the 

development of highly selective SERS sensors though there is still much to be learnt about 

designing optimal systems and generalizability of performance.  
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Figure 7.3. a) SERS detection of 1-Naphtol using core-shell Au@pNIPAM colloids. 

Reproduced with permission from Ref. 741. Copyright 2009, Wiley-VCH. b) Plasmonic thin 

films fabricated through layer-by-layer (LbL) assemby of Au nanoparticles and ammonium 

pillar[5]arene (AP[5]A) for (multiplexed) SERS sensing of PAHs in gas or liquid phase. 

Reproduced with permission from Ref. 749. Copyright 2017, American Chemical Society. 

c) ZIF8-coated AgFON for the detection of benzene, toluene, nitrobenzene, or 2,6-di-tert-

butylpyridine in gas phase. Reproduced with permission from Ref. 756. Copyright 2014, 

Royal Society of Chemistry. 

 

8. Related Techniques 

Over the years, several SERS-related experimental technologies and techniques that benefit 

from high EM field enhancement in plasmonic structures and in nanogaps have been 

developed for a wide range of applications. Surface enhanced offset Raman scattering 
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(SESORS) has been advanced in improving signal detection from deeper sites. With 

electrochemical SERS (EC-SERS) molecular resonances can be tuned to the excitation 

wavelength, providing information about the electronic states involved in SERS. Surface 

enhanced hyper Raman scattering (SEHRS) provides complementary vibrational 

information, due to changed selection rules in multiphoton excitation processes. ip-enhanced 

Raman scattering (TERS) is able to push the limits of spatial resolution to a few nm with 

intramolecular chemical resolution. Surface enhanced infrared absorption (SEIRA) offers 

infrared absorption enhancement factors typically ranging between one and seven orders of 

magnitude, depending on the measurement and sample details. 

8.1. SESORS and SESORRS 

Recent work has focused on the creation and development of approaches based on surface 

enhanced spatially offset Raman scattering (SESORS). This technique makes use of 

functionalized nanoparticles which contain a strong Raman signal and can be combined with 

spatially offset Raman (SORS) to give measurements at depth, e.g. through tissue. A 

homemade SORS system initially demonstrated detection of functionalized nanoparticles at 

depths up to 8 mm through tissue analogues,677 but a subsequent study already compared a 

handheld Raman spectrometer with a handheld SORS instrument for the detection of ethanol 

through plastic barriers.759 The results showed that the depth achievable for detection was 21 

mm through plastic. The work progressed into surface enhanced spatially offset resonance 

Raman scattering (SESORRS) imaging of a breast cancer tumor model consisting of 3D 

multicellular tumor spheroids (MTS), using handheld spatially offset measurements and 

functionalized 100 nm gold nanoparticles.760 To obtain the maximum depth penetration, a 

red shifted chalcogenpyrilium dye (max = 823 nm) was used to provide resonance 

enhancement with the Raman excitation wavelength (830 nm), as well as surface 

enhancement from the gold NPs. This enabled detection of nanoparticles inside the MTS 

tumor model, through 15 mm of tissue, and 2D heat maps of nanoparticle localization were 

constructed. The maximum depth of tissue through which it was possible to detect signals 

from the nanoparticles alone was 25 mm, by using the red shifted chalcogenpyrilium based 

Raman reporters. A subsequent study demonstrated that a handheld conventional back 

scattered Raman spectrometer could achieve depths of analysis up to 20 mm through plastic 
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and 10 mm of tissue sections, indicating that it was not always necessary to use a spatially 

offset Raman (SORS) instrument, unless depths beyond 5-10 mm were required.761 

Multiplexed detection of nanoparticles in breast cancer tumor models was also demonstrated 

where a 3-plex was analyzed at depths of 10 mm, using 3 different flavors of resonant 

nanoparticles that could be differentiated using chemometrics (Figure 8.1).762 To assess the 

sensitivity of the technique, a minimum concentration of nanoparticles for use with 

SESORRS was investigated, with the outcome being that femtomolar concentrations of 

nanotags could be detected at depths of up to 5 mm of tissue accurately.763 Inverse surface 

enhanced spatially offset Raman spectroscopy (SESORS) offers the possibility of recovering 

the SERS signals of gold nanostars through a monkey skull.764 

 

Figure 8.1. SESORRS false color 2D heat maps of the peak intensity at (a) 1178 cm-1 (dye 

823), (b) 1181 cm-1 (dye 813), (c) 1185 cm-1 (dye 810) and (d) 1181 cm-1 (triplex). 

Measurements were carried out using an xy translational stage in step sizes of 3 mm to create 

an image of 8 x 8 pixels. 2D heat maps were generated and show the tracking of each of the 

four MTS models through 10 mm of tissue. Clear discrimination is seen between spectra 

collected at the point of maximum intensity where the nanotags were spotted and that 

collected where the nanotags were not present. The corresponding maximum and minimum 

collected 8 mm offset spectra also confirm the presence of the nanotags in regions where the 
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MTS were spotted (a–d). Reproduced from Ref. 762 with permission. Copyright 2018, Royal 

Society of Chemistry 

In order to make all of the measurements previously described biomolecularly specific, an 

approach using targeted nanoparticles for use in assessing the risk of atherosclerosis in vivo 

was devised. Four different antibodies were attached to gold nanoparticles in a mixed 

monolayer with specific Raman tags to target ICAM-1, VCAM-1 and p-selectin with an IgG 

control nanoparticle conjugate.765 Tail vein injection into inflamed mice showed detection of 

different nanoparticles in a human saphenous vein grafted onto the back of the mouse.  

Compared to a control, differences in the levels of the biomarkers were identified, indicating 

the ability to perform semi-quantitative measurements in vivo by means of functionalized 

nanoparticles and SERS. The next step will be to combine the targeting ability of the 

nanoparticles with SESORRS, to perform these measurements in vivo and at clinically 

relevant depths.  

8.2. Electrochemical SERS 

The ultra-high sensitivity of SERS is based on the resonance of the electronic excitation at 

target molecules and materials excited by plasmons. Not only the localization of the 

electromagnetic (EM) field at plasmonic nanostructures, but also the additional resonance 

effect induces vibronic coupling, increasing SERS intensity drastically.766-770 The effect has 

been recognized especially at single-molecule observation in aqueous environments, where 

only the SERS-active target molecule is selectively observed without the SERS contribution 

from water molecules, which have comparable Raman cross section to that of the target.771 

On the other hand, if one can electrochemically polarize SERS metal substrates to very 

negative potentials, the evolution of SERS from water molecules is clearly observed.772,773 

The interesting effect of molecular selectivity of SERS depending on the electrochemical 

potential of the systems implies that the apparent SERS intensity can be used as a probe of 

the electronic excitation of target molecules and nanomaterials on SERS substrates.  

The effect of electrochemical potential on SERS intensity has been regarded as the proof of  

the charge transfer (CT) process to enhance SERS.767-770 This contribution is also considered 

as a chemical (CHEM) enhancement.36-38 A resonant excitation that induces charge transfer 

between metal substrates and adsorbed molecules contributes to enhance the SERS intensity. 
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The enhancement occurs when the excitation energy of light matches the transition between 

the Fermi level in the metal substrate and an unoccupied molecular orbital, or from an 

occupied orbital of the molecules to an unoccupied level of the metal. The potential energy 

of the Fermi level is defined by electrochemical potential. Thus, experimental observations 

showed a resonant shape in the plot of SERS intensity as a function of electrochemical 

potential (Figure 8.2a),768 indicating the validity of the CT mechanism. A fitting parameter 

of the line width  reflects the inverse of the characteristic damping time of the excitation. 

The dependence of the excitation energy on the electrochemical potential showing the SERS 

intensity maximum has also been used as a measure of the degree of CT. A linear relationship 

of the electrochemical potential maximum to the excitation energy of light indicates that the 

CT contribution dominates the enhancement (Figure 8.2b).769 Control of the electrochemical 

potential for SERS observation varying the excitation light energy, provides information on 

the electronic structures at molecule-metal substrate interfaces contributing to SERS 

enhancement. 

