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Abstract  18 

 19 

Spatially offset Raman spectroscopy (SORS) is a spectroscopic technique that allows for the non-20 

invasive chemical characterisation of diffusely scattering materials, ranging from opaque plastics to 21 

biological tissues. SORS has been explored for a range of applications, including disease diagnosis, the 22 

detection of explosives through unopened containers and the in-depth, non-destructive analysis of 23 

pharmaceutical products and objects of art. This Primer introduces the reader to the basic concepts 24 

underpinning SORS, details best practices for its implementation, highlights its use across multiple 25 

fields and provides insight into its limitations. The Primer concludes by discussing potential 26 

applications and envisaging future developments in the field.  27 

 28 

[H1] Introduction  29 

 30 

Spatially offset Raman spectroscopy (SORS) is a form of optical spectroscopy that allows the non-31 

destructive, real-time analysis of the molecular composition of a sample. Similar to conventional 32 

Raman spectroscopy, the technique provides information on the chemical makeup of a sample by 33 

shining a laser on a sample and observing scattered photons of a different energy to the incident 34 
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photons1. In contrast to conventional Raman spectroscopy, SORS can probe deep inside diffusely 35 

scattering objects such as tissue or powders and even probe through materials ― for example, to 36 

analyse the contents of an opaque plastic bottle. No sample preparation is required and the method 37 

allows the sample to remain intact. Applications of SORS range from determining the chemical 38 

composition of deep layers of paint on a work of art to the non-invasive monitoring of cancers2 . 39 

 40 

SORS and other Raman techniques rely on the detection of inelastically-scattered laser photons. The 41 

majority of incident photons will cause an interacting molecule to instantaneously oscillate at the 42 

same frequency as the incident photon before re-emitting another photon of identical energy in a 43 

different direction — a process is known as Rayleigh scattering [G]. However, in cases where a 44 

molecule has a fundamental vibrational mode at a much lower energy than the incident photon that 45 

involves a change in the polarizability [G] of the molecule, then an inelastic or Raman scattering [G] 46 

event can occur1 (Fig. 1), which occurs once for every 106–108 elastic scattering events3. Raman 47 

scattering typically results in the excitation of a molecule to a virtual energy level, followed by the 48 

emission of a photon at the incident energy minus the energy donated to induce the molecular 49 

vibration ― a form of Raman scattering known as Stokes scattering. A photon incident on a 50 

vibrationally-excited molecule can also gain energy and be emitted as a photon of a higher energy 51 

than the incident photon. This process is known as anti-Stokes scattering and at room temperature 52 

for higher vibrational modes is a relatively rare event4; for example, at 20 oC the anti-Stokes to Stokes 53 

signal intensity ratios following excitation with an 830 nm laser are 0.64, 0.029 and 0.00086 for Raman 54 

wavenumbers of 100 cm-1, 800 cm-1 and 1600 cm-1, respectively5.  55 

 56 

Raman spectroscopy identifies the molecular composition of a sample from specific shifts in photon 57 

energy following Stokes or anti-Stokes scattering. Each photon spectral shift corresponds to the 58 

frequency of a specific vibrational mode of the molecule. These Raman shifts can be measured in a 59 

resultant Raman spectrum and serve as a ‘molecular fingerprint’ that enables the identification of 60 

chemicals and materials. They can also identify dynamic changes — for example, molecular 61 

conformational changes such as the rotation of a group of atoms within a molecule6 — and reflect the 62 

local environment of the molecule, such as the polarity of a solution or the presence or absence of 63 

hydrogen bonds7,8. Molecular identification can be performed by comparing the measured Raman 64 

spectra to those from standard samples stored in a library database. Raman shift is expressed in 65 

relative wavenumbers (cm-1) and is itself an expression of the difference between the absolute 66 

wavenumber of the laser wavelength (1/L) and the absolute wavenumber of the Raman emitted 67 

photon (1/R)1. The spectral region of the Raman spectra captured by a spectrograph is called the 68 



spectral range and is typically 0–4000 cm-1, where most vibrational modes lie, with signal detected at 69 

a wavenumber of 0 cm-1 representing photons from the incident laser. Raman shift is directly 70 

proportional to the energy change of photons upon Raman scattering and therefore independent of 71 

excitation wavelength, making the comparison of acquired Raman spectra with those from reference 72 

libraries straightforward.   73 

 74 

Raman spectroscopy is complementary to infrared spectroscopy. Symmetric stretching vibrational 75 

modes that alter the molecule polarizability tend to yield stronger Raman bands, whereas anti-76 

symmetric vibrations that alter the dipole moment of the molecule appear strong in infrared 77 

absorption spectroscopy9 (Box 1). The techniques often have different application niches stemming 78 

from the practicality of their deployment; for example, Raman inherently penetrates deep inside 79 

materials, unlike equivalent infrared techniques that probe fundamental vibrational modes such as 80 

mid-infrared spectroscopy10. Further, as the Raman signal of water is weak, it is better positioned for 81 

probing deep inside living tissue compared to mid-infrared spectroscopy11. 82 

 83 

Conventional Raman studies generally use a backscattering setup, in which the illuminating laser and 84 

detector for measuring the scattered Raman light partially follow the same optical path and target the 85 

same area. With opaque samples, this approach is limited to surface observations as photon diffusion 86 

in the sample results in the vast majority of the Raman photons originating from or near the surface10. 87 

Raman photons from deep into the material are not collected effectively as most are absorbed by the 88 

material or spread sideways away from the collection area. Those few photons that originate from 89 

deep in the sample and emerge at the collection area are often highly diluted by the photon diffusion 90 

process and masked by near-surface originating Raman and fluorescence signals. Further, photon shot 91 

noise [G] from signals originating from surface layers dwarfs those from deeper layers12. In biological 92 

tissues, conventional Raman microscopy techniques are generally only effective at spatially resolving 93 

signals from within 100–200 µm into the sample surface10. SORS allows for the rejection of surface 94 

scattered photons through the use of spatially distinct illumination and collection regions, separated 95 

by a spatial offset Δs13. Elastically-scattered and inelastically-scattered photons must travel laterally in 96 

the sample to reach the spatially offset collection zone and detected photons therefore on average 97 

emanate from deeper into the sample than in backscattering setups (Fig. 2). A range of illumination–98 

collection offsets can allow for the collection of Raman signals from a range of depths.  99 

 100 

In this Primer, we will provide an overview of the rapidly advancing field of SORS and its variants and 101 

discuss the advantages and disadvantages of using SORS approach for various applications. The aim 102 



of the Primer is to provide a springboard for those seeking to use this technique in their work, and to 103 

provide appropriate instructions and references to enable the next steps to be taken by the reader. 104 

We wish to note that in contrast with a conventional review, this Primer aims to cover key studies 105 

exemplifying the technique and its applications rather than providing a comprehensive overview of 106 

the work carried out in this area.  107 

 108 

[H1] Experimentation  109 

 110 

In this section we describe equipment and materials needed for experimental design, setting up 111 

equipment, preparing samples and provide instructions on how to effectively collect SORS data.  112 

 113 

[H2] Samples suitable for SORS  114 

Although SORS shares many common properties with conventional Raman spectroscopy, its key 115 

feature is its ability to probe through diffusely scattering materials, in which photons propagate in a 116 

random-like fashion13,14. SORS is therefore useful for analyzing such materials where the inside or 117 

subsurface is of interest rather than the top layer. The SORS technique is related to subsurface-probing 118 

modalities previously used for near-infrared spectroscopy and fluorescence tomography in that it 119 

involves light illumination and the detection of light that interacted with sample15,16, although it offers 120 

a higher degree of chemical specificity than these techniques. Diffusely scattering materials are 121 

materials that we cannot see through or inside of clearly and are often referred to in the literature as 122 

‘turbid’, or perhaps less accurately as ‘translucent’, ‘non-transparent’ or ‘opaque’17–20. This is in 123 

contrast with transparent samples (often referred to as ‘clear’) through which we can clearly visualise 124 

objects. The majority of materials are diffusely scattering; examples include powders, milk, biological 125 

tissues, layers of paint and opaque plastics. The propagation of laser and Raman photons through 126 

diffusely scattering samples resembles a random walk, with photons changing their direction due to 127 

light scattering and refraction and reflection at refractive index discontinuities within the sample.  128 

