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This tutorial review examines emerging Raman spectroscopy techniques for deep non-invasive

probing of diffusely scattering media such as living tissue and powders. As generic analytical

tools, the methods pave the way for a range of new applications for Raman spectroscopy,

including disease diagnosis, non-invasive probing of pharmaceutical products in quality control

and security screening.

1. Introduction

One of the most important goals of the analytical sciences in

biomedical research is the provision of a highly chemically

specific, non-invasive method for monitoring the composition

of deep layers in turbid media such as living tissue. Such

chemically specific information is important, for example, in

medical diagnosis as diseases are often accompanied by

biochemical changes. Other applications include the non-

invasive probing of pharmaceutical products in quality control

applications, drug authentication and security screening for

the presence of harmful substances. Presently, the key optical

spectroscopic techniques that are potentially applicable to

these problems include near-infrared (NIR) absorption spec-

troscopy, mid-infrared (MIR) spectroscopy and Raman

spectroscopy. Although NIR is widely used in a number of

these areas, in many uses it suffers from limited chemical

specificity.1 Examples of the application areas not addressed

effectively include the non-invasive diagnosis of osteoporosis

and deeply buried breast cancer lesions, the non-invasive

monitoring of glucose concentrations in blood in vivo and the

non-invasive bulk monitoring of low concentration poly-

morphs in pharmaceutical applications. In comparison, both

MIR and Raman spectroscopies offer a substantially higher

degree of chemical specificity but, so far, their use has been

confined mainly to applications involving only shallow layers

of turbid media. In the case of MIR spectroscopy, the key

reason for this is its incompatibility with aqueous samples, as

water absorbs MIR radiation strongly, precluding deep

probing of living tissue in vivo and examination of pharma-

ceutical products, e.g. aqueous slurries. From this perspective,

Raman spectroscopy holds much greater promise as it does

not suffer from the same problem; the Raman signal of water

is very weak and water itself does not absorb the probe and

Raman light. It should be noted that there are also other

specialised techniques for probing turbid media, such as X-ray

analysis, THz absorption spectroscopy, positron emission

tomography (PET), nuclear magnetic resonance (NMR)

spectroscopy, and ultrasound. Whilst some of these techniques

are very potent and widely used in many key biomedical

applications, they also possess some limitations; most notably,

they are costly, involve ionising radiation and/or do not have

adequate sensitivity for a range of diagnostic applications.

The Raman effect is the inelastic scattering of photons from

molecules via interactions with the vibrational modes within

the molecule. In this process, the photon energy and conse-

quently the photon wavelength are altered.1 This change gives

a specific spectral signature unique to each chemical species

undergoing the scattering (see Fig. 1). Most commonly, the

photon loses energy and its wavelength is shifted, typically, by

several hundreds to thousands of wavenumbers away from the

laser wavelength, towards longer wavelengths. The Raman

shift, or energy loss, is directly related to the frequency of

vibrational motion activated within the molecule. As vibra-

tional modes have frequencies that are highly specific to

the chemical constitution of the molecule, the identity and

structure of the molecule can be deduced.

The applicability of this technique is limited to samples that

do not exhibit strong fluorescence emission in the spectral

region coincident with the Raman spectra as this can easily

swamp the relatively weak Raman signals.1 The emission can,
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for example, originate from the probed molecule or other

constituents or impurities in the sample. Noise is present in the

spectra due to the fact that fluorescence backgrounds, as well

as the Raman signal itself, in general, follow Poisson statistics

and contribute with inherent, irremovable photon shot noise.

Its amplitude is proportional to the square root of the number

of photons registered by the detector, often termed photoelec-

trons, at a given detection channel.1 Consequently, even after

the subtraction of a polynomial fluorescence background, the

noise remains imprinted on the measured Raman spectra, thus

reducing the signal-to-noise ratio of the ultimate Raman

spectra or even overwhelming the Raman signal entirely. The

fluorescence problem can be eliminated, or at least minimised,

using near-infrared excitation away from the electronic

absorption bands of most fluorescing species, thus preventing

their excitation and the consequential generation of fluores-

cence emission.

To date, the Raman method has been used with modern

Raman probes and microscopes predominantly in the back-

scattering collection mode (see Fig. 2), although some

laboratory instruments designed for small volume samples

use 90u collection geometry, where the laser is perpendicular to

the Raman collection axis. The backscattering mode gained its

popularity with Raman probes and microscopes for its

instrumental simplicity and ease of use, often in conjunction

with confocal microscopy permitting effective depth discrimi-

nation of Raman signals in transparent and semi-transparent

media or in turbid (i.e. diffusely scattering) media at shallow

depths where the medium still appears to be semi-transparent.1

For example, in living tissue its penetration depth is typically

only several hundred micrometres, leaving many tissue

components, such as bones and deep cancerous tissue,

inaccessible. With pharmaceutical products such as tablets,

the accessible depth is somewhat larger, typically in the range

of 1 mm, but this again is insufficient for probing the bulk

composition of a typical pharmaceutical tablet.

A substantial extension to the penetration depth achievable

in Raman spectroscopy of turbid media was recently accom-

plished by utilising the diffuse component of light in analogy

to NIR absorption tomography2 or fluorescence spectroscopy3

where corresponding concepts are widely used. This article

reviews recent developments in this area and gives examples of

practical applications.

Propagation of light in diffusely scattering media

The principal barrier preventing conventional optical analy-

tical methods from interrogating deep layers of tissue in

disease diagnosis is the highly scattering nature of tissue. This

prevents the formation of optical images required by conven-

tional approaches such as confocal Raman microscopy to

facilitate their depth discriminating capability. The same

applies to the probing of powders. Photon propagation in

such media, in the absence of strong absorption, as is typically

the case of NIR Raman spectroscopy, is governed principally

by diffuse scattering,2 an analogous process to, for example,

the diffusion of molecules in solutions. Fig. 3 depicts the three

main components of light that can be defined in the propaga-

tion of light through diffusely scattering media: ballistic, snake

and diffuse light, as introduced by Alfano et al.2 The ballistic

light is the part of light that is not scattered by the medium.