As additional interesting characteristics of the CT effect, relatively intense non-totally 

symmetric modes of molecules, which are normally described by relatively small 

nondiagonal terms in the polarizability tensor, were observed. The contribution of the CT 

effect on the selectivity of this mode has also been estimated from the slope of the linear plot 

of the electrochemical potential maximum to the excitation energy of light.768 The degree of 

CT contribution to the non-totally symmetric modes is generally higher than that to totally 

symmetric modes, which are observed at normal Raman spectroscopy. This effect could be 

understood as the electronic excitation that accompanies CT for the resonance inducing 

anisotropic polarization of the molecules. A single-molecule observation by SERS is 

characterized by the observation of very intense non-totally symmetric modes compared with 

those of totally symmetric modes. The SERS intensity of a non-totally symmetric mode 

enhanced by the CT effect is typically stronger by one order of magnitude than normal Raman 

modes enhanced by the EM effect.771 This characteristic behavior may also provide us with 

further information on the electronic excitation at CT process, induced by a highly confined 

plasmonic field. It should be noted that the spatially confined EM field also contributes to 

the change in the selectivity of the vibrational modes. The dipole-quadupole polarizabilities 

in SERS become also apparent due to the EM field-gradient effects.774-777 The 
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electrochemical potential may also contribute to this effect, because the change in the 

resonance often results in the energy and localization of plasmons.778-780 At present, precise 

tuning of the localization has not yet been achieved. 

One should also pay attention to the effects of EM field-gradient on the electronic excitation. 

The selection rule for the electronic excitation is modified in the plasmonic EM field. The 

selection rule for the optical transitions between electronic levels is defined by the electronic 

wave functions, under the assumption of the long wavelength approximation. Thus, the 

normal selection rules for electronic excitations could be broken at the excitation of LSPR 

where a huge field intensity gradient exists.781-783 The effect is experimentally observed as 

SERS from an isolated single-walled carbon nanotube (SWCNT) located at the gap of the 

Au dimer structure, as resonant Raman via a normally forbidden electronic transition.453 The 

transition is characterized as a non-zero wavevector electronic excitation beyond the normal 

selection rule, leading to the formation of distinct excited electrons and holes with higher and 

deeper potential energies, compared to those generated by illumination with normal light. 

This characteristic electronic excitation could also be verified by electrochemical SERS 

measurements, to obtain detailed information on the potential energy distribution of excited 

electrons and holes. 

An additional effect of the resonance on SERS is also apparent under the condition of the 

strong coupling states between plasmons and excitons in materials. When the energy of 

plasmons and that of excitons are close to each other, the spontaneous emission rate and the 

energy transfer rate are drastically changed compared to the normal case.784-786 The Raman 

scattering of the dye molecules has been reported to be strongly coupled to the plasmon of 

Ag dimer structures.787 Polarized Raman measurements showed that the maximum 

enhancement of Raman scattering from the strong coupling regime was achieved at the 

resonant energy between the hybridized state and the excitation. Active tuning of the 

coupling strength between dye molecules and metal array structures could be controlled by 

the electrochemical potential of metal nanostructures (Figure 8.2c).788 The electrochemical 

potential can vary the number of molecules with controlled distances from metal surface and 

the direction to the EM filed, which are required for coupling.789 The possibility of tuning 

the localization of plasmons for coupling by electrochemical potential control was also 

suggested by this observation.  
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SERS provides useful information on light-matter interactions, especially photoabsorption 

properties at the nanoscale. Considering the effect of resonance enhancement on the Raman 

process, SERS spectral intensity as well as selectivity of vibrational bands contain details on 

the electronic excitation of the materials strongly interacting with the plasmon. Significant 

changes in the selection rules for the electronic excitation could be characterized by the 

observation of a dependence with the electrochemical potential. Recent theoretical analysis 

on the localized excitation of materials predicts novel characteristics on not only the 

excitation of electrons, but also on phonons and spins.790 Further electrochemical SERS 

studies could open the possibility for the utilization of the unexpected excitation process in 

highly confined electromagnetic fields, to control the energy state of molecules and 

nanomaterials.  

 

Figure 8.2. (a) Intensity-electrochemical potential profile for the 1020 cm-1 line of piperidine 

on a silver electrode. The dots show the fit of theoretical analysis with  = 0.3 eV 3. (b) 

Electrochemical potential maximum of the SERS of p-amiothiophenol (PATP) signal as a 

function of excitation light energy. Reproduced with permission from Ref. 769. Copyright  

a b

c
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1986, American Institute of Physics; (c) Schematic presentation of the electrochemical tuning 

of the strong coupling strength between dye excitons and plasmons. Reproduced with 

permission from Refs. 788 (Copyright 2008, American Chemical Society), and 789 

(Copyright 2018, American Chemical Society). 

8.3. Surface Enhanced Hyper Raman Scattering (SEHRS) 

Non-linear incoherent optical effects can also utilize enhanced local optical fields of 

plasmonic nanostructures, in particular hyper Raman scattering (HRS),791,792 and also second 

hyper Raman scattering.793 Two-photon excited, spontaneous Raman scattering that is 

obtained in the local fields of plasmonic nanostructures, i.e. surface enhanced hyper Raman 

scattering (SEHRS), has been discussed since the 1980s. In SEHRS, the scattered photons 

are shifted relative to the second harmonic of the excitation wavelength, and the excitation 

with light in the near infrared is combined with the desirable detection in the visible spectral 

range (Figure 8.3). Although the cross-sections of non-enhanced HRS are extremely low,794 

the HRS signal depends on the square of the incident radiation intensity. The electromagnetic 

enhancement in SEHRS is the product of the enhancement of the incident field |A(0)|
4 and 

of the scattered field |A(HRS)|
2, whereas in SERS it is the product of |A(0)|

2 and |A(RS)|
2.795 

This shows that HRS benefits enormously from the enhancement by local fields. The total 

enhancement factor for SEHRS has been reported to be on the order of 1020.796,797 Cross 

sections that are comparable to good two-photon fluorophores in SEHRS797 enable two-

photon excited vibrational spectra down to the limit of single molecules796,798,799 and to 

collect hyper Raman anti-Stokes spectra.797,800 Theoretical studies show that the chemical 

contribution to the overall enhancement in SEHRS can be larger than the corresponding 

chemical enhancement for SERS.801-804 

The fact that the HRS process relies on the change in hyperpolarizability of a molecule 

implies different selection rules, which provide complementary spectroscopic information. 

Depending on the molecular symmetry, HRS may probe IR active modes or, in addition, so-

called silent modes, which are seen neither in Raman nor in IR spectra,805 thereby SEHRS 

adds spectral information beyond Raman scattering and in this way, it can improve structural 

characterization, e.g. of molecule-metal interaction,806 sensing,807-809 and imaging.810,811 
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The selection rules for non-resonantly excited SEHRS have been discussed by comparing 

SERS and SEHRS spectra from small organic molecules,610,812-814 including 

nucleobases,815,816 amino acids,817 drugs,806 or crystal violet.64 In the case of centrosymmetric 

molecules, SERS and SEHRS spectra are complementary to a great extent.812-814 When the 

symmetry is lowered during adsorption to the metal, Raman-active modes become visible in 

the SEHRS spectrum as well. As an example, the non-surface enhanced, resonant HRS and 

the Raman spectra of beta-carotene are very different from each other,818,819 but very high 

similarity of the resonant SEHRS and SERRS spectra is found, because the interaction with 

the silver surface lowers the symmetry of the adsorbed molecules.819 The SEHRS and SERS 

spectra from non-centrosymmetric molecules display bands mostly at the same positions, 

although with quite different relative intensities,801,809,815,817 which can be very useful for 

studying their interactions with the surfaces or for detection. As becomes clear in recent 

discussions of two-photon resonant SEHRS spectra, it can serve in the characterization of 

electronic states that are not allowed in one-photon absorption.820,821 

The high sensitivity of SEHRS with respect to the interaction and orientation of the molecules 

at surfaces enables probing a very local surface environment using vibrational information 

that is inaccessible by SERS.806,814 This will help improve our understanding of molecule-

nanostructure interactions, including those utilized in SERS probing. SEHRS spectra of dyes 

and biological molecules under resonant and non-resonant conditions are typically collected 

using photon flux densities of 1026-1029photons cm−2 s−1, respectively, both from 

pulsed797,808,810,816,817,819,822 and tightly focused cw lasers.823 Many SEHRS experiments have 

been done using silver nanostructures.801,823,824 More recently, gold nanorods and their 

aggregates were also shown to provide optical properties that are specifically suited to 

support enhancement of SEHRS.587 

In current developments, the concept of SERS is shown to extend to two-photon excitation 

in several analytical applications already, and SEHRS signals of both reporters or tags and 

biological molecules can be used for sensing and imaging. This includes more efficient pH 

sensors610,808,825 and the ability of trace detection809 by reporter species. The advantages of 

two-photon excitation, together with the strong confinement of SEHRS as plasmonic effect 

to nanoscopic volumes, led to the development of SEHRS for vibrational imaging and 
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microscopy.810,810 SEHRS signals from cultured cells can be obtained797,811 and used for 

imaging, and constitute a tool to characterize their microscopic heterogeneity, in particular 

in combination with SERS. Two-photon excitation allows the use of NIR excitation 

wavelengths. Biological samples such as live cells will profit from better propagation of the 