 129 

Most diffusely scattering samples are suitable for SORS analysis; however, the sample should not be 130 

excessively absorptive at laser and Raman excitation wavelengths to permit photon migration to and 131 

from the layer of interest. The propagation of photons in the material can be characterized to 132 

understand the extent of the SORS-probed zone using preliminary SORS experiments or using infrared 133 

spatially-resolved and/or time-resolved approaches21–26. These methods can determine the photon 134 

transport length, which describes the distance at which the photon direction is effectively fully 135 

randomised ― often through a number of individual scattering events where each one is somewhat 136 



forward-biased ― and infrared methods can also establish the absorption coefficient, which describes 137 

the photon absorption properties of the propagation matrix27,28. Both these parameters are generally 138 

wavelength dependent29. Although they describe the physics of the underlying photon diffusion 139 

processes, the knowledge of these parameters is not absolutely required for basic SORS data analysis 140 

aiming to recover pure Raman signatures of individual layers in a stratified sample.   141 

 142 

[H2] A typical SORS instrument 143 

A conventional SORS instrument comprises similar key components to a conventional Raman device 144 

apart from the SORS signal readout being performed in a spatially offset manner (away from the laser 145 

illumination area on the sample surface), preferably with variable spatial offset. The key components 146 

of a SORS instrument are a laser source, an optical relay of laser light to the sample including spectral 147 

purification filter(s) (bandpass or short pass filters, often termed ‘laser line filters’), a sample holder, 148 

a Raman spectrometer and an optical sensor — typically a charge-coupled device (CCD) camera (Fig. 149 

3a). Laser light can be transferred from the laser to the sample using an optical relay system or using 150 

an optical fibre; the latter conveniently mechanically decouples the laser from the sample area. The 151 

laser line filter should be located after the fibre bundle as spurious Raman signal and fluorescence can 152 

arise in the fibre, which then needs to be suppressed to visualise the weak Raman signals from the 153 

sample30. The Raman spectrometer itself consists of an entrance slit, a lens collimating the light 154 

emerging from the slit onto a dispersion grating and a lens focusing the spectrally dispersed light onto 155 

an optical sensor (Fig. 3b). The Raman spectrometer can have an extra compartment on the input side 156 

containing a long-pass or notch filter to spectrally filter Raman signal from the scattered laser 157 

radiation. In cases where this extra filter stage is not included within the spectrometer, spectral 158 

filtering must be performed by the user prior to coupling of detected light into the spectrometer.   159 

 160 

SORS is often performed with high performance benchtop instruments; however, SORS instruments 161 

can also be incorporated into much smaller, handheld devices31. Although handheld devices usually 162 

have lower sensitivity and produce Raman spectra with a lower signal-to-noise ratio than desktop 163 

instruments, they are often tailored to be adequate for an intended, specific application31. 164 

 165 

[H3] Laser and sensor properties 166 

Laser light used for SORS must be spectrally narrow ― ideally with a bandwidth of less than 1 cm-1 ― 167 

so as not to introduce unnecessary Raman line broadening. It must also be spectrally stabilized ― 168 

preferably to much less than ~1 cm-1 ― in order not to induce undesirable spectral shifts to Raman 169 

features during measurements. Often, near-infrared laser light is used to minimise interfering 170 



fluorescence emission from the sample, which can interfere with detected Raman light and in severe 171 

cases mask the Raman signal with associated photon shot noise and spectral distortions32. Although 172 

fluorescence can originate from the target compound, in practice it frequently comes from sample 173 

impurities33,34. Common SORS excitation wavelengths used are 785 nm, 808 nm and 830 nm; these 174 

are used with the intention of generating a spectrum within the sensitive range of silicon based CCDs, 175 

which extends up to around 1100 nm. Further fluorescence reduction can be achieved by using a near-176 

infrared (1064 nm) excitation laser; however, these necessitate the use of an indium gallium arsenide 177 

(InGaAs) optical sensor, which typically have lower noise performance than CCDs. Further, this 178 

excitation wavelength choice suffers from additional reduction in Raman yield compared with visible 179 

laser excitation wavelengths owing to the dependence of Raman scattering probability1 on 1/L
4. The 180 

laser used for SORS experiments is typically a continuous-wave laser with an average power of several 181 

hundred milliwatts, or tens of milliwatts for micro-SORS measurements. The dimensions of the 182 

illuminated spot on the sample surface informs the laser intensity and is a key parameter determining 183 

the threshold for sample damage, although it should be noted that this threshold is highly sample-184 

specific (discussed below)35–37. SORS devices intended for outside laboratory use are often in a light-185 

tight enclosure for safety and shielded from ambient light; where these are operated without such 186 

enclosures the laser operator and bystanders may be required to wear laser eye protection and 187 

operate the device under special safety protocols, for example the American National Standard 188 

Z136.1-2014 ANSI and the International Standard IEC 60825:202038. 189 

 190 

[H3] Collection system properties  191 

Owing to the diffusion of photons in the sample and the natural wide-angle spread of Raman photons 192 

emerging following Lambert’s cosine law [G]39, the collection system needs to be capable of capturing 193 

Raman light from a relatively large area at different spatial offsets — either sequentially or 194 

simultaneously — and from the largest possible solid angle [G]. It must then convey this light 195 

effectively to the spectrometer using either an open optical train or a fibre bundle, where it is imaged 196 

onto its entrance slit within the acceptance angle [G] of the spectrometer. The collected light must be 197 

spectrally filtered using long pass or notch filters before the spectrometer to separate elastically-198 

scattered and reflected laser light emerging from the sample from the useful Raman signal ―  in the 199 

case of an optical fibre bundle, this is recommended to be performed before the light enters the 200 

optical fibres to avoid laser light generating interfering fluorescence or Raman signal within the fibre 201 

itself40. Two or three such filters used in series may be required in some circumstances to effectively 202 

suppress intense laser radiation scattered from turbid samples.  203 

 204 



Effective collection of Raman signal from an extended diffuse spot on the sample surface requires the 205 

use of a spectrometer with a low f-number — typically 1.8, although an f-number of up to 3 could be 206 

still be suitable — and a large slit height such as 6 or 8 mm41. The use of higher f-numbers or smaller 207 

slit heights does not preclude SORS functionality but does reduce Raman collection efficiency. This can 208 

be compensated for using longer acquisition times or higher laser powers. A spectroscopy-grade CCD 209 

camera of at least 1024 pixels × 256 pixels is the most commonly used sensor in these applications. 210 

CCDs with a greater pixel count can be used without compromising SORS performance; however, CCDs 211 

of less than 1024 × 256 pixels are advised against as they can compromise spectral resolution, spectral 212 

coverage and Raman collection efficiency. Typical SORS configurations are exemplified in references42–213 

47.  214 

 215 

[H2] Data collection 216 

[H3] Sample considerations 217 

The aim of SORS measurements is to acquire Raman spectra at one or more spatial offsets distributed 218 

around the illumination zone to discern information on the subsurface composition of the sample. 219 

Generally, no sample preparation is required for a SORS experiment; however, consideration needs to 220 

be made for the sample to fit in front of the collection system and to ensure its chemical and physical 221 

stability during measurements. Biological tissue may need to be wrapped in cling film or placed in an 222 

environmental chamber for maintaining constant humidity to avoid drying during the measurement 223 

48,49.  224 

 225 

[H3] Preventing and accounting for noise 226 

The SORS instrument can exhibit thermal drift owing to small temperature fluctuations within the 227 

spectrometer, which can impact relative wavenumbers50 on the order of several cm-1. The sensitivity 228 

of the spectrometer to ambient temperature changes is typically minimised in the spectrometer 229 

design and manufacturing stages, although residual sensitivity needs to be taken care of by stabilising 230 

the external temperature. For measurements requiring a high degree of accuracy, the ambient 231 

temperature should ideally be stabilised to within +/- 0.5oC. This is often sufficient to provide a 232 

spectrometer stability to well within 1 cm-1. The sample and the collection system are typically 233 

shielded from ambient light using an enclosure; if not available, placing a light-tight shroud over the 234 

instrument sample area is sufficient. In a laboratory environment, lights can be turned off during 235 

acquisition or the room can be illuminated using lights equipped with filters that block the 236 

transmission of light in the spectral region where the Raman signal is detected. The environment 237 

should be checked for remaining sources of light by carrying out a spectral acquisition with the laser 238 



turned off. Light from computer monitors can cause undesirable background ― particularly 239 

problematic when monitoring weak Raman signals ― and monitors can therefore also be equipped 240 

with filters. Mobile phones should not be used during Raman acquisitions as light from the screen or 241 

face scanning and photo range-finding emissions may also affect measurements. 242 