The ballistic light intensity decreases exponentially with depth.

Upon propagation through a turbid medium, this component

gradually converts to the snake light, which in turn converts to

the diffuse component. The snake component is only weakly

deviated from its original direction by the scattering events,

due to the fact that it only undergoes a small number of

scattering events that are, typically, strongly biased towards

the forward direction. This component also undergoes an

exponential decay with depth, although its penetration depth is

higher than that of the ballistic component. Both components

can be utilised to form sharp or fuzzy images of objects in these

media. This is crucial in applications such as confocal micro-

scopy where the passage of light through a confocal aperture

serves as a means for depth discrimination of the measured

Raman signal.1 An object viewed in the ballistic or snake light

would appear transparent or semi-transparent, respectively.

The component penetrating the deepest, and consequently

of the highest importance to the spectroscopic investigations of

Fig. 1 Depiction of the molecular vibrational (n) and electronic (S)

energy levels involved in a typical Raman scattering process in the NIR

spectral region.

Fig. 2 Basic types of Raman spectroscopy geometries with respect to

the sample. Left: conventional backscattering Raman; centre: SORS

(spatially offset Raman spectroscopy, see below); and right: Raman

transmission geometries. Legend: R: Raman light; L: laser beam. Fig. 3 Three main light components within turbid media.
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deep layers of turbid media, is the diffuse component of light.

In tissue, it penetrates to depths of up to several centimetres, in

the NIR region of the spectrum, as opposed to the hundreds of

micrometres or few millimetres of the ballistic and snake

components. It is formed from the other components through

a large number of scattering events, which completely

randomise the photon direction. Such a photon, which

‘forgets’ its original direction, is of little use in conventional

image-forming optical instruments for depth resolution. These

photons often create large undesired backgrounds, and conse-

quently noise, swamping the ballistic and snake components of

light entirely. In the light of such a component, an object

would appear translucent.

In terms of the theory of photon propagation, or migration

in turbid media, the mean distance between individual

scattering events is defined as the scattering mean free path

(ls) and the propagation distance over which the photon

direction ultimately deviates significantly from its original

direction of propagation is defined as the transport mean free

path (lt).
2 Due to the strong forward bias of the individual

scattering events, the transport mean free path is typically an

order of magnitude larger than the scattering mean free path;

the relation is ls = (1 2 g)lt , where g is defined as the

anisotropy for the individual scattering event.

Recently, several effective methods based on Raman

spectroscopy, capable of probing much deeper layers in

diffusely scattering samples, have been developed. This

progress stems from earlier photon migration investigations2,4

and from the realisation that the Raman component decays

substantially more slowly than its elastically scattered counter-

part (i.e. the laser light), an effect which offsets the inherent

weakness of the Raman technique.5,6 This is due to the fact

that Raman photons (unlike the elastic component of light) are

not present in the medium from the beginning of the migration

process, but instead are generated from the elastic component

with a probability linearly dependent on the time the photons

spend in the medium, i.e. the overall photon beam path.

Therefore the Raman component undergoes not only decay

due to diffuse scattering (and absorption if present), as does

the elastic component, but in addition also undergoes

regeneration from the elastic counterpart upon the propaga-

tion through the medium. This partial rejuvenation leads to a

slower decay of the Raman signal with propagation distance in

comparison with the elastic component, which is present from

the very onset at its maximum strength and then decays

monotonically away.5 Of course, it must be realised that the

strength of the elastic component is massively higher than that

of the Raman signal, with Raman light being often present at

extremely low levels necessitating very sensitive detection at

near-single photon counting levels using, for example, cooled

CCD (charge coupled device) detectors.1 The application of

the photon migration concept to Raman spectroscopy has led

to the development of two principal non-invasive concepts,

temporal and spatial.

2. Temporal approach

The discrimination of layers within a stratified turbid sample

using the temporal approach is based on impulsive Raman

excitation and fast temporal gating of the Raman signal (see

Fig. 4). The experiments are typically performed in back-

scattering geometry, where the laser deposition and Raman

collection points overlap on the sample surface. This concept

relies on the simple fact that photons emerging from deeper

layers of the probed turbid medium have to traverse larger

distances via diffuse migration than the photons generated at

shallower depths. Signals emerging from depths of several

millimetres within turbid media can typically be spread over

tens or even hundreds of picoseconds, in the absence of

absorption, due to the random nature of diffuse scattering.

Individual photons deposited at the near-surface layer are

scattered randomly in all directions, undergoing a relatively

slow forward ‘random walk’ in the medium. The process of

Raman migration consists of two distinct phases; firstly, laser

probe photons have to migrate to a given sample depth

and, secondly, Raman photons created at this depth have to

undergo a reverse diffusion process to reach the sample

surface, if the backscattering collection geometry is used.

The ability to image an object in a turbid medium using

temporally resolved Raman light was first demonstrated by

Wu et al.4 who measured the earliest arriving Raman photons

in the light of a Raman component of b-carotene. The

experiments were performed using photon counting detection

with a time resolution of 80 ps. The time-resolved Raman

signal of the b-carotene sample cell was detected at depths of

several centimetres in a semi-turbid medium with a 7 mm

scattering mean free path.