NIR photons through tissues and low phototoxicity. The high enhancement obtained with the 

gold nanostructures587 renders them a useful tool in future analytical applications of SEHRS 

in biological samples, due to low nanotoxicity. As a first example, characterization of gold-

based multifunctional drug carriers for tricyclic antidepressants has been achieved by a 

combination of SEHRS and SERS.806 In summary, as two-photon excited SERS, SEHRS 

will provide additional vibrational information and better characterization of molecules and 

materials, in combination with the advantages of NIR excitation and the high lateral 

resolution of plasmonics-based spectroscopy. 

 

 

Figure 8.3. Schematic representation of vibrational transitions: linear Stokes Raman 

scattering (A), Stokes hyper Raman scattering (B), anti-Stokes hyper Raman scattering (C), 

Stokes resonant Raman scattering (D), and Stokes resonant hyper Raman scattering (E). 

Molecular systems undergo vibrational transitions from the initial state ( = 0 for Stokes,  

= 1 for anti-Stokes) to the final state ( = 1 for Stokes,  = 0 for anti-Stokes), linked to a 

normal mode k with frequency nk. One possible resonance condition is depicted in (E) 

Reproduced with permission from Ref. 795. Copyright 2017, Royal Society of Chemistry. 
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8.4. Tip Enhanced Raman Scattering (TERS) 

As a sister technique to SERS, tip enhanced Raman scattering (TERS) spectroscopy uses Ag 

or Au tips with tip apex diameters smaller than 20 nm, to produce strongly enhanced 

electromagnetic fields at the tip apex (Figure 8.4.).826-828 The highly confined 

electromagnetic field at the tip apex not only enhances the Raman signal of species in the 

vicinity of the tip (usually less than 5 nm) but also provides a high spatial resolution below 5 

nm by scanning the tip over the sample95, 829-832, which endows it with the capability to 

ultimately resolve submolecular features inside one molecule.74, 833 Indeed, it has been nearly 

20 years since the first discovery of TERS in 2000, and the technique has found wide 

applications in various fields including chemistry, physics, materials science and biology.829-

833 

  

 

Figure 8.4. Schematic illustration of STM (a) and AFM-based (b) TERS setups. (c) 

Experimental TERS images obtained with UHV-TERS, which allows visualization of 

different normal modes of a single molecule. (d) Simulation results. (e) Assigned vibrational 

normal modes. Reproduced with permission from Ref. 833. Copyright 2019, Springer 

Nature. 
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Different from SERS, TERS relies on the enhancement provided by a single tip and from a 

single hotspot. Therefore, sensitivity is the key issue for TERS, which can be improved by 

either optimizing the tip structure or the throughput of instruments. Up to now, most TERS 

works were executed on home-built TERS instruments, including ambient condition STM or 

AFM based TERS,826-828 UHV-based TERS (UHV-TERS),74,833-835 liquid836 or 

electrochemical TERS (EC-TERS) systems.837-839 Some companies are now providing 

commercial instruments by closely collaborating with TERS researchers, while others 

provide key components such as AFM/STM systems or Raman spectrometers.  

The tip is the core component in TERS, because it should not only be sharp enough to obtain 

high resolution topological images of the sample, but also supports the LSPR at the desired 

wavelength, to significantly enhance the near-field Raman signal of the sample.830,840 

Numerous physical and chemical methods have been reported to fabricate tips with a high 

TERS activity. Different TERS working modes (STM tunneling, AFM cantilever feedback, 

AFM tuning fork feedback, etc.) will require different tip fabrication methods. 

Electrochemical etching is the most frequently used method to etch silver or gold wires to 

conveniently obtain TERS tips for STM-TERS.841-842 Vacuum deposition methods are most 

widely used to deposit Ag or Au coating on commercial AFM tips for AFM-TERS, and it 

was found that the formation of island-like structures is advantageous for a large 

enhancement.843, 844 This method has also been used to produce commercial TERS tips. More 

recently, the electrochemical deposition method has also been developed to fabricate Ag and 

Au AFM-TERS tips with controlled size.845-846 To improve the stability and prolong the 

lifetime of TERS tips, especially Ag tips, they can be coated with an ultrathin silica layer to 

prevent Ag oxidation, adsorption of impurities, and the movement of surface atoms. If a 

material with a high dielectric constant is used, the TERS signal may not be sacrificed while 

still maintaining the high stability of the tip.479 There are reports on TERS imaging with ultra-

high spatial resolution, without using a metallic substrate to support gap mode TERS.847-848 

Such a large enhancement and confinement of the EM field from a single tip has not yet been 

explicitly understood and requires both high spatial resolution characterization of such 

peculiar tips and theoretical efforts, which may help to rationally engineer tips with ultrahigh 

enhancement and confinement of the EM field.  
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The first demonstration of TERS was on the detection of molecular film deposited on a glass 

slide.826, 849,850 Thereafter, the studied molecules have been expanded from dye molecules 

with resonance Raman signal to small aromatic molecules with strong binding affinity to the 

surface. The employed substrates range from simple glass slides, Au or Ag films to Au or Ag 

single crystals. TERS has already passed the stage of simply showing its capability of 

achieving a near-field signal. Instead, the high spatial resolution of TERS has been fully 

exploited to tackle some important problems in surface science and electrochemistry, as well 

as to identify biomolecules.829-832 Specifically, TERS has been used to monitor chemical 

reactions like simple protonations,851 but also more complex reactions like dimerization of 

p-aminothiophenol (PATP) or p-nitrothiophenol (PNTP) to form p,p′-dimercaptoazobenzene 

(DMAB) and isomerization of azobenzene on the surface or under the influence of plasmon 

excitation, among others.852,853 The high spatial resolution of TERS has been fully applied to 

investigate, with a spatial resolution of 2.5 nm, the electronic properties of bimetallic systems 

(e.g. monoatomic islands of Pd and multilayer Pt islands on Au(111) surfaces), using 

isocyanidebenzene, sensitive to the substrate electronic properties, as probe molecules.854, 855 

This study revealed interesting properties, including bonding interaction, surface 

coordination and strain effects, of bimetallic surfaces.  

TERS measurements in air are often accompanied by sample degradation, as a result of 

several effects after plasmon excitation, including plasmon-induced hot carriers, heating, and 

oxygen activation. There are increasing efforts in developing environmental TERS, e.g. in 

electrochemistry or UHV, to properly control surface states. Electrochemical TERS (EC-

TERS), which involves measurements in an electrolyte and under potential control. In this 

way, the surface states and the interactions and reactions of molecules with the substrate can 

be controlled in a flexible manner. In EC-TERS, the molecular system to be probed is under 

complex interaction with its environment close to the operando condition. After the first 

demonstration of TERS in liquid in 2009,836 EC-TERS was successfully demonstrated on an 

STM-TERS system in 2015, by revealing the potential dependent protonation and 

deprotonation of thiol molecules adsorbed on an Au(111) surface.837 Almost at the same time, 

AFM-based EC-TERS was developed to monitor the electrochemical redox behavior of nile 

blue (NB) molecules on a transparent ITO surface.838 A step-like feature in TERS 

voltammograms was observed at low surface coverage, corresponding to the reduction and 
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oxidation of single or few molecules. There are increasing efforts in employing STM-TERS 

due to the flexibility of making TERS tips for working under electrochemical conditions.839, 

856 Although EC-TERS is still at an early stage, it shows promising potential in addressing 

more interesting and challenging issues at the electrochemical interface, including 

electro(photo)catalysis, corrosion, plasmon-driven electron transfer, and energy storage. 