 243 

Multiple acquisitions can be carried out at each spatial offset and averaged to enable effective removal 244 

of cosmic rays [G] These are often removed by comparing multiply acquired spectra, a numerical 245 

procedure which often requires three or more identical spectra to be collected sequentially10.  246 

 247 

Raman instruments need to be first calibrated so that the correct Raman shift in relative wavenumbers 248 

(cm-1) is rendered by the instrument. This is often performed by measuring a Raman standard with 249 

known Raman wavenumber shifts and using a polynomial fit to provide a conversion from CCD pixels 250 

to Raman wavenumbers (cm-1). We refer readers to an ASTM E1840 guide on nominal Raman 251 

frequencies of a range of common calibration standards51,52.  252 

 253 

The sample surface and the Raman signal should be monitored for the presence of any unexpected 254 

changes that might be induced by excessive heating owing to laser illumination. Excessive heating can 255 

damage the sample and potentially alter its chemical makeup. Such effects can be avoided by 256 

decreasing the laser power, enlarging the laser illumination areas, rastering the laser beam across the 257 

sample, or shortening the acquisition time 53,54. 258 

 259 

[H3] Introducing spatial offsets 260 

SORS spatial offsets are introduced by moving the laser beam across the sample surface (unless 261 

multiple spatial offsets are collected simultaneously on the CCD sensor in the case of hyperspectral 262 

SORS, discussed later). The magnitude of the spatial offset is often found by trial and error, optimising 263 

the Raman signal-to-noise ratio from the target layer. Systematic investigations of the optimum spatial 264 

offset for interrogating a specific depth have been carried out47,55. In general, to achieve similar signal-265 

to-noise ratio for all SORS spectra across a range of spatial offsets, longer acquisition times should be 266 

used for larger spatial offsets as these usually yield weaker Raman signals.  267 

 268 

Good practice when measuring signals from multiple spatial offsets or physically different sample 269 

locations is repeat the first measurement after completion of all other measurements, so that one can 270 

verify that no instrument misalignment, sample drift or other changes occurred over the course of the 271 

experiment. When measuring more than two spatial offsets, it is also good practice to measure them 272 



in a random order, rather than in an ascending or descending spatial offset order. This avoids the risk 273 

of misinterpreting any instrumental drifts or gradual sample changes ― induced by, for example, 274 

photo-degradation or drying ― by translating these into random data changes rather than systematic 275 

error.  276 

  277 

[H2] SORS variants 278 

[H3] Point-like SORS  279 

Similar to conventional Raman setups (Fig 4A), the simplest SORS variant uses a point-like illumination 280 

and collection geometry 13, although these are separated by the spatial offset in SORS (Fig 4B). One or 281 

more collection points can be imaged using a CCD camera; multiple collection points can be read 282 

sequentially by moving the laser or collection area across the sample surface between acquisitions or 283 

alternatively, data can be collected from multiple points simultaneously by collecting signal from each 284 

spatial offset to a separate row on the CCD40,45. This technique ― known as hyperspectral SORS ― is 285 

beneficial in situations where a sample is evolving in time, for example one undergoing a chemical 286 

reaction or physically moving such as a live sample. However, different rows on the CCD yield slightly 287 

different Raman spectral profiles and distortions caused by spectrograph imaging imperfections can 288 

lead to artefacts in SORS processed data that then must be corrected numerically43,56.  289 

 290 

[H3] Ring-collection SORS  291 

Ring-collection SORS uses a point-like illumination area, with Raman light collected using optical fibres 292 

trained on the sample surface through a collection lens to form a collecting ring around the 293 

illumination point. In this setup, the distance between the illumination area and the ringed collection 294 

represents the specific spatial offset used (Fig. 4C). Fibres can be organised in a complete ring40 or just 295 

a small segment57, for example, to enable the use of a large number of spatial offsets simultaneously. 296 

The collection fibres are arranged in a linear structure at the spectrograph entrance slit and brought 297 

onto the spectrometer, enabling the simultaneous reading of different bundles (corresponding to 298 

different spatial offsets) from separate rows of the CCD40,58. Another example of implementing the 299 

ring-collection geometry includes using a digital micro-mirror device (DMD) arrangement, where a 300 

programmable DMD is used to rapidly set a desired SORS spatial offset59.  301 

 302 

This ring-collection SORS geometry benefits from being able to average across larger sample areas 303 

than point-like SORS, benefitting applications where laterally heterogeneous samples are probed and 304 

averaged signals from the matrix are therefore required (for example, when deducing the average 305 

composition of bone). In such applications, signals from different parts of the collection ring can be 306 



summed. When high spatial resolution mapping of lateral heterogeneity is required, for example when 307 

performing subsurface imaging to probe for hidden objects, individual parts of the ring can be read 308 

separately.  309 

 310 

[H3] Ring-illumination SORS (inverse SORS)  311 

Raman signals can be read from a small area on the sample surface surrounded by a ring-shaped laser 312 

illumination zone (Fig. 4D)56,60. This ring-illumination geometry is beneficial in applications where 313 

sample damage must be avoided ― for example, in in vivo applications or when examining precious 314 

samples. Using this geometry, laser light can be spread over an increasingly wider area with increasing 315 

spatial offsets, with higher laser powers used for larger spatial offsets where weaker signals are 316 

present. This is advantageous in situations where maximum illumination intensity cannot be 317 

exceeded, for example to avoid sample damage or to stay within safe illumination intensity limits 318 

during in vivo applications. The same is not possible with conventional SORS using a ring or point-like 319 

collection geometry.  320 

 321 

[H3] Defocusing SORS 322 

Defocusing SORS uses overlapping illumination and collection areas (Fig. 4E). This variant is less 323 

effective at providing contrast between the surface and subsurface layers than other modalities; 324 

however, its key advantage is that it can be practised on conventional Raman systems without any 325 

modifications. Defocusing SORS is performed by moving the sample away from the imaging position, 326 

increasing both the laser illumination and Raman collection areas. In this process, although no actual 327 

separation is achieved between the two areas, this leads to a SORS effect as the incidence of the laser 328 

photon and the detection of the Raman photon can be spatially offset on the sample61,62. Defocusing 329 

SORS results in the collection of spectra from a range of SORS offsets simultaneously, which enhances 330 

depth sampling but does not suppress the surface signal to the same degree as other SORS modalities.    331 

 332 

[H3] Transmission Raman Spectroscopy 333 

Transmission Raman spectroscopy (TRS)63,64 can be considered a special case of SORS where the 334 

illumination and collection points are positioned on the opposite sides of a sample (Fig. 4F). This is 335 

only applicable for samples where both surfaces are accessible. Unlike other SORS modalities, TRS 336 

does not enable the probing of individual layers in the sample – instead, it provides a volumetric signal, 337 

approximating the average composition of the probed volume63. This can be beneficial in situations 338 

where average volumetric sample composition is desirable, for example when quantifying 339 

pharmaceutical formulations. 340 



 341 

[H3] Surface Enhanced Spatially Offset Raman Spectroscopy 342 

SORS can be combined with surface enhanced Raman spectroscopy (SERS) in a modality known as 343 

SESORS65,66. SERS relies on the enhancement of Raman scattering by metal nanoparticles — often 344 

made of gold or silver and typically approximately 80-200 nm in diameter — with their surface 345 

plasmon resonance [G] (SPR) tuned to the laser excitation wavelength67. The large collective oscillation 346 

of charge on the nanoparticle surface induced by light from the incident laser can lead to a 108–fold 347 

boost of the Raman signal within several nanometres of the nanoparticle surface68,69; adding 348 

nanoparticles to a sample can therefore dramatically boost SORS depth penetration, chemical 349 

selectivity and sensitivity66.  350 

 351 

Modification of the nanoparticle surface can allow sensing of low-concentration analytes with high 352 

chemical specificity;70 for example, it is possible to analyse samples for the presence of antigens at low 353 

concentrations using nanoparticles functionalised with antibodies, as antigen-antibody binding 354 

induces subtle vibrational changes detectable through small Raman shifts of the tagged antibodies. 355 

This approach can be used for disease diagnostic applications71. Further, the binding of nanoparticles 356 

to single-stranded DNA can enable the monitoring of nucleic acids and their reactions72. A range of 357 

other functionalisation options have been proposed and demonstrated (see ref71). Multiple different 358 

nanoparticle surface attachments can be used simultaneously to allow for multiplexed monitoring of 359 

chemical, physical and biological properties at depth73,74.  360 

 361 

[H3] Micro-SORS 362 

In micro-SORS, laser light and collecting Raman signal are passed through a microscope objective and 363 

the laser illumination spot, Raman collection area and spatial offset are on the scale of micrometres 364 

to provide higher spatial resolution75. This modality is particularly advantageous when using highly 365 

scattering samples or in cases where differentiation between layers is not possible with mm-scale 366 