The full recovery of the Raman spectrum of a deeply buried

layer in a turbid sample was first demonstrated by Matousek

et al.7 on a two-layer powder sample, building upon preceding

work on Raman Kerr gated spectroscopy by Matousek et al.8

and ground-breaking Raman photon migration investigations

by Everall et al.5 and Morris et al.9 The sample consisted of a

1 mm optical path cuvette filled with PMMA (poly(methyl

methacrylate)) spheres of y20 mm diameter, followed by a

trans-stilbene tablet. The probe wavelength was 400 nm. The

repetition rate of the laser system was 1 kHz and the Raman

Kerr gate width was around 4 ps. The experimental scheme is

shown in Fig. 5 and the results depicted in Fig. 6. The top

spectrum is that obtained without the Kerr gate and contains

contributions from both layers. Without prior knowledge of

the individual components, a conventional Raman spectro-

meter would not provide sufficient information to permit the

separation of the pure layer signals from each other. The gated

Fig. 4 Principal of the temporal concept for the discrimination of

subsurface Raman signals.
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Raman spectra are shown below. The early time delay spectra

are dominated by the Raman spectrum of the top, PMMA

layer. Only at 50 ps does one begin to discern a contribution

from the stilbene sub-layer with its characteristic doublet at

around 1600 cm21. The stilbene signal then continues to grow,

peaking at around 200–300 ps before gradually decaying away.

The PMMA signal on the other hand, drops off monotonically

from 20 ps onwards and is absent above 100 ps.

3. Spatial approach

3.1 SORS

Although proving to be an effective concept, the Raman Kerr

gated approach has several inherent weaknesses precluding its

wider deployment. Namely, it suffers from high instrumental

complexity and cost, as well as from the requirement for the

use of relatively high intensity laser pulses raising potential

safety problems for in vivo biomedical applications. Recently,

through collaborative efforts, an alternative, much simpler

approach, spatially offset Raman spectroscopy (SORS),10,11

was proposed and developed, relying solely on the spatial

properties of the emerging Raman photons at the surface of

the sample in analogy with tomographic concepts used widely

in NIR absorption2 and fluorescence spectroscopies.3 The

compatibility of this concept with lower-power continuous

wave laser beams makes it instrumentally much simpler, as

well as alleviates the above mentioned safety issues associated

with the use of ultrashort laser pulses.

The proposed methodology is based on the collection of

Raman spectra from regions of the sample surface that are

spatially offset from the point of laser incidence (see Fig. 7). A

set of Raman spectra obtained at different distances away

from the laser deposition point contains different relative

Raman contributions from layers located at different depths

within the sample. This is due to the emerging Raman photons

originating from different depths having different spatial

distributions on the sample surface. The deeper layer Raman

signal is spread over a wider area than that originating from

shallower layers. This is a direct consequence of the fact that

the deeper born photons have to traverse larger distances and

on their way they diffuse sideways to a greater extent than the

Raman photons originating from shallower layers. The same

also applies to the laser photons that have to reach the target

layer in the first instance.

The feasibility of this concept was first demonstrated by

Matousek et al.10 (see Fig. 8) on the same two-layer sample as

that used in the aforementioned Kerr gated work7 (see Fig. 5),

i.e. a 1 mm-thick PMMA powder layer in front of a trans-

stilbene powder layer, enabling a direct comparison between

the two techniques. The results of these measurements with a

514 nm probe are shown in Fig. 9. For comparison, the Raman

spectra of the pure layers measured in separate experiments are

also displayed. The spectrum measured with the zero offset

represents a conventional Raman measurement. A gradual

Fig. 5 Schematic diagram of the 4 ps Raman Kerr gated setup for the

discrimination of subsurface layers. (Reprinted with permission from

ref. 7. Copyright (2005) The Society for Applied Spectroscopy.)

Fig. 6 The Kerr gated Raman spectra of a two-layer system consisting

of a 1 mm-thick, PMMA layer made of 20 mm diameter spheres (P),

followed by trans-stilbene powder (S). The spectra are plotted as a

function of Kerr gate time delay. The top spectrum is obtained with no

Kerr gating. The spectra are offset for clarity. The acquisition time was

200 s for each spectrum. The laser pulse energy was 5 mJ (i.e. average

power 5 mW, 1 kHz repetition rate). (Reprinted with permission from

ref. 7. Copyright (2005) The Society for Applied Spectroscopy.)

Fig. 7 Principal of the spatial, SORS, concept for the discrimination

of subsurface signals.
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separation of the PMMA and trans-stilbene signals is

accomplished using the SORS approach, by increasing the

spatial offset. The surface Raman signal, PMMA, decays more

rapidly than that of the lower layer, trans-stilbene. At distances

of .2 mm, an order of magnitude improvement in the

intensity ratio is achieved; the same work also reports that at a

3.5 mm spatial offset the relative ratio between the Raman

signals of the two layers was improved by a factor of 19 whilst

still obtaining good subsurface signals.

In comparison with the Kerr gated work, the signal quality

attained in the SORS measurement was, despite its instru-

mental simplicity, substantially higher. This is due to the fact

that the spatial gating technique integrates all the Raman

signals across the entire time domain, unlike the temporal

approach, where the ultrafast gating (4 ps) results in a severe

reduction in the detected signal due to the narrow temporal

slicing of relatively long Raman signals.

For a two-layer system the detected Raman spectra can be

further separated from each other to produce pure Raman

spectra of individual layers using a simple scaled subtraction of

two spectra obtained at different spatial offsets. If a stratified

sample with more than two layers is present, as is often the

case with biological samples, then multivariate data analysis of

a more extensive data set is required. This can be accom-

plished, for example, using principal component analysis

(PCA) followed by band target entropy minimisation

(BTEM)12 factor analysis. For the effective resolution, as a

rule of thumb, one typically needs to collect 10n Raman

spectra where n is the number of distinct layers. Crucially,

the BTEM method can be accomplished with no a priori

knowledge of the system composition, which is a common

feature of self-modelling curve resolution procedures to which

this method belongs to.

The coupling of the SORS concept with fibre optic tech-

nology developed earlier by Ma and Ben-Amotz,13 yields

dramatic enhancements to its sensitivity. This was experimen-

tally demonstrated with SORS by Schulmerich et al.,14 who

utilised a commercial fibre probe with so-called global

illumination configuration,15 and subsequently by Matousek

et al.,16 who used fibres arranged on annuli of different radii

(see Fig. 10), with each different radius being presented to a

different horizontal section of a two-dimensional CCD

detector. This enables the sensitive probing of deep layers

of tissue, even at low illumination powers such as those

required for the safe illumination of skin. The work of

Schulmerich et al.15 also demonstrated for the first time the

feasibility of SORS based tomography, thus opening potential

new imaging techniques for probing subsurface structures

using Raman light.