With an extremely high spatial resolution down to several nm, it is possible to achieve 

nanoscale spectral imaging and reveal the structure–function correlation for electrochemical 

interfaces by correlating the sub-nanometer resolution SPM image with a simultaneous nm 

resolution TERS image.  

Different from EC-TERS, when TERS is working in a UHV chamber (UHV-TERS), it is 

free of oxygen and other impurities, which can considerably reduce photo-induced reactions. 

Most importantly, UHV-TERS is generally much more stable than environmental TERS. The 

first room temperature UHV-TERS demonstrated the TERS signal from a single BCB 

molecule.834 Recently, the different adsorption configurations of oxygen on CoPc supported 

on the Ag(111) surface were probed by UHV-TERS and the vibrational mode coupling of 

the O−O and Co−O vibrations with the Pc ring was observed.857 When the temperature was 

lowered to cryogenic conditions, the mobility of the molecules on the surface and the thermal 

drift of the instrument can be significantly reduced, which will allow TERS imaging at an 

extremely high spatial resolution. A milestone work in TERS was the demonstration of sub-

molecular (0.5 nm) TERS imaging of a single porphyrin molecule on the Ag(111) surface at 

a temperature of 80 K and under UHV conditions.74 The high resolution allows the spatial 

distinction of two adjacent molecules within van der Waals interactions.858 When the 

temperature was lowered to the liquid helium regime (6 K), the Ångström-scale resolution 

TERS images of different normal modes within a molecule were clearly obtained.833 Such a 

spatial resolution challenges our understanding in the framework of traditional 

electromagnetic theory, but may reveal interesting physics of vibrational spectroscopy and 

inhomogeneously distributed electromagnetic field under confined picocavity conditions. 

All of the above high-resolution studies relied on the use of gap mode TERS, which means 

Ag or Au substrates were used to couple with the LSPR of Ag or Au tip, to significantly 

increase the enhancement and spatial resolution. However, more and more studies have 
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shown a spatial resolution of ~3 nm on carbon nanotubes, allowing the visualization of local 

defects and strain,859 and better than 2 nm (and even single amino acid resolution) on amyloid 

protein crystals,860 without using the gap mode on an AFM-TERS under ambient conditions. 

Such high enhancement and resolution cannot be readily explained by a standard 

electromagnetic model, but may be understood by the following two possibilities: (1) the 

atomic roughness features on the TERS tips that generate an additional highly confined 

electromagnetic field sufficient to allow single molecule sensitivity,87,93 and (2) the special 

chemical interaction by approaching the tip to a special site on a molecule, which may not be 

favorable in SERS. In the latter case, even minute position changes (a few Ångstöms) of the 

tip with respect to the molecule will result in a conformational change and consequently in a 

change of the Raman pattern.108  

Increasing efforts are being made toward applying TERS to study novel materials, from 

carbon nanotubes to various types of 2D materials, including graphene, silicene and various 

types of transition metal dichalcogenides (TMDC). More recently, TERS was used to image 

2D silicene on Ag(111) and achieve a spatial resolution of 0.5 nm benefited from 

enhancement factors as high as 109. The ZO, LO, and TO phonon modes at high frequencies 

not observable in normal Raman were observed.861 There is a surging interest on using TERS 

to characterize TMDCs, including MoS2, MoSe2, WS2, and WSe2, regarding their peculiar 

properties including special chemical activity, optical properties, and valley related effects, 

as a result of structural heterogeneities, including doping, defects, and strain in TMDCs.862 

A spatial resolution of 2.3 nm was achieved from monolayer MoS2 because of giant 

enhancements up to 5108, as result of the coupling between the Au-coated AFM tip and Au 

nanocluster arrays. The plasmonic hot electron doping of monolayer MoS2 was estimated to 

be in the order of 1.8×1013 cm−2, leading to a transient structural shift from the 2H to 1T 

phase. Such information might not have been achieved without the super-high spatial 

resolution of TERS.863 

A remarkably large number of investigations using TERS have been done on bio-related 

compounds despite the complexity of such samples. TERS has been applied to a wide range 

of biological samples ranging from biofilms,864 bacterial865 and cell surfaces,866 to single 

protein and RNA/DNA crystals, molecules and strands.867-872 The common goal is to 
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investigate structures that cannot be revealed by standard microscopy techniques. While 

sequencing has become almost a routine technique and TERS will not be able to compete 

directly with traditional methods, TERS spectra along the DNA strands, modified DNA and 

ageing DNA still showed a strong indication of direct sequencing.873,874 Similar approaches 

could be foreseen for an analytical application regarding single virus detection and 

discrimination as no culture step is necessary.875,876 By scanning over the surface of a virus 

particle, a spectral fingerprint could be generated to distinguish different viruses.  

With the development of nanoscience and experimental techniques, intriguing results are 

reported, e.g. the observation of localized or forbidden vibrational modes and ultrahigh 

spatial resolution. As mentioned above, these novel phenomena cannot be fully understood 

by the classical EM theory and thus stimulate a surge of work toward alternative ways to 

understand the TERS mechanism under well-defined conditions, so that the proposed 

mechanisms can be strictly verified by experiments.93,95-98,102,877 Although it has been 

demonstrated that TERS is able to obtain signals from adsorbed species and reaction products 

on metal surfaces, great efforts are yet to be devoted to its development into an operando 

technique, so that the dynamic changes of surface structures at active sites and quantification 

of products at such sites can be monitored with nanometer spatial resolution and at the 

molecular level. Although EC-TERS has enabled in situ characterization of electrochemical 

processes at solid-liquid interfaces, TERS systems that can work under water and air-free 

conditions, such as in a glovebox, are highly welcome. Such a facility can be used for 

studying more practical systems, such as lithium ion batteries and photoelectrochemical 

systems. All of these important and potential applications require TERS with significantly 

improved sensitivity and imaging rates. It is also necessary to establish a solid protocol to 

guide the selection of the tip and optical configuration, as well as excitation wavelength to 

achieve the optimized sensitivity and spatial resolution. The directional TERS detection 

scheme is another important approach that may help reducing the background and improving 

the collection efficiency, but requires a rational design of the tip and sample configuration.878 

By combining non-linear Raman techniques (CARS879 or SRS880) with plasmonic tip 

enhancement, sufficient Raman signal can be obtained fast enough to achieve (sub-

)Ångström resolution under ambient conditions, or even in an aqueous solution. It should 

also be considered that most TERS systems are optimized to a particular wavelength as they 
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operate with single-line laser excitation. Recently, an excitation-tunable TERS (eTERS) 

setup was reported by coupling a commercial TERS system with a tunable laser.881 The 

advantage of eTERS is two-fold: first, the combined resonant enhancement and tip 

enhancement results in much higher enhancement factors than those in conventional TERS; 

second, eTERS is able to map optical transition energies and specific resonant vibrations at 

nanometer spatial resolution. It can thus be used to measure, e.g., an optically active 

component in large biomolecules or optical trap states in two-dimensional materials.881 

Although chemometric methods have been widely used in standard Raman and SERS 

studies, it would be advantageous if they could also be integrated into TERS software, so as 

to improve signal quality and TERS imaging speed. The existing challenges in the field also 

indicate that there is still potential and room to further improve the enhancement and 

accelerate the development of TERS, which requires the synergistic collaboration between 

experimentalists and theoreticians. 

8.5. Surface Enhanced Infrared Absorption (SEIRA) 

Just like SERS, surface enhanced infrared absorption (SEIRA) of molecular vibrations 

extraordinarily benefits from resonant plasmonic enhancements.882-886 There is however an 

important difference: the molecules do not inelastically scatter light, they absorb light at the 

frequencies of their vibrational resonances which are in the infrared (IR) range. This 

difference has two consequences for the measured vibrational signal size. On the one hand, 

the benefit from the near field enhancement is lower than in SERS. For weak vibrational 

oscillators, the SEIRA enhancement is clearly proportional to the squared near field 

amplitude enhancement887,888 and not to its fourth power as in SERS. On the other hand, 

molecular absorption is a direct process with a much higher cross section than in Raman 

scattering.  