SORS — for example, when analysing layers of paint on a painting75. Two variations of micro-SORS 367 

have been demonstrated to date: defocusing micro-SORS and full micro-SORS76. Defocusing micro-368 

SORS can be practised with a conventional Raman microscope75 and is performed by moving the 369 

sample from the imaged position away from the microscope objective rather than towards it to avoid 370 

restrictions stemming from microscope objective working distance and the risk of touching the sample 371 

with the microscope objective. Full micro-SORS61 is performed by separating the laser illumination and 372 

collection zones from each other, analogous to point-like SORS with much higher spatial resolution. 373 

Full micro-SORS generally provides better layer contrast than defocusing micro-SORS and typically 374 



requires modifications to be made to a standard Raman microscope instrument, such as: readjusting 375 

the angle at which the laser beams enter the microscope objective77; using laser beam steering optics 376 

within the microscope; bringing laser light to the sample using a separate, external microscope 377 

objective62 and modifying its data reading facility, for example by reading different zones on the 378 

sample surface with different parts of the CCD sensor78. No special considerations apply to samples 379 

for micro-SORS in general from those discussed above for SORS apart from the fact that samples need 380 

to physically fit under the microscope objective of the Raman microscope. Because photon 381 

propagation distances are shorter than those for SORS, the requirements for the absence of strong 382 

absorption at the laser and Raman wavelengths are less stringent with micro-SORS. SORS variants are 383 

compared directly in Table 1.   384 

 385 

[H1] Results 386 

 387 

In this section, we describe how SORS data is pre-processed and analysed to extract compositional 388 

information on subsurface areas of sample. 389 

 390 

[H2] Data pre-processing 391 

Raw SORS spectra are typically pre-processed to remove background from fluorescence or ambient 392 

light before analysis. The appearance of Raman band changes between spatial offsets indicates the 393 

presence of more than one layer in the sample; if the relative Raman intensities are constant with the 394 

spatial offset (and therefore imaging depth) then observed Raman bands likely to come from the same 395 

chemical species, two different species are mixed up in a single layer, or multiple thin layers thinner 396 

than the depth resolving power of the SORS variant used79. The rate of change of Raman band 397 

intensities relative to each other also indicates the order of the layers37; the fastest decrease of 398 

intensity as spatial offset increases is exhibited by the surface layer, then the second layer, then the 399 

third and so forth. Each distinct sublayer induces a different rate of intensity change, informing the 400 

number of detected layers. Caution should be exercised though when reaching conclusions based 401 

solely on this information as other effects such as signal self-absorption in the matrix ― which can 402 

lead to distortions of relative Raman band intensities ― can also contribute to these effects42,80. The 403 

presence and magnitude of self-absorption can be deduced from the presence of changes of the 404 

relative intensities of Raman bands belonging to a single chemical species. These are generally 405 

invariant to spatial offset. For this, one requires the knowledge of the origin of individual Raman bands 406 

and some Raman band assignment to individual molecular species would have to have been carried 407 

out.  408 



 409 

[H2] Data analysis 410 

[H3] Differentiating layers 411 

The first step of analysing SORS data is to retrieve the spectra of individual layers. For experiments 412 

involving a two-layer system — for example, probing the contents of a container through the container 413 

wall — the simplest approach relies on subtracting a zero-offset Raman spectrum (typically dominated 414 

by surface layer contributions) from a SORS spectrum obtained at a non-zero spatial offset, which is a 415 

representation of the subsurface layer. The non-zero offset spectrum can contain elements of the 416 

surface layer Raman spectrum; therefore, an appropriate scaling factor chosen to cancel out any 417 

contributions of the surface Raman spectra in the non-zero spatially offset spectrum is applied to the 418 

subtracted, zero-offset spectrum (Fig. 5)13. The scaling factor is found commonly by trial and error 419 

through observing the subtracted spectrum for the presence/absence of undesirable surface layer 420 

Raman bands. 421 

 422 

For a multilayer system with n layers where n > 2, one requires n spectra obtained at different spatial 423 

offsets to retrieve Raman spectra from individual layers. The retrieval is analogous to the above 424 

methodology where gradually a single layer Raman spectrum is cancelled in all the remaining spectra 425 

until a pure Raman spectrum of the target layer is retrieved. Representative spectra illustrating the 426 

separation of two layers from each other and associated mathematical steps are shown in Fig.5. 427 

Currently, no commercially available software exists specifically for SORS data processing (apart from 428 

those built into commercial SORS instruments81,82), although the above process can be accomplished 429 

using Microsoft Excel83 or Matlab84, for example.  430 

 431 

Differentiation of layers can also be performed using principal component analysis (PCA), which is 432 

capable of separating the spectra according to variances present in the data sets13. This analysis 433 

typically yields a linear combination of the Raman spectra of the layers, rather than the pure spectra 434 

assignable directly to individual layers. For this to be effective, the number of spatially offset spectra 435 

should ideally be an order of magnitude greater than the number of layers present13. To retrieve the 436 

pure spectra of individual layers, additional mathematical processing must be performed. One method 437 

for extracting pure Raman spectra of individual layers is band target entropy minimisation (BTEM), 438 

which uses an algorithm that relies on the fact that, in general, a higher order exists in pure spectra 439 

than those resulting from the summation of spectra from multiple layers85. A more advanced version 440 

applicable to noisier data is adaptive-BTEM, which dynamically adapts convergence parameters during 441 

the iterative search for real spectra86. An alternative effective approach for SORS spectral 442 



decomposition is based on regression analysis, using the Raman spectra of known sample components 443 

with the inclusion of regression residuals87. This is best used when the dominant chemical species of 444 

the sample layers are known.   445 

 446 

Many samples will have more complex stratification geometries than flat layers. For example, a 447 

sample may contain a round object buried inside a matrix. Subject to yielding measurable signals, 448 

these configurations can be analysed to retrieve estimates of pure spectra of individual chemically 449 

distinct zones. Numerical methods such as Monte Carlo simulations [G] are often used to provide 450 

further insight into the sample constitution or photon behaviour88 and these are particularly useful 451 

for complex geometries. Their validation is typically performed on test samples or imaging phantoms 452 

[G] where stratification and constituency can be varied controllably89. Internal structural information 453 

on chemically and physically distinct subsurface domains is generally required for the effective 454 

deployment of Monte Carlo models. Photon trajectories calculated through Monte Carlo models 455 

enable one to estimate the locations of laser photon-to-Raman photon conversion points in the matrix 456 

for a given illumination and collection geometry, enabling the optimisation of these geometries 457 

numerically by adjusting Monte Carlo parameters. This permits finding the optimum spatial offset, 458 

laser and collection geometries for any given sample with a particular layer depth or an irregularly 459 

shaped subsurface object in it and the deduction of the depths and lateral locations from which signals 460 

originate. 461 

 462 

[H3] Analyzing spectra 463 

Once the spectra of individual layers are available, one can apply standard Raman analytical protocols 464 

to retrieve the chemical and/or physical information contained within them. This can be carried out 465 

by fitting individual Raman bands using Gaussian, Lorentzian or Voight shape-functions in software 466 

such as Origin90 or GRAMS/AI91, using least squares methods, or using multivariate analysis methods 467 

such as PCA, partial least squares (PLS) regression, multivariate curve resolution (MCR) or parallel 468 

factor analysis (PARAFAC)92, which can be achieved in Matlab84 or SOLO93.   469 

 470 

Simple qualitative comparison of the observed Raman spectra with library Raman spectra 94–98 is often 471 

used to identify chemical species; this can be performed by simple visual inspection, by using specialist 472 

library search engines that often come with library packages (such as the Bruker OPUS software99)  or 473 

by performing a multivariate discriminant analysis (DA) ― such as PCA-DA92 ― using software 474 

packages such as Matlab84 or SOLO93. SORS practitioners often build their own libraries containing the 475 



common compounds that they analyse; alternatively, one can use molecular structure modelling 476 

software capable of predicting Raman bands, such as the Gaussian software package100.  477 

 478 

The quantification of sample chemical subcomponents requires the building of a calibration spectra 479 

set, which can be obtained from a set of samples with known concentration of subcomponents. As 480 