It is also noteworthy that the SORS approach is capable of

effectively suppressing not only Raman signals from the

Fig. 8 Schematic diagram of a basic SORS experimental setup.

(Reprinted with permission from ref. 10. Copyright (2005) The Society

for Applied Spectroscopy.)

Fig. 9 A set of SORS spectra collected from a two-layer system

consisting of a 1 mm-thick layer of PMMA made of 20 mm diameter

spheres, followed by a 2 mm-thick layer of trans-stilbene powder,

measured using 514 nm as the probe wavelength. The spectra are shown

for different spatial offsets. The top and bottom spectra are those of the

individual layers obtained in separate measurements. The spectra are

offset for clarity. The acquisition time was 100 s for each spectrum and

the average laser power 12 mW. (Reprinted with permission from ref. 10.

Copyright (2005) The Society for Applied Spectroscopy.)

Fig. 10 A photograph of the SORS ring fibre probe (left: input side;

right: output side). (Reprinted with permission from ref. 16. Copyright

(2006) The Society for Applied Spectroscopy.)
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surface layer but also the interfering fluorescence originating

from surface layers as fluorescence signals have the same

spatial, but not temporal, dependence as the Raman signal

originating from the same layer. This feature is beneficial in a

number of applications, including in vivo spectroscopy where

melanin components located at the skin surface often induce

large amounts of fluorescence backgrounds, preventing

sensitive interrogation of subsurface structures with conven-

tional Raman spectroscopy. Another area to benefit is the

probing of pharmaceutical tablets and capsules, which often

possess fluorescing surface layers.

3.2 Inverse SORS

Although the SORS ring fibre probe proved to be a very

effective analytical tool for subsurface Raman spectroscopy, it

possesses some inherent limitations preventing exploitation of

the full potential offered by the SORS concept. One of the

main problems stems from the way the Raman spectra of

different spatial offsets are registered on the detector. With the

ring fibre probes, multiple Raman spectra are typically

collected on different CCD detection tracks. Such spectra

exhibit small distortions due to spectrograph imaging

imperfections. Although some numerical compensation is

possible, their complete elimination is practically impossible.

These become particularly apparent if the spectra from

different tracks are scaled and subtracted from each other, a

procedure involved in the post-processing of SORS spectra

to recover pure Raman spectra of individual layers, resulting

in artefacts resembling difference-like spectra. This feature

limits the sensitivity of the technique and consequently its

capacity to recover weak Raman signals from deep layers

of sample.

This drawback can be eliminated by adopting a reverse

delivery–collection geometry, inverse SORS, proposed and

demonstrated independently by Matousek17 and Schulmerich

et al.18,19 In this concept, Raman light is collected through a

group of fibres tightly packed at the centre of the probe. These

can be randomly organised and binned on the CCD into a

single spectrum.17 The laser probe beam is brought on to the

sample in the form of a ring of a given radius centred at the

collection zone (see Fig. 11). The artefact issue is eliminated as

all the Raman spectra are subject to the same imaging

distortions and collected through the same set of CCD pixels.

The ring beam can be generated using an axicon (conical lens)

and the SORS spatial offsets attained by varying the radius of

the ring illumination zone by changing the axicon-to-target

distance17 or by varying the magnification of a telescope

incorporated in between the sample and axicon.18

The experimental demonstration of the higher sensitivity

available with this concept, by probing a 2 mm-thick PVC pipe

with a paracetamol tablet placed behind the pipe wall, is

shown in Fig. 12.17 The experiment was performed both in the

inverse SORS and normal SORS fibre ring collection

geometries for comparison. The inverse SORS spectrum is

clearly of superior quality, exhibiting no artefacts after the

scaled subtraction and revealing the clear Raman spectrum of

paracetamol in contrast to that of normal SORS which is

littered with subtraction artefacts.

An additional, crucially important benefit of inverse SORS

is that it has an enhanced available illumination area through

which the laser beam can be delivered into the sample.

Consequently, higher laser powers can be employed. This is

vital for in vivo spectroscopy where safe illumination intensity

limits must be adhered to.

A final advantage of this concept is the ability to set an

arbitrary value of the spatial offset, enabling optimisation of

the experimental parameters for different sample types. This is

not possible with the SORS ring fibre probes, where spatial

offsets are fixed as the tracks are built into the probe.

3.3 Transmission Raman

For some analytical applications involving diffusely scattering

media, the primary target of analysis can be the overall bulk

content of the sample rather than the composition of

individual layers or sample microstructure. An example is

the chemically specific analysis of pharmaceutical tablets to

identify the overall tablet bulk content. Matousek and

Parker20 recently demonstrated that a transmission Raman

geometry is particularly well suited for such analysis. In this

approach, the laser beam is brought onto the sample from one

side and the Raman signal collected from the opposite side.

This concept can be considered to be a special case of SORS,

in which the laser beam and Raman collection points are

displaced to the extreme by being on opposite sides of the

sample.

This work demonstrates the gross insensitivity of the

transmission geometry to the depth of the probed layers, in

comparison with the conventional backscattering Raman

mode. This feature was confirmed using Monte Carlo simula-

tions. The results show that the collection of Raman signals in

conventional backscattering geometry leads to an extremely

strong bias towards the surface layers of the sample (see

Fig. 13). The plot indicates that at a depth of 3 mm the Raman

signal originating from an inter-layer, e.g. impurity, drops by

4 orders of magnitude from its original level at the zero depth.

In contrast, the transmission geometry is largely insensitive to

the depth of the impurity layer. Consequently, the transmis-

sion geometry provides a substantially more uniform way of

probing the overall sample content.