Similar to Raman scattering and SERS, chemical interface processes might modify measured 

SEIRA signals further.884,889,890 These chemical interaction processes can be avoided with 

inert interlayers between the metal surface and the molecules. Then only electromagnetic 

enhancement occurs, which simplifies the quantitative chemical analysis.  The coupling of 

IR vibrational dipoles with plasmonic resonances is mostly strong enough to lead to a Fano-

type vibrational line shape, the asymmetry of which depends on the detuning between the 
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plasmonic resonance and the vibrational resonance. 882-891 Even Rabi splitting has been 

observed for strong vibrational dipoles, from optical phonon polaritons of thin layers within 

the spatial range of the enhanced plasmonic near field.892 Therefore, the line shape as well as 

the vibrational signal enhancement depend on the amount of near field enhancement. For the 

spectral analysis, the Fano lines due to electromagnetic coupling are not really a problem 

because the right molecular frequencies and vibrational damping can be obtained by spectral 

fits to Fano lines instead of Lorentzians.891 

The maximum value of the near field enhancement for a given nanostructure is reached at its 

plasmonic resonance, see for example Ref. 883 and references therein. This maximum 

enhancement is the highest possible if the absorption cross section of the plasmonic structure 

is equal to the cross section for radiation scattering.893 Such a situation can be reached with 

geometrically optimized structures and low electronic damping (perfect crystallinity) of the 

metal, as shown by measurements894 and simulations888 for linear nanoantennas (Figure 8.5). 

Then, in SEIRA based on IR extinction measurements, extraordinarily enhanced vibrational 

signals show up because the vibrational absorption strongly modulates the IR light scattering 

of the plasmonic system.888 

 

Figure 8.5. (a) Cross sections: 𝜎ext for extinction, 𝜎abs for absorption, and 𝜎sca for scattering 

of light. These cross sections have been calculated for gold antennas at the fundamental 

resonance by FDTD simulations and are shown as quantities normalized to the geometric 
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cross section. Reproduced with permission from Ref. 888. Copyright 2015, American 

Chemical Society. The maximum near-field enhancement is expected when  𝜎abs = 𝜎sca at 

the plasmon resonance. In (b) the relative transmittance (at normal incidence of light) of a 10 

nm thick layer of a tetrafluorinated zinc phthalocyanine complex (C32H12F4N8Zn, short name: 

F4ZnPc) on a CaF2 wafer is shown on top. Spectra of 10 nm F4ZnPc on 50 nm high 

nanoantennas produced on CaF2 substrates, from various metals are shown in the middle (as 

transmittance at normal incidence of light with polarization along the antennas divided by 

the bare substrate's transmittance) and in the bottom panel as baseline corrected vibrational 

spectra. The width of the nanoantennas has been adjusted to the maximum SEIRA 

enhancement which is achieved if 𝜎abs = 𝜎sca. SEIRA is directly obvious and, furthermore, 

it should be noticed that the SEIRA enhancement comes only from the small sample regions 

with near field enhancement. Bigger enhancement with Cu, Ag, and Au antennas is attained 

because of the lower electronic damping. Reproduced with permission from Ref. 894. 

Copyright 2018, American Chemical Society. 

 

SEIRA with metallic nanostructures for which light scattering is marginal is a weaker 

coupling effect, which is based on the modulation of the light absorption of the nanostructure 

by the vibrational absorption.884,888 Examples are metal particles much smaller than a certain 

wavelength at which they then mainly absorb light but almost do not scatter it.895 Thus, metal 

particle layers with particle diameters of less than about 100 nm only absorb IR light. There 

are many studies on the development of the IR absorption spectrum with particle geometry 

and density,890,896,897 and many related SEIRA studies have been published.884,898,899 The 

SEIRA signal intensity in such studies benefits from near field hotspots and also from the 

multitude of adsorption sites for the molecules. The hotspots are, for example, located 

between particles in a close neighborhood and thus, for a metal island layer as an ensemble 

of tiny plasmonic particles, the highest SEIRA signals are observed near the percolation 

threshold.884,899,900 

Nanostructures consisting of geometrically optimized nanoapertures in metallic layers 

combine the advantages of concentrated hotspots and notable light scattering, and thus are 

perfectly suited for huge SEIRA enhancement.901-904 For chemical sensing of vibrational 
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signals of clusters (for example, ultrafine dust), bowtie-like apertures are beneficial because 

they feature a particularly high near field concentration and offer a further advantage that is 

the trapping of the clusters (Figure 8.6).904 

 

 

 

Figure 8.6. (a) Near normal relative reflectance (normalized to the reflectance of the flat gold 

layer, polarization as indicated in the inset) of one bowtie aperture in a 50 nm thick gold layer 

(on 2.5 nm Cr as adhesion layer) on CaF2. The SiO2 nanosphere (85 nm in diameter) in the 

gap of the bowtie aperture gives rise to an anti-absorption-like feature on the broader 

plasmonic resonance spectrum. The geometry of the nanostructure can be recognized in the 

SEM image shown as inset. (b) Baseline corrected spectrum of the nanosphere. The peak is 

related to a localized phonon-polariton excitation of the sphere in the Si-O-Si stretching 

vibration band, and thus material specific. The inset shows a SEM image from (a) as a zoom 

to the gap region with the sphere colored in red (scale bar: 400 nm). Reproduced with 

permission from Ref. 904. Copyright 2019, American Physical Society. 

 

Recently, Popp and co-workers succeeded in designing and fabricating slit-based substrates, 

in which both substrate and electric field are concentrated in the same location. These 

substrates consist of a periodic array of slits in a gold surface above a dielectric layer and a 
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continuous gold layer (metal-dielectric-metal structure). For completely filled slits, FDTD 

calculations predict a signal in reflection as large as 25%, which is even exceeded in the 

experiment.905 Without the continuous layer and placed on a thin Si3N4-substrate, such 

substrates can also be employed in transmission mode. Using two slits that cross each other 

but are not perpendicularly aligned, a gigantic circular dichroism signal is generated.906 

Based on this effect, the first working plasmonic substrates were demonstrated which allow 

the discrimination of enantiomers based on infrared circular dichroism.907 For very thin films 

(thickness < 2 nm) structured substrates are less suited. Here, interference rather than 

plasmonic enhancement is of particular advantage. In this respect, it was recently shown that 

working in the internal reflection configuration, interference enhancement should give 

signals of more than 5% for the CH2-stretching vibrational bands of a monolayer of 

octadecane.908 The same technique should also be able to strongly enhance Raman signals 

without changing the selection rules, something which is known from ordinary interference-

enhanced Raman spectroscopy.909 

IR and SEIRA measurements are usually done with far field IR microscopes910 coupled to 

Fourier-transform spectrometers. A lateral resolution much better than the Abbé limit can be 

obtained with spectroscopic IR near-field microscopy, for which the detection of the 

vibrational signal of one molecule was predicted if it sits in a hot spot of the fundamental 

plasmon resonance of a noble metal nanoantenna, see the Supporting Information of Ref. 

882. This experimental result has not been published yet but recent SEIRA experiments have 

detected the vibrational signal of less than 1000 molecules, still with far field techniques.911 

 

9. Monitoring chemical reactions 

Surface plasmons can redistribute not only the electromagnetic field, but also the excited 

carriers (electron and hole) and heat energy in time and space, which can power chemical 

reactions. The expansion from plasmon physics (e.g. plasmon enhanced molecular 

spectroscopies (PEMS) and waveguides, etc.) to plasmon chemistry has recently attracted a 

great deal of attention.912-917 The term plasmon-mediated (also -enhanced, -assisted, -

promoted or -induced) chemical reactions (PMCR) is used to describe how nanostructure-

based surface plasmons act as mediators to convert the photon energy in time, space and at 
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various energy scales effectively, thereby driving chemical reactions by localizing photon, 

electronic and/or thermal energies. The idea of using SPs to enhance chemical reactions was 

first proposed in 1981 then experimentally realized two years later.918,919 In recent years, 

numerous elegant studies demonstrated that plasmonic nanostructures can mediate/catalyze 

chemical reactions under low-intensity visible light illumination, e.g. reactions at the solid-

gas interface or at the solid-liquid interface and even electrochemical processes, as a 

promising approach to facilitate chemical reaction under mild conditions.920-924 For example, 

it has been demonstrated that the SP excited electrons can transfer into oxygen molecules to 

promote oxygen activation by forming transient negative-ion states, which can greatly 

improve the catalytic oxidation reactions, such as ethylene epoxidation, CO oxidation, and 

NH3 oxidation.921 Furthermore, overall water splitting was carried out by SP excited electrons 

and holes from Au nanorod arrays in contact with TiO2 upon visible light irradiation.920 Most 

recently, it was found that SPs can be used to reduce the thermal activation barrier by excited 

carriers.923  

9.1. Plasmon Mediated Chemical Reactions (PMCR) and Plasmon Enhanced Molecular 

Spectroscopy (PEMS) 

In general, both PEMS and PMCR are three body interactions, including photons, molecules 

and nanostructures (Figure 9.1), and their interface is not sharp. In 2010, Tian and co-

workers discovered that SPs could mediate the transformation of p-aminothiophenol (PATP) 

into p,p’-dimercaptoazobenzene (DMAB) during plasmon enhanced Raman spectroscopy 

(PERS).925 In such experiments, surface plasmons were exploited in two ways: mediating the 

photochemical reaction and allowing in situ reliable measurements of the reaction process. 