Raman signal intensity scales linearly with sample concentration, the unknown concentration of 481 

subcomponents in a sample can be determined using linear regression methods, for example using 482 

the PLS method. This process is exemplified by the quantification of pharmaceutical formulations 483 

using TRS in ref101.   484 

 485 

Measurements can be obtained from different spatial locations in order to derive chemical maps of 486 

the sample surface. To analyse SORS maps, one should first extract the Raman signal of the target 487 

layer from each individual location and then apply standard proprietary software used to analyse 488 

conventional Raman maps such as Matlab84, GRAMS/AI91, WiRETM 102, Crytospec103 or OPUS99. Analysis 489 

of a sample at different time points or analysis of different samples can allow the tracking of dynamic 490 

processes and sample-to-sample variations; in dynamic applications, one can ascertain sample 491 

chemical composition both qualitatively and quantitatively as above.   492 

 493 

 494 

[H1] Applications 495 

 496 

Below, we discuss the wide range of SORS application areas developed over the recent years. The aim 497 

of section is to exemplify the use of the SORS technique across multiple fields and does not represent 498 

an exhaustive review of all SORS applications developed to date. Other application areas not covered 499 

extensively in this section include those in the polymer sciences104,105, petrochemical106 and chemical 500 

sciences107 and manufacture108, geology and mineralogy109,110, biology111 and manufacture and 501 

cosmetics112.  502 

 503 

[H2] Pharmaceutical applications 504 

SORS has a number of applications in the pharmaceutical field. Conventional SORS is well-suited to 505 

the analysis of unopened pharmaceutical products for quality control purposes and to screen for 506 

counterfeit drugs in sealed bottles and blister packs113. Typically, packaging of ~1–3 mm thickness can 507 

be probed through, depending on the specific application114. This is also of interest to governmental 508 

bodies overseeing safety of medical products or pharmaceutical companies and their distributors 509 



ensuring the safety of their products. Further studies have shown the capability of SORS for 510 

quantitative volumetric analysis of intact pharmaceutical tablets and capsules 64,115,116. This application 511 

has been developed commercially and SORS is now used by manufacturers to ensure that the 512 

pharmaceutical formulations entering the market are within a permitted tolerance117. TRS specifically 513 

is highly beneficial for this application as discussed in a recent review118 as it overcomes subsampling 514 

issues associated with conventional Raman spectroscopy, enabling it to provide a more representative 515 

composition for often heterogeneous pharmaceutical products with thicknesses of up to ~ 10 mm.  516 

 517 

Another major application of SORS is to confirm the composition of materials through unopened 518 

packaging. Manufacturers of materials used for the production of active pharmaceutical ingredients 519 

(API) are required by regulations to monitor that starting materials are correctly labelling before 520 

distribution119. This can be performed by identifying the content of the packaged item chemically and 521 

comparing it against its label; the process was until recently invasive and highly laborious, requiring 522 

the opening of the packaging in a chemical sampling booth, material sampling and its subsequent 523 

chemical analysis with techniques such as high performance liquid chromatography. Using SORS to 524 

analyse the content of the packaging avoids the need to open the packaging and analysis can be 525 

performed directly in situ with portable handheld SORS devices. In a proof-of-concept study, the 526 

authors accurately identified common pharmaceutical materials through a number of commonly-used 527 

packaging materials, including opaque plastic, paper sacks and coloured glass bottles, ensuring 528 

analysis times as low as tens of seconds, operator safety and the integrity of inspected material. The 529 

approach also eliminates the risk of cross-contamination and exposure to the ambient environment55. 530 

This application has also progressed to a commercial stage120,121.  531 

 532 

TRS can be used to quantify polymorphs [G] in a pharmaceutical formulation122. In a recent study, TRS 533 

was shown to readily identify two polymorphs of flufenamic acid — a non-steroidal anti-inflammatory 534 

drug —through their distinctly different Raman signatures. TRS was shown to be more accurate at 535 

quantifying polymorphs than conventional Raman spectroscopy, owing to its volumetric sampling 536 

capability and thus avoidance of subsampling issues caused by heterogeneous sample composition. 537 

This is also now commercially117. Finally, a hyperspectral line mapping SORS configuration has been 538 

used to monitor the thickness of the protective coatings of pharmaceutical tablets123.  539 

 540 

[H2] Security and forensics applications 541 

SORS applications that have been developed and are widely used in the security field include the 542 

scanning of medicines taken on board planes by passengers for essential medical reasons and the 543 



scanning of duty-free items at airports for the presence of liquid and gel explosives82,124. SORS has the 544 

potential to also detect toxic industrial chemicals, flammable compounds, explosives, narcotics and 545 

chemical warfare agents at border checkpoints points and in emergency situations such as chemical 546 

spillages, terrorist incidents and firefighting. Handheld SORS devices have been developed and are 547 

used for these applications125. 548 

 549 

Another societally important application of SORS currently under development is the stand-off 550 

detection of explosives through containers. Detection of explosives has been shown at distances of 551 

over 10 m under ambient light conditions using time-resolved SORS126,127. The use of a near-infrared 552 

excitation wavelength (1064 nm) minimizes interfering fluorescence, which may be present in 553 

improvised explosive bottles owing to impurities128.  554 

 555 

The ability of SORS to detect the chemical composition of the contents of a turbid container was first 556 

demonstrated in a study of bottles and jars common taken on board of plane by air passengers. The 557 

study included containers with their original content and those containing a solution of 30% hydrogen 558 

peroxide, which is a key component of a number of liquid explosives124. Although hydrogen peroxide 559 

is a simple molecule with a low number of vibrational modes, it gives a distinct Raman signature, 560 

enabling its clear identification. Other explosives typically yield much richer Raman spectra, further 561 

aiding their identification129,130. For highly scattering containers such as those made of white plastic, 562 

conventional Raman techniques were shown to detect only the signal originating from the container 563 

wall; by contrast, SORS unequivocally identified the H2O2 marker band (Fig. 6). Similar results have 564 

been achieved with both transparent and other non-transparent container walls.  565 

 566 

[H2] Medical applications 567 

SORS has been investigated for the non-invasive sensing of the mineral and organic components of 568 

bones to detect bone disorders131, monitoring of bone regeneration132 and screening for breast cancer 569 

in vivo41,133,134, with these applications currently in early development. SORS is well-suited to 570 

examining bones as these are often located several millimetres below the skin surface and more easily 571 

accessible from one side. TRS is a technique of choice for breast cancer screening as this organ is 572 

accessible from two sides and TRS volumetric sensing is valuable when searching for the presence of 573 

calcifications at unknown depths. TRS can probe samples of twice the thickness than the penetration 574 

depth of conventional SORS135. SORS is also being investigated for the assessment of cancer margins 575 

during breast cancer surgery in order to minimize the removal of normal tissue for medical and 576 

aesthetic reasons44,136. The current approach is based on histopathological assessment of biopsied 577 



tissue, often whilst the patient is still in surgery. Further applications have also been proposed based 578 

on the ability of SORS to form 3D images of objects located deep inside a diffusely scattering matrix, 579 

including those based on Raman tomographic imaging and image-guided Raman spectroscopy using 580 

X-ray computed tomography for the  diagnosis of bone disorders137–143.  581 

 582 

SORS and SESORS allow monitoring of the subsurface physical-chemical properties of tissues such as 583 

temperature and pH135. This could allow for their use in subsurface monitoring of chemical or catalytic 584 

processes73,144. SESORS has also been investigated for use in photo-thermal therapy with temperature 585 

feedback144,145. A proof-of-concept study demonstrated the viability of heating of gold nanoparticles 586 

embedded 5 mm deep in tissue by ~20 oC by exciting these with a laser light and also showed 587 

simultaneous non-invasive monitoring of tissue temperature at the same depth using a different set 588 

of gold nanoparticles functionalised with temperature-reporting molecules145.  589 

 590 

Micro-SORS is being developed for the monitoring of blood quality as it allows the analysis of blood 591 

quality in blood bags without opening the bags and potentially compromising sterility77. The decay 592 

rate of blood varies enormously and consequently blood bags  are discarded according to stringent 593 

guidelines, potentially wasting good-quality blood; this could be prevented by through-bag blood 594 

quality monitoring77,146,147.  595 

 596 

Recently, the detection of cancer lesions in vivo has been demonstrated by using nanoparticles with a 597 

Raman reporter (IR 792 dye) functionalized with a cancer-targeting agent (cyclic-RGDyK peptide) 598 

injected into mice and performing measurements through the mice skulls to generate SESORS maps148. 599 