The transmission Raman concept is applicable to the

bulk probing of pharmaceutical tablets in quality control

Fig. 11 Schematic diagram of conventional SORS and inverse SORS

concepts showing Raman collection and laser beam delivery geome-

tries. (Reprinted with permission from ref. 17. Copyright (2006) The

Society for Applied Spectroscopy.)
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applications, the probing of colloidal liquids in the pharma-

ceutical or chemical industries and to the deep probing of

human tissue. In many of these applications, it is also

beneficial that the concept very effectively suppresses Raman

and fluorescence signals originating from thin surface layers of

the probed sample, in contrast with conventional backscatter-

ing Raman geometry.21

4. Examples of application areas

4.1 Biomedical applications

4.1.1 Probing of bones through skin for disease diagnosis. A

major clinical demand for bone quality assessment arises

from the diagnosis of osteoporosis.9,22,23 Currently, dual-

energy X-ray absorptiometry (DEXA) represents the gold

standard screening for this disease. Although widely used, its

accuracy in assessing bone strength is only 60 to 70%. This is

believed to be due to the fact that the technique can only probe

the density of the mineral component, constituting around two

thirds of bone mass. However, the remaining component

(mainly collagen) also contributes to bone strength but

remains invisible to DEXA. Both infrared and Raman

spectroscopies have been shown to be capable of providing

useful information on both the components in vitro. Recently,

both the temporal and spatial approaches have been applied

successfully to the non-invasive interrogation of bones,

building on the pioneering work of Morris et al.9

Temporal approach. The collaborative team of Draper22

reported the use of the temporal approach in the non-invasive

assessment of bones using mouse samples. In these experi-

ments, 1 ps laser pulses at 800 nm (1 kHz) were used as a

probe, with a 4 ps Raman Kerr gate in the detection system. As

the signs of osteoporosis in Raman spectra were expected to be

Fig. 12 Comparison of the performance of (a, b) conventional SORS and (c, d) inverse SORS in the recovery of a subsurface Raman spectrum.

The experiments were carried out using a standard paracetamol tablet placed behind a 2 mm-thick white PVC wall. Raw Raman spectra obtained

with two different spatial offsets are shown in the top frames. The recovered subsurface Raman spectra, along with the pure Raman spectra of

paracetamol (‘p only’) obtained separately, are shown in the bottom frames. The acquisition times were 20 s for the conventional SORS and 10 s for

the inverse SORS measurements. The laser power was 50 mW. The spectra are offset for clarity. Subtraction artefacts are marked with asterisks.

(Reprinted with permission from ref. 17. Copyright (2006) The Society for Applied Spectroscopy.)

Fig. 13 Plot of Raman intensities for the backscattering and

transmission geometries versus depth of the inter-layer (impurity)

within a pharmaceutical tablet-like medium. The dependencies are the

results of Monte Carlo simulations. (Reprinted with permission from

ref. 20. Copyright (2006) The Society for Applied Spectroscopy.)
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subtle,23 in this initial study, animals with osteogenesis

imperfecta were used instead, as this disease exhibits greater

changes to the bone matrix. Mouse forelimbs were used and

comparative measurements were performed on matched wild

type, i.e. healthy mouse samples. The depth of the bone

from the skin surface was around 1 mm. The non-invasive

measurements were repeated on the corresponding excised

samples.

Typical Raman spectra from bone are well established.

Specific regions are associated with the mineral and organic

phases, respectively. For details, the reader is referred to the

work of Carden and Morris.24 Non-invasive Raman spectra

(see Fig. 14) revealed a considerable difference between the two

genotypes, in particular, in the ratio of the phosphate (at

958 cm21) to collagen (y1450 cm21) band intensities. These

differences were satisfactorily reproduced by measurements on

excised bones.

The study demonstrated that the major components of the

Raman spectrum of bone can be detected through overlying

tissue. Although all the key Raman features of bone are clearly

visible, there is appreciable noise present in the non-invasive

spectra, precluding more detailed examination for weaker

spectral features such as those, for example, expected to be due

to osteoporosis as demonstrated by McCreadie et al.23 The

work represents a milestone in the non-invasive Raman

spectroscopy of bone, demonstrating for the first time the

feasibility of such an approach and paving the way for further

studies and developments in this area.

Despite the progress made, large issues still remained to be

resolved following this study before the technique could be

applied to probing human tissue in vivo. The main issue is the

fact that to reach the required signal-to-noise (S/N) within the

spectra required the use of peak laser intensities two to three

orders of magnitude higher than those permissible for safe

illumination of human skin as defined by the laser safety

standard.16 On a less severe point, the complexity and cost of

the associated laser instrumentation also prevents its wider

applicability. Both these limitations were subsequently lifted

by the development of the SORS concept, which requires the

use of continuous wave laser beams only, thus reducing issues

with maximum permissible exposures and drastically reducing

the complexity of the associated instrumentation.

Spatial approach. The advent of the SORS concept opened

new prospects for the development of more simple and skin-

safe instruments capable of interrogating bones under the skin

at clinically relevant depths. The first demonstration of the

SORS concept in the area of non-invasive Raman spectro-

scopy of bones was performed by Schulmerich et al.14 In

this work, the team recovered the Raman spectra of bones

non-invasively from depths of several millimetres in animal

and human cadaver samples. In their subsequent research,

with much improved instrumentation based around the

ring illumination geometry (equivalent to inverse SORS),

Schulmerich et al.18 reached another major milestone by

demonstrating the ability to recover spectra with better than

8% accuracy in terms of the relative Raman band intensities

between the phosphate (958 cm21) and carbonate (1070 cm21)

bands, from a depth of 4 mm from chicken tibia. This

achievement is highly significant as the successful detection

of osteoporosis is likely to require this level of accuracy,

as indicated earlier by McCreadie et al. on excised bones.23

The success is due to both the improvement in detection

methodology, permitting higher energy to be deposited to

the sample, without damage, using the ring-illumination

approach, and to the use of the robust factor analysis routine,

BTEM, which is well suited to the problem of separating

multilayer signals in SORS measurements.18 The results of

these experiments are shown in Fig. 15. The measurements

were performed using 785 nm as the probe wavelength. The

spectra were collected using a fibre probe and the laser beam

was deposited using an axicon with a cone angle of 179.5u.
In subsequent research using SORS, Matousek et al.16