Nevertheless, it should be pointed out that PEMS and PMCR are different in some key 

aspects. For example, the strong bonding between the probe molecule and the metal surface 

can ensure a satisfactory detection sensitivity for PERS, but it usually blocks the active sites 

for chemical reactions.  
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Figure 9.1. Schematic representation of PEMS and PMCR. 

The growth and future of PMCR critically depend on the fundamental understanding of SP 

properties and how they enable chemical reactions. Based on existing reports, it is found that 

PMCR has its own advantages, distinct from existing photo- and thermal reaction systems.917 

For example, the EM field and/or the thermal field in PMCR systems are usually nano-

confined with sharp gradients (sub-nm ~ nm for EM fields, and nm ~ μm for thermal fields) 

which can drive chemical reactions at an extreme level of spatial selectivity. Moreover, in 

such systems, both the nano-optics and nano-thermodynamics are special, thereby providing 

opportunities for mediating reactions with increased efficiencies and/or regulating the 

product selectivity. Additionally, the lifetime (< ps) and the energy distribution of the excited 

carriers in PMCR systems are largely different from those in traditional photocatalysts 

because of the lack of band gap for most plasmon active materials. Based on these 

characteristics, one should find out the functions that PMCR can do but traditional photo- 

and thermal reactions cannot.  

The field of PMCR is still in an embryonic stage and two main challenges have risen to the 

forefront: its complex operating mechanism and its limited efficiency. More specifically, one 

is how to distinguish the influence of multi-effects of surface plasmons on the chemical 

reaction, especially the photoelectronic and photothermal effects; the other is how to power 

the chemical reaction more effectively, especially to regulate the product selectivity, which 

are two key factors for the chemical industry. Predictably, by understanding the mechanism 

of PMCR in depth, thus rationally designing plasmonic nanostructures, surface plasmons can 

expand the possibilities for chemistry. 

9.2. Plasmon Induced Chemical Reactions - Practical Examples 
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SERS has proven particularly powerful for monitoring reactions on the surface of plasmonic 

nanoparticles in situ and with sensitivity down to the single-molecule level.499,926 In one class 

of reactions, excitation of surface plasmons facilitates light-driven photochemistry,913,927-929 

which can be monitored by tracking the evolution of SERS spectra over time. Perhaps the 

most widely studied example of this is the formation of DMAB on plasmonic nanoparticle 

surfaces, from either the oxidation of PATP or the reduction of nitrothiophenol (NTP).925,930-

932 SERS is particularly well-suited to study this reaction because the spectra show a clear 

emergence of vibrational signatures from the newly formed azo bond, allowing the reaction 

kinetics to be monitored in real time and reaction reversibility under varying conditions to be 

followed. The mechanism for DMAB formation is believed to be plasmonic in origin, with 

hot charge carriers produced upon plasmon decay promoting the reaction at the nanoparticle 

surface,933-935 although questions about the role of local heating and how other species affect 

reactivity remain active avenues of exploration.936-939 Beyond this canonical set of reactions, 

SERS has also been used to study other plasmon-driven photochemical reactions. For 

example, Moskovits and co-workers used a combination of SERS and electron microscopy 

to follow plasmon-driven photochemistry of Pt(II) ions in solution.940 While electron 

microscopy revealed deposition of solid material at the surface of gold nanoparticles upon 

plasmon excitation, suggesting reduction of Pt(II) to Pt(0), subsequent SERS analysis 

revealed the presence of PtO2, indicating that both oxidation and reduction products were 

present. Shin and co-workers used SERS to track the hot carrier induced reduction of Fe3+ to 

Fe2+ at the surface of silver nanoparticles, using CN-terminated molecules bound to the silver 

surface to capture the cation and report subsequent reduction through a shift in the frequency 

of the CN stretch.941 A key to each of these examples is that, while light drives the reactions 

at the plasmonic nanoparticle surface, it also provides an analytical tool for real-time 

characterization of the products through SERS, highlighting the ability of these materials to 

serve as both catalysts and probes. Thus, as interest in plasmon-assisted photocatalysis 

continues to grow, we envision SERS will be a key characterization strategy to monitor these 

types of reactions in situ and in real time.  However, the use of SERS for characterizing 

plasmon-driven reactions must also be accompanied by an appreciation of how hot carrier 

and thermal effects can impact the observed results, requiring careful analysis of the spectra 

to untangle potentially complex reaction mechanisms.929,942 
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9.3. Electrochemical Reactions  

A second class of reactions that can be interrogated with SERS involves electrochemical 

conversion of reactants to products under an applied potential, using a variety of nanoparticle 

and tip enhanced geometries to provide signal enhancement.118,944-945 As molecules undergo 

electrochemical oxidation/reduction, changes in the SERS spectra are followed in real time, 

allowing reactions to be monitored in situ as well as providing hidden mechanistic 

insight.946,947 For example, Van Duyne and co-workers used SERS with 532 nm excitation 

to monitor the electrochemical behavior of Rhodamine 6G (R6G) under an applied potential, 

tracking the loss and gain in the resonantly-enhanced SERS signal from the molecule as it 

underwent reduction and oxidation, respectively.948,949 To probe the reduced form of the 

molecule, the authors switched to 405 nm excitation and found new vibrational modes that 

were associated with R6G radical formation, as supported by theoretical calculations.949 

Willets and co-workers used SERS to understand a change in the electrochemical behavior 

of Nile Blue (NB) upon covalent attachment to the surface of gold nanoparticles.950,951 In this 

work, the cyclic voltammogram of the molecule shifted from being single peaked to dual 

peaked upon covalent attachment to the surface of the gold. By monitoring the SERS 

spectrum as the potential was swept, the authors were able to distinguish two electron transfer 

events associated with each of the two peaks in the voltammogram: one to the terminal amine 

and the second to the phenoxazine core. While these examples highlight the power of using 

SERS in electrochemical environments, it is also important to consider the possibility that 

plasmon excitation can lead to unexpected changes in the electrochemical behavior, either 

through local heating or charge carrier production.943 As SERS continues to be used across a 

wide range of applications in electrochemical studies, we encourage all results to be carefully 

analyzed, so as to ensure that no plasmon driven side reactions have occurred. 

9.4. Spatial Confinement in Gaps and Hotspots 

Beyond using SERS as a spectroscopic tool to follow reactions in real time, SERS imaging 

has emerged as a powerful strategy for following the spatial dependence of reactions on 

plasmonic nanoparticles.952,953 Here, SERS scattered photons are not spectrally dispersed, but 

are rather imaged directly onto a CCD camera, usually as diffraction-limited spots. By 

applying techniques from super-resolution imaging, the SERS scattering from molecules 



 164 

on/near the nanoparticle surface can be spatially localized, often with a precision better than 

20 nm.954 For example, Willets and co-workers used super-resolution SERS imaging to study 

the electrochemical behavior of Nile Blue on the surface of gold nanoparticles.953 Nile Blue 

has a strong SERS signal in its oxidized form, but the signal drops near zero upon reduction.  