The results were compared with those obtained using conventional Raman mapping, which was 600 

unable to clearly delineate the lesion noninvasively.  601 

 602 

Other medical applications for SORS that have been investigated so far include non-invasive glucose 603 

detection149 and low-level bioanalyte detection in brain tissue using SESORS150. An illustrative case 604 

study in this field is the application of SESORS for the through-skull analysis of an agarose gel 605 

containing varying concentrations of neurotransmitters and gold nanoparticles, where agarose gel 606 

was used to mimic brain tissue 150–152. The limits of detection for all studied neurotransmitters were 607 

between 100 nM and 1 μM and corresponded to physiologically relevant concentrations152. Fig. 7 608 

shows illustrative SESORS spectra from mixtures of neurotransmitters in agarose, collected through 609 

an animal skull with 0 mm and 2 mm spatial offsets152. This study demonstrated the potential of 610 

SESORS for non-invasive in vivo monitoring of neurotransmitter concentrations151; the ultimate goal 611 



of this research area is the non-invasive diagnosis of neurological disorders such as Parkinson’s and 612 

Alzheimer’s diseases at an early clinical stage152. 613 

 614 

[H2] Food sciences  615 

SORS can be used to analyse the chemical composition of foodstuffs, for example to quantify the 616 

lycopene content of intact tomatoes to monitor their ripening153. Hyperspectral SORS has been used 617 

for  the determination of the nutrient content and origin of potatoes154 and the monitoring of carotene 618 

content and iodine levels of intact salmon through the skin35.  619 

 620 

SORS can be used to detect adulterants in spirit beverages through bottles to identify counterfeit 621 

products. In a proof-of-concept study, ten denaturant and flavouring additives were detected through 622 

bottles at concentrations of approximately 1–100 ppm. SORS was shown to discriminate between 623 

different Scotch whisky brands, allowing the identification of counterfeit products through 624 

comparison with genuine product155. Counterfeiters often use genuine packaging and can closely 625 

simulate genuine products; consequently, a highly sensitive and accurate method such as SORS is 626 

required to differentiate between real and close copies of the product. The additives in the above 627 

study were detected with a handheld SORS device81, demonstrating the potential for in situ analysis 628 

outside the laboratory environment. SORS could be extended to identify other counterfeit food 629 

products. 630 

 631 

[H2] Analysis of historical objects 632 

Micro-SORS devices have been investigated for the analysis of the composition of paintings and 633 

decorated objects, decay products located below the surface of these objects and the diffusion of 634 

conservation treatments156,157. This knowledge is important as information on the subsurface chemical 635 

makeup of these items enables better definition of condition, which is essential for applying 636 

appropriate conservation treatments and avoiding the risk of any undue damage. Analysis is also 637 

relevant to art history as it informs on the materials used by the artist, the artist’s technique158 and 638 

the presence of signs or letters obscured by turbid materials such as paper159. Portable micro-SORS 639 

devices enable investigations in situ, which is advantageous when sampling fragments or where 640 

transfer of the object to the laboratory is unfeasible160. Recently, a portable micro-SORS device was 641 

developed161 and used for the reconstruction of the layer sequences of two 16th century panel 642 

paintings in situ, providing information on the pigments used and the artist’s technique162. Such 643 

applications require care to avoid any undue damage from the laser beam and often very low laser 644 

powers are used 163. To avoid damage when carrying out such sensitive applications, one can use a 645 



short acquisition time (for example, 0.1 ms) and carefully increase laser power, while observing the 646 

sample using a portable optical microscope and simultaneously reading Raman spectra to look for any 647 

initial signs of undue changes, such as spectral backgrounds rising faster than the Raman spectrum. 648 

Using defocusing micro-SORS decreases laser intensity as offset increases and therefore its use could 649 

offer further protection in some cases. 650 

 651 

[H1] Reproducibility and data deposition 652 

 653 

Different applications require different levels of data reproducibility; identification of chemicals, for 654 

example, requires a lower level of accuracy compared to quantification applications. The 655 

reproducibility of SORS data can be affected by multiple factors, including the spectrometer 656 

calibration accuracy, its temperature and mechanical stability, laser frequency accuracy and stability. 657 

CCD etaloning [G], read-out noise [G] and thermal noise [G], which are imprinted on spectral profiles, 658 

can also affect subsequent spectral analysis results. Effects such as etaloning and spectrometer 659 

calibration accuracy manifest themselves in SORS spectra as fixed distortions,  whereas other effects 660 

(for example laser frequency drift and spectrometer calibration drift) produce temporally evolving 661 

spectral distortions that can negatively impact SORS measurements50,56. Fixed distortions become 662 

important when transferring data between instruments as these can vary between different devices 663 

and lead to distinct spectral profiles and systematic spectral shifts. As such, extra care needs to be 664 

taken in situations where SORS spectra such as library spectra, or calibration spectra, are interchanged 665 

between different instruments. Generally, SORS instruments are designed to minimise spectral 666 

distortions and temporal drifts; for example, spectrographs are designed to avoid thermally-induced 667 

or mechanically-induced motions that could lead to spectral drifts. The laser unit itself is often 668 

thermally stabilized to avoid any frequency drifts. Furthermore, the utilisation of the source of a 669 

known broadband spectral intensity profile ― such as that produced by a fluorescence source or 670 

emission lamp ― can allow for a direct measurement of the instrument response function [G], which 671 

enables between-instrument differences to be corrected164,165.  672 

  673 

SORS data can be stored in numerous formats and generally, at present, there is no prescribed format 674 

that should be used. Many vendors use their own proprietary data compression software and data 675 

storage methods. For that reason, publicly presented data are often available in ASCII or MS Excel.csv 676 

formats. Data files typically include Raman wavenumbers and Raman intensities for different SORS 677 

spatial offsets. Metadata should include experimental conditions and sample information; for 678 

example, chemical composition of the sample, physical state (temperature, layer thickness, solid or 679 



liquid, crystalline form, polymorphic state, amorphous form), temperature and previous storage 680 

conditions. Data on experimental parameters should include the total acquisition time, excitation 681 

wavelength, laser power at the sample, dimensions of the collection and illumination areas, the spatial 682 

offset used and the spectrograph spectral resolution. Information on the calibration method, whether 683 

any cosmic ray removal was present and if any pre-processing was carried out on the recorded data 684 

should also be given. Raw or minimally-processed data should be stored to ensure the highest possible 685 

fidelity and flexibility in applying a pre-processing method of choice later. The data file can also contain 686 

a readout with no laser radiation present, for the provision of ambient background indicating if any 687 

significant spurious signals were present. Currently, no public SORS data repositories exist and SORS 688 

practitioners also often develop their own libraries; however, Raman spectra can be looked up or 689 

deposited in public depositories such as the Royal Society of Chemistry’s ChemSpider166 database. It 690 

would be of great benefit to the spectroscopic community if SORS data could be shared in a similar 691 

format in future. Specific libraries could be useful tools in application areas such as product 692 

provenance; for example, identifying counterfeit drugs or adulterated food products.  693 

 694 

[H1] Limitations and optimizations 695 

 696 

There are a number of limitations that can restrict the deployment of SORS. The first one stems from 697 

the inherent susceptibility of Raman spectroscopy to fluorescence, which is capable of creating large 698 

backgrounds and potentially swamping Raman signal with photon shot noise. Such signals can 699 

originate from the dominant components of a sample or sample impurities. This is particularly 700 

problematic in situations where fluorescence emission occurs from a sample layer of interest. If the 701 

fluorescence predominantly originates from a shallower layer than that of interest, it can be 702 

suppressed by increasing spatial offset. The use of a near-infrared excitation wavelength can also 703 

suppress fluorescence by minimising the likelihood of exciting the electronic states of molecules 704 

within the sample. More complex schemes for avoiding fluorescence background have been 705 

developed, including the temporal rejection of fluorescence167–169. This approach relies on the 706 

difference in the temporal properties of fluorescence and Raman emission; as there is a delay between 707 

excitation and fluorescence emissions corresponding to the fluorescence lifetime and Raman 708 

scattering is instantaneous, the impulsive excitation of a Raman signal using picosecond laser pulses 709 

and synchronous gated detection using a gated detector can allow the effective separation of Raman 710 

scattered light from fluorescence signals. 711 

 712 



SORS is limited in situations where the probed medium is highly absorptive at the laser or Raman 713 

wavelength, which can lead to a severe reduction of photon propagation distances and a reduction in 714 