demonstrated the potential of recovering the Raman spectra

of bones from humans in vivo. Although the obtained spectra

were of limited quality given the low power used, the

Fig. 14 Raman spectra of bone measured from two genotypes; wild

type mice and osteogenesis imperfecta (oim/oim) mice. The spectra were

recorded both through the overlying skin and directly on bare bone

using the ultrafast Raman Kerr gating method. (A) Raman spectra of

wild type mice; (B) Raman spectra of oim/oim mice; (C) the difference

Raman spectra obtained by subtracting the spectra from the two

genotypes. The acquisition times were between 7 and 15 min for each

spectrum and the laser pulse energy was 340 mJ (average power

340 mW, 1 kHz repetition rate). (Reproduced from ref. 22 with

permission of the American Society for Bone and Mineral Research.)
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experiments demonstrated that the key bone features can be

obtained with SORS in vivo under safe illumination conditions.

The measurements were performed using the ring fibre probe

shown in Fig. 10. The collected raw spectrum (before the

removal of the remaining soft tissue signal), with 3 mm spatial

offset, with fluorescence background subtracted, is shown in

Fig. 16, along with a corresponding conventional Raman

spectrum obtained at zero spatial offset. The spectra were

collected from the thumb distal phalanx bone of a volunteer

through around 2 mm of overlying soft tissue. The overall

acquisition time was 200 s and the probe wavelength was

830 nm. The laser beam area on the sample was 1.1 mm2 and

the laser power was attenuated to 2 mW, i.e. to well within the

maximum permissible exposure limit. The comparative con-

ventional Raman spectrum suffers from excessive noise,

stemming from high fluorescence background mainly originat-

ing from melanin components in skin. This interference was

effectively suppressed with the SORS method. Although the

SORS spectra are still likely to contain an appreciable amount

of overlying tissue signals, the key bone spectral features are

visible. Further decomposition into pure spectra of individual

layers was performed by scaled subtraction of Raman spectra

obtained at different spatial offsets, although the accuracy

achieved in this work did not reach the level required for the

diagnosis of conditions such as osteoporosis.23 Nevertheless,

the aforementioned experiments provided another important

stepping stone for further work and stimulated further

development of the SORS concept capable of yielding much

more cleanly decomposed spectra.17,18

4.1.2 Chemical identification of calcifications in breast cancer

lesions. Work by Baker et al.25,26 and Matousek and Stone27

demonstrates the potential of the use of Kerr gated, SORS and

transmission Raman concepts in the probing of deeply buried

calcifications within breast tissue, achieving penetration depths

of 0.9, 8.7 and 16 mm in chicken breast tissue phantoms,

respectively. Calcifications identified by mammography can

indicate the presence of a malignant breast lesion, although the

mammographic technique cannot detect their chemical con-

stituency which is indicative of the disease state. For this, a

biopsy is often required, bringing about an associated high

medical cost stemming, in part, from the fact that 70–90% of

mammographically detected lesions are found to be benign

upon needle biopsy.

As described earlier in a pioneering work by Haka et al.,28

microcalcifications can be divided into two types; type I,

consisting of calcium oxalate dihydrate (cod), and type II

deposits, containing mainly calcium hydroxyapatite (hap).

Calcium oxalate crystals are mainly found in benign ductal

cysts and rarely in carcinoma, and calcium hydroxyapatite

crystals are found both in carcinoma and in benign breast

tissue. In addition, it has been found that type II calcifications

present in benign cysts are spectroscopically distinct from

type II calcifications found in malignant lesions.

Fig. 15 Measurements made through 4 mm of overlying tissue on a

chicken tibia at the mid-diaphysis using the SORS approach.

Transcutaneous (…); recovered bone factor (gray); and exposed bone

(black). (a) Recovered bone factor using data from all 50 collection

fibres; and (b) recovered bone factor using data from the 32 innermost

collection fibres. The laser power was 110 mW and the acquisition time

120 s. (Reprinted with permission from ref. 18. Copyright (2006) The

Society of Photo-Optical Instrumentation Engineers.)

Fig. 16 The raw SORS spectra for the zero and 3 mm spatial offsets

from the non-invasive transcutaneous measurement of human bone

in vivo at the distal phalanx of the thumb. The spectra were obtained

using a continuous wave laser operating at 827 nm with skin-safe laser

power (2 mW). The spectra are offset for clarity. The acquisition time

was 200 s. (Reprinted with permission from ref. 16. Copyright (2006)

The Society for Applied Spectroscopy.)
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Since different types of calcifications exhibit chemical

differences, significant insight may be gained by using non-

invasive Raman spectroscopy as a diagnostic tool. Raman

spectroscopy holds particular promise for addressing this

problem as the Raman scattering cross-section of calcifications

is substantially higher than that of the soft surrounding

tissue. In addition, it has recently been shown that Raman

spectroscopy is capable of distinguishing between the two

types of calcification in excised breast tissue.28 However, until

the advent of SORS, Raman spectroscopy could be applied

to probing tissue in depths of up to only several hundred

micrometres.

In contrast, the new non-invasive Raman methods open the

potential for deep non-invasive monitoring of calcifications at

depths of up to a centimetre or so. To date, the concept that

showed the greatest potential is the transmission Raman

geometry, yielding the greatest penetration depth for the

monitoring of calcifications in breast tissue.27 This technique,

as well as exhibiting gross insensitivity to the depth of the

probed calcifications, also suppresses signals originating from

the surface layers of tissue, such as melanin fluorescence. In

contrast, conventional backscattering Raman spectroscopy

accentuates such surface signals. The transmission Raman

geometry is also compatible with breast mounts used in

conventional mammography.