Localizing the SERS signal as different populations of molecules are reduced, provides a 

window into how the spatial distribution of molecules on the nanoparticle surface affects 

their electrochemical performance. Figure 9.2 shows an example of how the spatial origin 

of the Nile Blue SERS on the surface of an aggregated gold nanoparticle structure changes 

under different applied potentials. Under oxidizing potentials, when all molecules are 

expected to generate strong SERS signals, the spatial origin of SERS collapses near the 

geometric center of the aggregate, indicating the average position of the molecules on the 

surface.  However, as the potential is stepped towards increasingly negative values, such that 

few molecules remain in the SERS-active oxidized form, the spatial origin of the SERS signal 

localizes near junction regions (or hotspots), suggesting that these regions have a distinct 

electrochemical environment that makes the molecules more difficult to reduce (or, 

conversely, easier to oxidize). This is consistent with the picture that plasmon-generated hot 

carriers may be associated with regions of strong electromagnetic field enhancement,940,955 

generating local potential differences across the surface of plasmonic nanoparticles.952  

Importantly, this example highlights the power of using SERS imaging to spatially track 

reactions in real time and to understand how the structure of the plasmonic catalyst affects 

local reactivity, representing an important future direction as interest in plasmon-assisted 

photocatalysis continues to grow. 
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Figure 9.2.  Potential-dependent spatial origin of SERS from surface-tethered Nile Blue 

molecules (colored points) overlaid on an SEM image of the underlying gold nanoparticle 

aggregate. The applied potential range is indicated at the top of each panel. The data show 

that molecules located near junction regions are the most difficult to reduce/easiest to oxidize.  

Potentials are reported relative to a Ag|AgCl electrode.  Reproduced with permission from 

Ref. 953. Copyright 2015, American Chemical Society. 

9.5. Liquid- and Gas-Based Reactions 

We have seen that SERS is promising for molecular-level reaction tracking owing to its 

ability to rapidly read-out the identity and composition of reaction species (e.g. reactants, 

intermediates and products), using their characteristic vibrational fingerprints. These 

attributes allow concurrent elucidation of representative reaction mechanisms and associated 

kinetic models, even in a multi-step reaction, which were previously not possible using non-

molecular-specific techniques such as fluorescence spectroscopy and gravimetric analysis.956 

In this section, we discuss recent efforts to incorporate SERS platforms for in situ monitoring 

of (1) liquid-based reactions and (2) gas-based reactions (Figure 9.3).  
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Figure 9.3. Emerging strategies to monitor liquid-based (A) and gas-based (B) reactions 

using SERS. (A) Particle-assembled microdroplets, such as plasmonic liquid marble and 

plasmonic colloidosome, have been designed to track (i) immiscible liquid-liquid reactions. 

Adapted with permission from Ref. 957 (Copyright 2017, American Chemical Society); and 

(ii) electrochemical reactions. Adapted with permission from Ref. 958 (Copyright 2016, 

Wiley-VCH). (B) Integrating MOF with SERS to read-out molecular events during (i) gas-

solid interaction. Adapted with permission from Ref. 960 (Copyright 2017, American 

Chemical Society); (ii) gas-liquid reaction. Adapted with permission from Ref. 961 

(Copyright 2018, Wiley-VCH). 

Liquid-based reactions 

In liquid-based reactions, all reaction species are present in one or more liquid phases 

and it is probably the most common process set-up in research and industrial settings. This 
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class of reactions undergo reactant-to-product transformations, usually in bulk liquid phase 

and are hard to track because evolving species may not be present within the electromagnetic 

hotspot, needed for SERS measurements. It is thus necessary to create 3D plasmonic 

structures with dense electromagnetic hotspots for efficient interaction and read-out of 

reaction species. Ling et al. demonstrated the use of plasmonic particle-assembled 

microdroplets, such as plasmonic liquid marbles (PLM; millimeter-sized) and plasmonic 

colloidosomes (PC; micron-sized), which function as both miniaturized reactors and 

ultrasensitive SERS platforms for in situ reaction monitoring (Figure 9.3A-i).957-959 These 

microdroplets possess a 3D plasmonic shell to drastically boost the Raman signal by >108-

fold, thereby allowing temporal reaction tracking in a single liquid phase reaction.957 Beyond 

single liquid phase detection, PC also offers a powerful approach for swift and stable SERS 

measurements of dynamic events at a liquid-liquid interface, due to the strategic positioning 

of a 3D SERS-active ensemble, directly at the interfacial boundary.958 More importantly, the 

recorded molecular vibrational signatures allow univocal differentiation of isomeric products 

during the interfacial protonation of dimethyl yellow. This advantage again highlights the 

importance of SERS to accurately index reaction species that are otherwise undistinguishable 

using conventional analytical methods such as HPLC.  

Recently, PLM was demonstrated as an isolated spectroelectrochemical microreactor, 

capable of complementing electrochemistry with in situ molecular-level reaction tracking 

(Figure 9.3A-ii).959 The key strategy lies on the use of an electrically conductive Ag shell as 

both a 3D working electrode and a SERS-active platform. Using the electro-degradation of 

an environmental toxin as a model, the Ag shell is capable of resolving multistep electron 

transfer processes by providing molecule-specific identification and quantification of 

transient species throughout the electrochemical reaction. It is noteworthy that these insights 

cannot be obtained via electrochemistry alone. Interestingly, the 3D electrode configuration 

exhibits 2-fold and 10-fold superior electrochemical and SERS performance compared to a 

conventional 2D microplatform. This work opens an attractive perspective toward the design 

of next-generation spectroelectrochemical cells for efficient elucidation of electrochemical 

events in energy and environment related applications, such as batteries, fuel cells or toxin 

removal. 
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Gas-based reactions 

Among all reactions, it is most challenging to monitor processes involving gaseous species 

in real time, due to the poor detection sensitivity arising from low molecular concentration 

in gases. Moreover, the low density and poor gas solubility in liquids inevitably lead to its 

rapid escape from the reaction mixture, thereby preventing effective interactions between gas 

molecules and plasmonic surfaces, as required for SERS readout.  

To realize gas-based process monitoring, Ling et al. integrated metal-organic frameworks 

(MOF) with plasmonic nanostructures/particles to create a MOF-SERS system (Figure 

9.3B).960,961 MOFs are 3D crystalline scaffolds containing an extensive network of nanopores 

with large specific surface areas up to 7000 m2.g-1. The most critical attribute of MOFs to 

allow SERS-based gas detection revolves around their excellent gas absorptivity, to 

accumulate gas molecules directly onto the plasmonic surfaces. This phenomenon improves 

detection sensitivity by several orders of magnitude, as compared to bare plasmonic particles. 

For instance, MOF-encapsulated Ag nanocube arrays (Ag@MOF) were reported as 

ultrasensitive SERS platforms to directly observe the concentration of CO2 molecules at a 

nanoscale interface created between a MOF and metal nanoparticle surface (Figure 9.3B-

i).959 Quantitative reconstruction of the 3D molecular footprint near the MOF-encapsulated 

solid surface unraveled the transition of sparsely-distributed and randomly-oriented CO2 

molecules into a quasi-condensed CO2 liquid state, remarkably at ambient operation of 1 bar 

and 298 K. It is noteworthy that such dynamic molecular-level details cannot be teased out 

using conventional monitoring techniques that typically focus on bulk MOFs instead. These 

valuable insights represent a significant leap forward in the understanding of solid@MOF 

systems, whereby it is traditionally perceived that gas molecules are merely confined near 

the solid surface via the intrinsic MOF nanopores. 

The Ag@MOF system also functions as an excellent analytical platform to follow liquid-gas 

reactions (Figure 9.3B-ii).961 In this case, the interfacial nanocavities in solid@MOF were 

exploited to selectively and simultaneously concentrate immiscible gas and liquid reactants 

within the electromagnetic hotspots. Corroborating SERS measurements and simulations, 

Ling et al. uncovered reaction events at the interfacial cavities and provided the first 

molecular-level validation to the formation of phenylcarbamic acid from liquid aniline and 
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CO2 gas. Notably, phenylcarbamic acid can only be identified in situ because it is unstable 

towards post-reaction treatments required in common characterization techniques, such as 

NMR spectroscopy or mass spectrometry. By overcoming core challenges in the realm of 

gas-phase detection, this MOF-SERS approach lays a strong foundation for future 

investigations into various important fields, including heterogeneous catalysis, removal of 

greenhouse gases and gas-to-fuel conversions. Additional efforts could also be directed to 

the optimization of MOF-SERS platforms towards facile, real-time monitoring of 

homogeneous all-gas reactions.  