the achievable penetration depth and sensitivity170. Absorption can be caused by electronic absorption 715 

or near-infrared absorption – the former potentially being most severe29. Most SORS experiments are 716 

performed using a near-infrared laser excitation wavelength to minimise absorption by the sample 717 

constituents and suppress fluorescence.  718 

 719 

The use of excessively high laser intensities can induce undesirable sample damage171 or be in excess 720 

of safety limits in in vivo application. This can be mitigated by expanding the laser illumination area on 721 

the sample surface or reducing the laser power and extending the acquisition time. Some care has to 722 

be taken when expanding the illumination area as an overly large sample illumination spot or Raman 723 

collection zone in proportion to the spatial offset used leads to the reduction of SORS contrast 724 

between different layers. Inverse SORS, which uses a ring illumination strategy, is well-suited for 725 

photo-sensitive or thermally-sensitive samples as it can spread laser photons over a large area without 726 

compromising layer contrast.  727 

 728 

An additional SORS limitation is associated with the detection camera. A limited quantum efficiency 729 

or elevated levels of thermal noise or readout noise can reduce the sensitivity or effective penetration 730 

depth of SORS measurements. High-end spectroscopic CCD cameras reach levels of performance 731 

where these limitations are negligible. These effects can, however, be significant with lower-cost, 732 

lower performance CCDs often used in handheld devices for their lower footprint, weight, 733 

consumption and cost.   734 

 735 

Sample compositional heterogeneity can complicate the interpretation of SORS data ― especially in 736 

the case of micro-SORS where spatial resolution is high. In this case, variation of spatial offset can lead 737 

to the crossing over from probing one heterogeneous domain to another, leading to lateral effects 738 

being potentially attributed to spectral variations at different depths and complicating SORS data 739 

analysis and interpretation. This can be mitigated by repeating the SORS measurements at multiple 740 

locations on the sample surface and averaging the acquired signals or sampling with lower spatial 741 

resolution instruments172,173.   742 

 743 

The commercial use of SORS is limited by the relatively high cost of the underpinning technology 744 

(instrument costs tend to be greater than $10,000 USD). However, the cost of SORS devices is 745 

expected to reduce considerably in the coming decade as the manufacture of components such as 746 



lasers, filters, spectrographs and detectors increases to support the growth Raman spectroscopy in 747 

general. The adoption of advanced complementary metal-oxide-semiconductor (CMOS) technology 748 

for Raman spectroscopy to replace CCD sensors in SORS instruments may also take place174; these 749 

components have already benefitted from volume cost reduction because of their implementation in 750 

mobile phones. 751 

 752 

[H1] Outlook  753 

 754 

The non-destructive and non-invasive nature of SORS analysis allows for a range of applications, and 755 

many more applications are likely to arise in the near future. Advances in the medical sector may 756 

enable the continuous monitoring of medical conditions by using nanoparticles able to provide 757 

condition specific signals available for direct SESORS readout149. Several pharmaceutical, forensics and 758 

security applications have already made it to a commercial stage175, with many others in 759 

development31. The further development of SORS instrument components is expected to lead to 760 

further miniaturisation of Raman spectrometers, which are expected to make the technology 761 

implementable into mobile phones or even smaller devices174,176,177. The development of miniature 762 

spectrometers based around interferometric detection is a promising area as it holds prospects for 763 

mm-scale Raman spectrometers178. These technological advances are expected to open a host of 764 

untapped markets, and allow the use of Raman outside of research laboratories. Improvements in 765 

automated data processing are further likely to drive applications into new areas where non-766 

specialists are required to use devices; this process is already happening in the pharmaceutical and 767 

security sectors but is expected in other fields179,180. The abovementioned advances in underpinning 768 

SORS technology and data processing are likely to lead to improved sensitivity and depth probing, 769 

which will likely impact on many applications too. A major beneficiary area is expected to be disease 770 

diagnosis and monitoring, which is expected to benefit particularly strongly from these advances. It is 771 

difficult to assess the impact of SORS technology further ahead, but it is certain that once 772 

technological, cost and applications specific issues are addressed, the impact of SORS is likely to grow 773 

and provide great benefits in many areas. 774 

 775 
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Figure legends 1236 

 1237 

Fig. 1: Raman scattering. 1238 

When light illuminates a sample, it can interact with the constituent molecules in a number of ways. 1239 

Some light may be reflected from the surface through direct specular reflection or undergo elastic 1240 

scattering (Rayleigh scattering), resulting in the emission of light from the sample of the same 1241 

wavelength as the incident light. If the energy of the illuminating photons matches an electronic 1242 

energy level of the molecule, they can excite the molecule to this state and de-excitation subsequently 1243 

occurs through the emission of a photon of a longer wavelength than the incident photon 1244 

(fluorescence). Raman inelastic scattering can take place where incident photons induce a vibrational 1245 

oscillation in the molecule, specific to the chemical moiety1. In the case of Stokes scattering, energy is 1246 

absorbed by the molecule and the wavelength of the emitted photon is less than that of the incidence 1247 

photon. If the molecule is initially in a vibrationally-excited state it can de-excite vibrationally, 1248 

transferring energy to the scattered photon (anti-Stokes scattering). All of these interactions can be 1249 
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measured and give information about the composition and environment of the molecules of interest 1250 

in a sample. ER, energy of Rayleigh scattered photon; ES, energy of Stokes photon; EAS, energy of anti-1251 

Stokes photon; Evib, vibrational energy level difference of molecule.  1252 

 1253 

 1254 

 1255 

 1256 

Fig. 2: The SORS concept. 1257 

Conventional Raman spectroscopy is ineffective at probing diffusely scattering samples at depth, 1258 

where photon directions are scrambled and direct imaging cannot be used in a simple way to 1259 

discriminate between different layers. The diffusive nature of samples leads to a large diffusion of 1260 

photons sideways, leading to photon spread in all spatial dimensions. In order to detect Raman signals 1261 

from a deep layer, laser photons first have to penetrate to this layer and get converted into a Raman 1262 

photon, which must then diffuse back to the surface in order to be detected. Their long ‘zig-zag’ path 1263 

leads to a larger sideways spread for photons originating from deeper layers compared to those 1264 

coming from near the surface. The detection of signals at spatially offset locations (Δs) can therefore 1265 

detect more of the deeper propagating photons generated in the lower layer than when collecting 1266 

directly from the illumination point.  1267 
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 1270 

Fig. 3: Schematic diagram of the SORS instrumental setup.  1271 

A) In a basic SORS setup, a laser beam ― appropriately filtered with a laser line filter to remove extra 1272 

spectral component ― illuminates a sample at a specific point and a SORS signal is collected using a 1273 

collection lens from a spatially separated location (Δs) on the sample surface. The collected light is 1274 

filtered using a long-pass filter to eliminate the laser light and then typically transferred into an optical 1275 

fibre and delivered to a spectrometer. B) Often, round-to-linear optical fibre bundles are used for 1276 

effectively delivering the collected Raman photons to the spectrometer. The bundle contains several 1277 

optical fibres in a circular layout at the collection terminal and these are relayed and repositioned into 1278 

a line configuration at the spectrograph end, matching the shape of spectrograph entrance slit. C) The 1279 

light is dispersed spectrally inside the spectrograph using a transmission grating and imaged onto a 1280 

charge-coupled device (CCD). The notch filter transmits Raman radiation and blocks residual laser 1281 

light. The acceptance angle is the maximum solid angle from which light can be coupled into 1282 

spectrometer. 1283 
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 1288 

 1289 

Fig. 4: Variants of spatially offset Raman spectroscopy  1290 

A) In conventional Raman spectroscopy, Raman signal is collected from the laser illumination zone. B) 1291 

Point-like spatially offset Raman spectroscopy (SORS) uses near-point illumination and collection areas 1292 

that are mutually displaced by a spatial offset, Δs. C) Ring collection SORS uses a point-like illumination 1293 

geometry with Raman signal collected through a ring. D) Ring illumination SORS, or inverse SORS, uses 1294 

a ringed illumination zone, with Raman signal collected through a point-like zone at the centre of the 1295 

ring. E) In defocusing SORS, illumination and collection areas remain largely overlapped and their size 1296 

is controlled by moving the sample relative to the collection optics. Note that this concept does not 1297 

require for the laser beam to under-fill the microscope objective; the concept works even when these 1298 

areas are of identical dimensions upon defocusing due to the presence of mutually separated 1299 

incidence and collection points on the sample surface. F) In transmission Raman spectroscopy (TRS), 1300 

the illumination and collection zones are on the opposite sides of the sample. In all configurations, 1301 

illumination and collection beams are labelled as L (laser) and R (Raman), respectively. 1302 
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 1305 