The transmission Raman experiments reported by

Matousek et al.27 were performed using 830 nm as the probe

wavelength, with a laser beam diameter at the sample of

around 4 mm. The Raman light was collected using a fibre

bundle consisting of 33 fibres. The study was performed on a

phantom constructed using a 16 mm slab of chicken tissue with

a thin layer (100–300 mm) of calcified material smeared in the

middle of the tissue. The results are summarised in Fig. 17.

Despite the presence of substantial noise, identifiable Raman

spectra of individual calcified compounds were clearly

recovered. Although the amount of calcification material used

is estimated to be two orders of magnitude above clinically

relevant levels, further improvements of the technique (bring-

ing its sensitivity to clinically relevant levels) are believed to be

feasible. If this goal could be achieved, the technique would

likely play an important role in breast cancer diagnosis,

potentially being used in conjunction with mammography or

ultrasound techniques to enhance their diagnostic potential.

4.2 Probing of pharmaceutical products

4.2.1 Probing of pharmaceutical tablets in quality control.

Some pharmaceutical quality control applications require

probing of the bulk content of a sample rather than its micro-

or layered structure. The need for such information stems from

the fact that it is the overall content of the tablet delivered

during medical treatment that must be accurately known as

any improper heterogeneous components concealed within the

tablet may have harmful effects. Ideally, the content informa-

tion should be obtained in a non-destructive manner and on

short time scales, as is required in environments such as

production lines.

Raman spectroscopy is a proven valuable tool for composi-

tional analysis of pharmaceutical tablets,1 although in its

backscattering mode it is excessively biased to the surface

layers of the probed medium. Work by Matousek and Parker20

overcomes this bias by using the transmission Raman

approach to provide detailed spectroscopic information about

the sample throughout its entire depth. The feasibility of this

concept was demonstrated both numerically and experimen-

tally. The experimental demonstration was performed both in

the conventional backscattering geometry and in transmission

mode on a standard paracetamol tablet with a simulated

impurity layer placed at the extreme locations of the tablet, i.e.

at the front and back. The tablet used had a thickness of

3.9 mm. The impurity layer consisted of a 2 mm fused silica

cuvette filled with trans-stilbene powder. The experiments were

performed using an 830 nm probe, with a laser beam diameter

of 4 mm. Raman light was collected using a fibre probe

consisting of 7 fibres.

The results of this measurement are shown in Fig. 18 and

demonstrate the surface layer bias of the conventional back-

scattering geometry as only the Raman spectrum of the

illuminated side of the probed object can be detected with no

trace of the layer placed at the opposite side. In contrast, in the

transmission geometry gross insensitivity is seen to the location

of the impurity layer. Irrespective of the orientation of the

sample, i.e. whether the impurity layer is at the front or back of

the sample, its Raman signature is clearly detectable with a

similar level of sensitivity.

For the tablet alone, the overall Raman signal intensity

when going from the conventional backscattering to transmis-

sion geometry was reduced by only a factor of 12. In addition,

a good Raman signal could also be observed through 2 tablets

placed back-to-back.

The large illumination areas feasible in transmission

geometry also make it possible to use substantially higher

laser powers and further reduce exposure times, potentially

down to a fraction of a second. These properties, in

combination with the technique’s high chemical specificity

Fig. 17 Raman spectra of two types of calcified materials (a 100–

300 mm thick layer) recovered from a 16 mm-thick slab of chicken

tissue (‘hap in tissue’, ‘com in tissue’). The spectra were obtained by

subtracting raw transmission Raman spectra of tissue only from those

of tissue containing calcified material. The pure Raman spectra of

individual calcified materials are also shown. The acquisition time was

100 s, with a laser power of 60 mW. The spectra are offset for clarity.

(Reprinted with permission from ref. 27. Copyright (2007) The Society

of Photo-Optical Instrumentation Engineers.)
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and simplicity, make the method particularly well suited for

quality control applications.

4.2.2. Probing of pharmaceutical capsules in quality control.

Some pharmaceutical applications require the non-invasive

probing of capsules or coated tablets through their coating.

Although the Raman technique has proven to be a valuable

tool in this area too, when it comes to probing capsules of

certain colours the Raman signal and fluorescence emanating

from the capsule shell may interfere excessively with the

Raman signal of the material held within the capsule, leading

to a reduction of the technique’s sensitivity.

Work by Matousek and Parker21 demonstrates how the use

of the transmission Raman geometry for weakly or non-

absorbing diffusely scattering samples can dramatically reduce

this surface layer interference, permitting detailed spectro-

scopic information on the interior composition of the capsule

to be obtained. The experiments were performed with 830 nm

as the probe wavelength and the laser spot diameter was

y4 mm in transmission geometry and y0.5 mm in the

comparative backscattering and SORS geometries. In the

conventional Raman backscattering and the transmission

Raman measurements, the Raman light was collected using a

fibre bundle probe consisting of 7 fibres tightly packed at the

centre of the probe. The SORS comparative measurements

were carried out using 26 fibres distributed on a ring of 3 mm

radius representing a 3 mm spatial offset.

Fig. 19 compares the performance of the three non-invasive

Raman approaches, SORS, conventional backscattering

Raman and transmission Raman geometries, on a highly

fluorescent capsule. The spectra are shown in their raw form

with no backgrounds removed. It is evident that both the SORS

and the transmission geometry permit the observation of the

Raman signals, even if these are completely obscured by

fluorescence originating from the capsule shell in the conven-

tional backscattering Raman measurement. Furthermore, it is

clear that the transmission geometry improves on the SORS

approach in terms of signal quality, although larger SORS

spatial offsets should provide spectra of similar quality. Similar

performance is expected to be obtained with coated tablets.

4.2.3 Drug authentication. Due to the increasing volume of

counterfeit drugs entering the distribution chain there is a

growing need for effective means of non-invasive verification

of the authenticity of pharmaceutical products.29 For example,

the infiltration of the market by fake antimalarial drugs

currently presents a major crisis in eastern Asia and poses a

serious threat to life.