 

10. General Conclusions and Outlook 

SERS has been confirmed a powerful method to probe simple as well as complex molecules, 

in contact or close to a plasmonic substrate, usually a metal surface but more recently also 

generalized to semiconductor or hybrid materials. A broad spectrum of physical, chemical 

and analytical applications have been proposed, ranging from materials and environmental 

science through biology and medicine. Such a huge potential, combined with extraordinary 

technological progress in the development of related instrumentation, has resulted in an 

explosion of research which pushed SERS forward in many different directions (sometimes 

even leading to conflicting answers). 

Improvement of established classical EM and CHEM mechanisms, implementation of 

relevant secondary processes and consideration of quantum effects have provided a more 

precise description and prediction of SERS enhancement (factors), with further 

demonstration of particularly high values within nano- and subnano-scale gaps between NPs 

or between NPs and flat metal substrates. One of the major driving forces behind recent 

progress of SERS has been the practical achievement of nanostructures with excellent quality 

and tailored morphologies, in some cases featuring smaller and more precisely designed 2D 

and 3D nanogaps. Such fabrication strategies and techniques have also allowed rapid, fast, 

cost-effective, reproducible, large-scale production of substrates and nanotags with robust 

SERS response, for general as well as target-oriented sensing applications.   
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For analytical purposes, high sensitivity, efficiency and reproducibility of SERS substrates 

are recurrently discussed as key factors. In this context, specific platforms have been devised 

and synthesized, toward a variety of sensing strategies based on SERS nanotags, 

chemosensors, chiral-selective systems, SHINERS, intra-gap core-shell particles and remote 

SERS, often achieving single-molecule detection. The development and implementation of 

statistical data analysis currently offers quantification and identification of multiple 

molecules/components within complex mixtures, which are crucial advancements for 

biomedical and environmental applications. However, optimization of the optical and 

chemical properties of SERS platforms, including coupling of the analytes to the plasmonic 

surface, ideally within hotspots/gaps, as well as an even closer collaboration between 

theoretical modeling and experimental realization, will be indispensable to obtain a deeper 

understanding of all relevant aspects and to realize the effective transfer of SERS as a 

standard analytical method in the near future. 

The ability to simultaneously detect multiple biomarkers (multiplexing), such as aptamers or 

antibodies, is crucial to many applications involving biological samples, toxin-contaminated 

environments, and for personalized medicine, based on point-of-care early diagnostics, high-

throughput screening systems, at the gene and molecule level. Label-free SERS biosensors 

offer DNA detection through a single hybridization step, with no need for secondary 

hybridization or post-hybridization washing, thus resulting in shorter assay time and less 

reagent usage. SERS bioimaging has also revealed itself as an alternative long-term imaging 

technique providing high selectivity and multiplexing, while avoiding photobleaching, often 

encountered in fluorescence detection schemes. Additionally, it can be combined with other 

tradidionally used bioimaging tools (multimodality). Immunoassay platforms coupled with 

advanced POC devices are important for the fast analysis of biological samples. Such 

improvements in SERS detection will be critical toward future personalized and genomic 

medicine. 

Applications of SERS in biosensing have seen a rapid increase during the past decade, related 

to detection of cancer biomarkers, circulating tumor cells or pathogens. However, progress 

toward becoming a wide-spread clinical diagnostics technology has lagged behind, e.g. due 

to the use of highly diluted samples in complex matrixes and the need for sophisticated 
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instrumentation. Some of these issues could be solved by using brighter probes, such as SERS 

tags combined with microfluidic systems, using portable devices. In the case of in vivo 

applications, limited tissue penetration depth has hindered so far implementation in full-body 

or deep tissues, and therefore applications where the laser beam can access the diseased area 

are those with a better chance to succeed.  It has been predicted that three are the main clinical 

implementations of SERS that could find applicability in the near future; (a) During surgery, 

for the detection of tumor margins; (b) via endoscopy, colonoscopy, or other optical fiber-

guided imaging procedures to visualize and detect superficial diseased tissues within the 

interior of the body (c) via liquid biopsy, a term that broadly comprises the identification of 

disease biomarkers in blood or other bodily fluids. Efficient and timely disease diagnosis is 

a critical challenge, particularly in low and middle income countries. These regions are ill-

prepared to handle the diagnostic burden due to limited resources, resulting in delayed 

diagnosis and treatment. SERS biosensors may become a low-cost, resource-efficient 

alternative to histopathological analysis. 

SERS has also been demonstrated as a useful tool to monitor bacterial contamination, as well 

as inorganic and highly toxic organic pollutants within our ecosystem, which relied on the 

application of hydrogel- and MOF-based NP platforms, with detection thresholds in the ppb 

range. Quality control and nutrient quantification in food analytics have been achieved, with 

detection limits down to the nM range. For the near the future, the implementation of robust, 

reliable and predictable SERS substrates into cartridge devices could become a promising 

strategy toward commercial SERS sensors. In the area of renewable energy, there is a strong 

need to monitor nucleic acid targets, such as microRNAs (miRNAs) involved in molecular 

regulatory pathways controlling plant growth and development. Such pathways are complex 

and require tight control of gene expression for various applications, ranging from gene 

therapy to biofuel development.  

 A recent but promising research direction has been the use of plasmonic substrates to 

facilitate catalytic reactions under mild conditions, including liquid-based and gas-based 

reactions, which can be monitored in situ with sensitivities down to the single-molecule level, 

by tracking the evolution of SERS spectra over time. Electrochemical conversion of reactants 

to products under an applied potential has been demonstrated. Time-dependent SERS appears 
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especially appealing to rapidly read out the identity and composition of reaction species (i.e. 

reactants, intermediates and products) and to understand reaction mechanisms which were 

not accessible by means of non-molecule-specific techniques. 

The broad interest in the phenomenon of surface-enhanced signal amplification, the 

consistently improved control over substrate fabrication, and the plethora of applications 

under manifold conditions, has resulted in the development of other SERS–related 

techniques, which promise significant improvements in the spatial resolution, while 

providing complementary spectroscopic information. With SERS as a mature spectroscopic 

technique and the tremendous progress in its implementation as an analytical tool, we expect 

rapid development of commercial products, including tailored enhancing substrates, compact 

setups and efficient imaging methods that can compete or complement existing goods in a 

wide variety of technologies. 

We close with our list of top 10 items that should be accomplished, to make SERS a fully 

successful technique, both in research and in the market. 

1. Development of standardization protocols for the characterization of plasmonic 

substrates and evaluation of SERS performance. 

2. Reliable methods for the synthesis/fabrication of uniform, highly reproducible and 

efficient enhancing substrates, with a high degree of structural precision and robust and 

quantitative SERS response within specification limits (to be established). 

3. Design and modeling of the optical and electronic properties, electromagnetic field 

enhancement, distribution/localization of hotspots and polarization dependence of 

plasmonic substrates for desired/available/appropriate excitation wavelengths. 

4. Generally available modeling/simulation tools for realistic SERS substrate 

configurations and for the accurate determination of Raman spectra of molecules possibly 

present in observations. 

5. Proof of SERS performance, preferentially using non-resonant molecules (established 

reporters) and in the absence of charge-transfer resonances. 

6. Development of a methodology to determine the density and localization of molecules 

(including target molecules, surfactants, ions, eventual contaminations etc.) on the 

plasmonic surface. 
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7. Characterization, tailoring and modeling of optical and electronic properties of plasmonic 

substrates in the presence of target molecules. 

8. Careful characterization and simulation of substrate-target interactions, stability and 

reactivity. 

9. Rational design, careful characterization and modeling of (functionalized) SERS 

substrates or tags in real environments/ under real conditions 

10. Development of standardized protocols and data processing for (multiple) analyte 

quantification for different application strategies (with labels, label-free as well as using 

complex statistical models for unknown compositions). 
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VOCABULARY 

Raman scattering, the inelastic scattering of a photon by molecules which reveals 

vibrational transitions; SERS tags, plasmonic nanoparticles carrying Raman-active 

molecules which act as spectroscopic barcodes; quantification, a method to convert 

observations into numbers; biomarker, a molecule or quantifiable signal revealing a 

biological condition; hot electrons, electrons with high kinetic energy upon acceleration by 

a strong electric field  
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