Fig. 5: Representative SORS spectra from a two-layer system. SORS spectra collected at different 1306 

spatial offset (Δs) from a two-layer system consisting of a 1 mm-thick layer of 20 μm-diameter spheres 1307 

of poly(methyl methacrylate) (PMMA), over a 2 mm-thick sub-layer of trans-stilbene powder. A) 1308 

Raman spectra recovered from a range of different spatial offsets. The spectra are vertically offset for 1309 

clarity. The top and bottom spectra (red and blue line) are the reference spectra of the surface PMMA 1310 

and sub-surface trans-stilbene layers, respectively. B) Schematic of the experimental setup. Trans-1311 

stilbene was chosen for the sublayer as it is a particularly strong Raman scatterer. C) Illustration of the 1312 

mathematical process of reconstructing the sub-surface Raman spectrum from the measured SORS 1313 

spectra. A SORS spectrum collected at a zero spatial offset with a scaling factor α (αS1) is subtracted 1314 

from a non-zero spatial offset spectrum (S2). The value of α (α = 0.21) was chosen to cancel the 1315 

presence of Raman contributions from the surface layer; vertical green shading indicates a target band 1316 

from the surface layer, corresponding to the ν(CH2) vibration modes in PMMA181, that is eliminated in 1317 

the subtraction process. An almost-identical spectrum was obtained by performing a band-target 1318 

entropy minimization (BTEM) multivariate analysis using the entire SORS data set13. Adapted with 1319 

permission from ref.13, SAGE Publications.  1320 
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 1324 

Fig. 6: Analyzing the contents of a plastic container. 1325 

Spectra gathered using conventional Raman spectroscopy (CRS) and spatially offset Raman 1326 

spectroscopy (SORS) through the analysis of a 1.2 mm-thick white plastic jar made of polypropylene, 1327 

filled with a 30% solution of H2O2 in water. The conventional Raman spectrum of the jar containing 1328 

H2O2 (CR through jar) is essentially identical to a reference Raman spectrum of an empty jar (Jar only) 1329 

with no obvious trace of the Raman signature of H2O2 (dashed line). The SORS spectrum of the jar 1330 

containing H2O2 (SORS through jar) shows a strong Raman component that matches the reference 1331 

spectrum of the aqueous H2O2 solution (Content). The residual features in the processed SORS 1332 

spectrum appearing at the positions corresponding to container Raman bands are caused by imperfect 1333 

subtraction of the container Raman signal, itself caused by the self-absorption of the spatially offset 1334 

signal propagating through the probed object. Adapted with permission from ref.124, ACS. 1335 
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 1338 

Fig. 7. Analyzing neurotransmitters using surface enhanced spatially offset Raman spectroscopy.  1339 

Spectra obtained using surface-enhanced spatially offset Raman spectroscopy (SESORS) of different 1340 

mixtures of neurotransmitters and gold nanoparticles in an agarose gel, collected through a rat skull. 1341 

Agarose mixtures containing melatonin and serotonin (A); dopamine, epinephrine and norepinephrine 1342 

(B) and dopamine and a metabolite of dopamine known as 3,4-dihydroxylphenyl acetic acid (DOPAC) 1343 

(C) are shown. The top spectrum for each panel represents the contribution from the bone with no 1344 

spatial offset (blue). The second spectrum (red) is the SESORS spectrum of the neurotransmitters in 1345 

the agarose gel behind the rat skull with a 2 mm spatial offset. The third spectrum (green) shows a 1346 

subtraction of the bone spectrum from the SESORS spectrum, revealing a pure spectrum of the 1347 

neurotransmitter. The bottom spectrum (purple) shows a positive control obtained from directly 1348 

analysing the neurotransmitters and gold nanoparticles embedded in the agarose gel. Peaks 1349 

corresponding to specific neutrotransmitters are labelled with upper case letters. S, serotonin; M, 1350 

melatonin; D, dopamine; E, epinephrine; N, noradrenaline; C, 3,4-dihydroxyphenylacetic acid. Spectra 1351 

collected with an excitation wavelength of 785 nm, laser power of 90 mW and acquisition time of 120 1352 

seconds. Reprinted with permission from ref.152, RSC. 1353 
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Table 1 Main SORS modalities. 1355 
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 1356 

Spatially offset Raman 

spectroscopy (SORS) modality 

Advantages Disadvantages 

Point-like SORS Simple to implement High illumination intensities at 

all spatial offsets  

Ring-collection SORS Effective collection of available 

Raman signal at the sample 

surface 

High illumination intensities at 

all spatial offsets 

Ring-illumination SORS 

(inverse SORS) 

Enables greater laser powers 

to be used with larger spatial 

offsets 

Complexity of implementation; 

moving optical components 

Defocusing SORS Simple to implement Low layer contrast 

Transmission Raman 

Spectroscopy (TRS) 

Volumetric averaging; 

Suited to overall compositional 

studies  

Does not separate individual 

layers 

Surface enhanced spatially 

offset Raman spectroscopy 

(SESORS) 

Exceptional sensitivity, high 

accessible depth and chemical 

specificity 

Requires nanoparticles or 

surface enhanced Raman 

spectroscopy (SERS) substrate 

inside sample 

Micro-SORS High spatial resolution; 

ideal for thin layers such as 

paints and coatings  

Added complexity as requires 

a Raman microscope 
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Boxes 1359 

 1360 



 1361 

Box 1: Example of Raman-active and infrared-active bond vibrations for CO2 1362 

 1363 

A CO2 molecule has four fundamental vibrational modes; C-O asymmetric stretching, C-O symmetric 1364 

stretching and two O-C-O bending modes that are degenerate (of identical frequencies). Only the 1365 

symmetric stretching mode results in a change in polarizability of the molecule and is therefore Raman 1366 

active. This mode is unobservable in infrared absorption spectroscopy.  1367 

 1368 

 1369 

 1370 

[H1] Glossary  1371 

 1372 

Rayleigh scattering: The elastic scattering of electromagnetic radiation by particles smaller that the 1373 

wavelength of the radiation.   1374 

 1375 

Polarizability: The degree to which a molecular dipole changes in response to an external electric field. 1376 

 1377 

Raman scattering: The inelastic scattering of photons, where the frequency of the scattered photon 1378 

is different from the incident photon.  1379 

 1380 

Photon shot noise: Fluctuations of the detected number of photons, caused by the inherent particle-1381 

like properties of photons.  1382 

 1383 

Polarizability change during 
vibration; Raman active

[IR inactive]

Symmetric 
stretch

Polarizability unchanged 
during vibration; 
Raman inactive

[IR active]

Asymmetric 
stretch

Bending

Polarizability unchanged 
during vibration;
Raman inactive

[IR active]

Box 1 

CO2



Lambert’s cosine law: A law describing the cosine dependence of light emission intensity with respect 1384 

to the angle of incidence from the surface normal. 1385 

 1386 

Solid angle: A measure of the amount of the field of view that an object occupies from a particular 1387 
point. 1388 
 1389 

Acceptance angle: The maximum incidence angle of an optical ray that is transmitted to the 1390 

spectrograph, measured from the optical axis of the spectrograph.  1391 

 1392 

Cosmic rays: High energy protons and atomic nuclei that move through space at nearly the speed of 1393 

light.  1394 

 1395 

Surface plasmon resonance: A resonant oscillation of nanoparticle conduction electrons induced by 1396 

incident light; its spectral properties are dependent on nanoparticle size, shape and metal type.  1397 

 1398 

Monte Carlo simulations: Numerical algorithms that rely on the random sampling of events.  1399 

 1400 

Imaging phantoms: Specially prepared samples that mimic the properties of real biological tissue for 1401 

the purposes of optical imaging.  1402 

 1403 

Polymorphs: Identical chemicals of different crystalline forms. 1404 

 1405 

Etaloning: Wave-like modulation of CCD sensitivity across the sensor caused by light interference and 1406 

associated with back-illuminated CCDs. 1407 

 1408 

Readout noise: Noise induced by charge digitization circuitry, imprinted on signal when it is read. 1409 

 1410 

Thermal noise: Noise induced by thermal fluctuations of charge carriers within a detection element. 1411 

 1412 

Instrument response function: In the context of SORS, a combined spectrograph-detector spectral 1413 

intensity profile in response to illumination by a spectrally uniform light source. 1414 

 1415 