Although NIR absorption spectroscopy is used in this

application, its limited chemical specificity restricts its effec-

tiveness. Raman spectroscopy used in the backscattering

collection geometry is an alternative technique that is

increasingly used in this area, mainly due to its high chemical

specificity. However, in some instances, and in particular with

darkly coloured coatings or capsules or thick packaging, this

geometry can yield excessively intense Raman signals or

fluorescence originating from the surface layers, reducing its

sensitivity and, in extreme cases, completely swamping the

Raman signal of pharmaceutical ingredients held within.

Fig. 18 The Raman spectra obtained from a two-layer sample

(3.9 mm-thick paracetamol tablet and 2 mm-thick trans-stilbene

powder ‘impurity’ layer) using (a) conventional backscattering

geometry; and (b) transmission geometry. The measurements are

performed at two sample orientations, with paracetamol at the top and

bottom of the trans-stilbene cell as indicated in the graphs. The top and

bottom spectra are those of paracetamol and trans-stilbene, respec-

tively, obtained in separate experiments. The acquisition times were

between 0.2 and 10 s, with a laser power of 80 mW. The spectra are

offset for clarity. Legend: p: paracetamol; t: trans-stilbene; R: Raman

light; L: laser beam. (Reprinted with permission from ref. 20.

Copyright (2006) The Society for Applied Spectroscopy.)

Fig. 19 The comparison of conventional backscattering, SORS and

transmission Raman geometries in non-invasive probing of the green

section of a Sudafed Dual Relief capsule of shell thickness 150 mm. The

acquisition time was 10 s, with a laser power of 80 mW. (Reprinted

with permission from ref. 21. Copyright (2007) John Wiley & Sons.)
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Work by Eliasson and Matousek29 demonstrates the

benefits of applying SORS in this area. The measurements

were performed using the SORS point illumination and

collection geometry on two types of widely used packaging,

namely, blister packs and white plastic bottles. Comparative

measurements were also performed in the conventional back-

scattering Raman geometry. In all the studied cases, SORS

outperformed the conventional Raman technique through its

substantially more effective suppression of the interfering

Raman and fluorescence contributions originating from the

packaging.

Fig. 20 shows the performance of SORS and conventional

backscattering Raman geometry in the non-invasive probing

of white plastic bottles containing pharmaceutical tablets. In

this application, the conventional Raman approach was totally

ineffective due to the overwhelming intensity of the Raman

signal of the container. Even under these challenging condi-

tions the SORS approach, after the scaled subtraction of

two SORS spectra obtained at different spatial offsets

(0 and 3 mm), yielded a very clean Raman spectrum of the

pharmaceutical tablets. The experiments were performed at

830 nm probe wavelength and the laser spot diameter at the

sample was y0.5–1 mm. A fibre bundle probe made of

22 fibres was used to collect Raman light.

The concept holds great promise for more accurate and

sensitive identification of drugs in the supply chain. Its

applicability, however, stretches well beyond this application

area and is also well suited to the monitoring of substances

held in diffusely scattering packaging in security screening

applications.

4.3 Security applications

The recent heightened terrorist threat underlines the impor-

tance of the availability of robust security screening techniques

with high chemical specificity. No single technique exists

capable of addressing all the needs in this area, given the wide

range of samples and containers encountered. Consequently, a

multitude of techniques are used to address the problem

effectively. In such applications, high throughput methods are

often used as a first screening layer, with any problematic

subjects being referred to the second, lower throughput,

screening procedure. An example is the screening of envelopes

at mail sorting centres.

4.3.1 Probing of envelopes. An article by Matousek17 reports

on the use of inverse SORS in the probing of powders held in

envelopes and compares the results achieved with those

attainable using conventional backscattering Raman spectro-

scopy. Similar results can also be achieved in the transmission

Raman mode30 as shown in Fig. 21. In these measurements, a

standard brown envelope containing white sugar was used.

Comparative conventional backscattering Raman measure-

ments yielded only a massive fluorescence background,

originating from the envelope material. In contrast, the

transmission geometry shows clearly the Raman components

of sugar held within the envelope. This example demonstrates

the capability of the transmission Raman geometry to

Fig. 20 Non-invasive Raman spectra of paracetamol tablets mea-

sured through a white, diffusely scattering 1.7 mm-thick plastic

container in drug authentication. Conventional Raman and SORS raw

data are shown, together with the tablets reference Raman spectrum.

The acquisition time was 10 s and the laser beam power 50 mW.

(Reprinted with permission from ref. 29. American Chemical Society.)

Fig. 21 Non-invasive measurement of powders in envelopes in security screening applications. The measurement was performed in transmission

geometry with an envelope containing sugar representing a hidden illegal or harmful substance. The acquisition time was 10 s and the laser power

55 mW. The inset shows the result of a backscattering Raman measurement of the same sample.
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substantially reduce not only contributions from the Raman

spectra of surface layers but also fluorescence originating from

the surface layers of the probed sample. The pure Raman

spectrum of sugar contained within the envelope can be

recovered by subtracting the fluorescence background, a task

that can be, for example, performed by automated means.31

The experiments were performed using 830 nm as the probe

wavelength, with a probe beam diameter of 0.5 mm. The

Raman signal was collected using a fibre probe consisting of

33 fibre elements.

5. Conclusions

The emergence of new non-invasive Raman spectroscopic

techniques stimulates the birth of numerous new analytical

methods for the non-invasive probing of diffusely scattering

media at depths previously inaccessible. Although much

work remains to be done, prospects for many new exciting

applications are already looming on the horizon. These include

the diagnosis of diseases such as osteoporosis, brittle bone

disease and breast cancer, quality control and authentication

of pharmaceutical products and security screening applica-

tions. These developments come at a time when Raman

spectroscopy is completing its transformation from laboratory

technique to practical analytical tool; a journey driven by

recent advances in laser and detection technologies. Future

developments of many of these new applications may exert a

profound influence over our daily lives.
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