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Overview

Raman spectroscopy (RS) is an important technique used by a range of EU industries. However, the
accuracy and reliability of RS is limited by a lack of a metrology (measurement science) infrastructure,
constraining the technique’s potential application. This project developed metrological techniques for RS,
including practical and modelling methods to trace Raman measurements to their S| unit definitions,
standardised reference materials, and methods to display results as 3D images. These achievements have
transformed RS into a robust quantitative technique which is being adapted to a range of new, and
previously unattainable applications, such as the real-time imagining of dynamic processes within living cells.

Need for the project

Over the last three decades the use of RS has flourished, and today the technique is used in a range of
European industries, including pharmaceuticals, biotechnology, nanotechnology, healthcare and medical
technology. Although the use of RS is widespread, before this project the technique had no underlying
metrological infrastructure, such as standardised methods to trace RS measurements to their S| unit
definitions. Without this infrastructure the full potential of RS was constrained, preventing the further
refinement and development of the technique required for the creation of innovative products and services
throughout a number of EU industries.

RS is used to identify specific molecules in samples, such as proteins that indicate the presence of cancer in
biopsies, or pollutant chemicals in air samples. RS is popular as the technique identifies molecules quickly,
including molecules that alternative techniques find difficult to identify; is non-destructive, the sample is left
undamaged and can be used again; and is label-free, RS doesn’t require the use of additional label
molecules to identify targets, which can affect the sample and compromise results. Although the technique
has considerable advantages, it was used qualitatively rather than quantitatively, to identify the presence of a
target molecule, but not amounts of that molecule. If the appropriate measurement infrastructure were
provided, RS could be developed from a qualitative to a highly-effective quantitative technique.

Scientific and technical objectives

The overall goal of this project was to develop a measurement infrastructure for Raman spectroscopy, to
allow it to transition from a qualitative to a quantitative technique. To achieve this, objectives 1 and 2
developed methods to trace RS measurements to their Sl unit definitions (mole and metre respectively).
Objective 3 developed a method to display RS measurements as 3D images. Objective 4 established
mathematical models to underpin measurement traceability. Objective 5 developed measures of uncertainty
in RS measurements, and methods to ensure quantitative RS measurements were repeatable.

1. Establishing traceability to the mole by conventional Raman scattering and surface-enhanced Raman
scattering (SERS)

2. Establishing spatial and depth resolution measurements traceable to the metre (target uncertainty
sub-micrometre resolution in the XY plane) using Tip-Enhanced Raman Scattering (TERS).

3. Developing methods for 3D chemical imaging at high speed using multi-photon Raman scattering,
Stimulated Raman Scattering (SRS) and Coherent Anti-Stokes Scattering (CARS)

4. Investigating light-matter interactions in Raman scattering using finite difference time domain (FDTD)
calculations, to establish mathematical models to underpin traceable measurements

5. Improving the repeatability of Raman measurements and establishing robust uncertainty budgets for
Raman spectroscopy.
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Results

1. Establishing traceability to the mole by conventional Raman scattering and surface-enhanced Raman
scattering (SERS)

Methods were needed to trace RS measurements to the definition of the mole, the Sl unit of the amount of a
substance. Key to this was the development of a standardised procedure for Raman depth profiling, the
identification of target molecules at depth below the surface of a sample. The objective aimed to develop
such methods for conventional RS, and for surface-enhanced Raman scattering (SERS), an RS method with
the highest chemical detection sensitivity.

A standardised depth profiling procedure was established by developing reference samples, and then
reference procedures to calibrate measurements for these samples. Measurements could be made with
nearly identical results if only a few key experimental parameters were kept constant. This outcome
demonstrated that Sl-traceability and comparability of Raman depth-profiling results can be achieved if
suitable reference standards are made available to Raman instrument manufacturers and end users.

This objective was then achieved through the development of two different approaches for quantifying
amounts of biomolecules:

1. Direct labelling, by attaching a Raman active molecule (reporter), in a natural and isotopically labelled
form, to the biomolecule. Due to the high Raman scattering efficiency of the reporter molecule, a limit of
detection in the low nmol L range was achieved, providing an excellent basis for the quantification of
extremely low target molecule concentrations.

2. Indirect labelling, by attaching a reporter molecule with an antibody-joined magnetic nanoparticle to the
target molecule. The advantage of this approach is that the magnetic nanoparticles can be used to separate
the target molecules from complex samples, such as blood serum. A measurement method was successfully
developed for determining amounts of target molecules, including a specified detection limit.

2. Establishing spatial and depth resolution measurements traceable to the metre (target uncertainty sub
micrometre resolution in the XY plane) using Tip Enhanced Raman Scattering (TERS)

TERS combines Raman spectroscopy with atomic force microscopy (AFM) to offer nanometre-scale spatial
resolution for RS. To ensure 2D spatial/distance measurement in TERS are sufficiently accurate, techniques
were needed to trace measurements to the Sl base unit of length, the metre. Before this project, TERS
suffered from a lack of defined and reproducible tips (the probes used to analyse samples), as tips could not
be produced consistently to the required dimensions and with the required properties. Key to this objective
therefore, was the development of a reliable method to produce high-quality tips with defined properties.

Bi-layered reference samples were fabricated with defined optical and spatial properties, confirmed via inter-
laboratory comparisons. The performance of various TERS tips could be assessed with the reference
samples to identify the limitations of the different tips, to provide guidance on how tip quality could be
improved. This new measurement capability enabled tips to be accurately assessed and manufacturing
problems to be identified and resolved, such as the tip radius and chemical and physical robustness. As a
result, the yield of useable tips fabricated in the project was improved to 90%, far beyond the planned target
of 75%. One of the project’s improvements in batch production is being adopted for commercialisation.

The new TERS capability found that the resolution of TERS measurements were limited by the size of the
TERS tips (smaller tips produced finer resolution images). To establish the dimensions of the tips with sub-
nanometre accuracy, a measurement method was created using single-wall nanotubes. This procedure,
couples with high-quality tips, allowed sub-nanometre spatial and depth measurements to be made,
traceable to the meter.
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3.Developing _methods for 3D chemical imaging at high speed using multi-photon Raman _scattering,
Stimulated Raman Scattering (SRS) and Coherent Anti-Stokes Scattering (CARS)

Multi-photon RS techniques, such as SRS and CARS, have the potential to become quick and accurate
diagnostic tools, as they are highly-sensitive approaches for fast, label-free mapping of chemicals in three
dimensions in biological samples. The aim of this objective was to realise the potential of multi-photon RS by
developing methods to make measurements quantifiable.

The result was achieved through the development of a stimulated Raman scattering microscope that was
capable of providing high-speed, label-free quantitative images from biologically relevant samples. A
chemometric software tool was developed for the analysis of a large (>1M) numbers of Raman spectra for
chemical imaging. The techniqgue was used to make successful quantitative measurements, measuring
chemical concentrations to within an error of 7%, including the measurement of drug concentrations in cells
(the actual dosage of a drug a patient receives is partly determined by how efficiently cells absorb the drug
molecules. This was previously notoriously difficult to determine with any speed).

Software was also developed for SRS and CARS to display Raman imaging as video (at a frame-rate of a
few frames per second). This powerful video-rate tool allows real-time images to be produced of chemical
and biological processes such as phase separation, permeation and diffusion of molecules within living cells.
This capability has since been used to study oxidative stress in living skin tissue, the distribution of drugs
(ibuprofen) and permeation of propylene glycol (PG) in skin, and drug metabolism.

4.Investigating light-matter interactions in Raman scattering using finite difference time domain (FDTD)
calculations, to establish mathematical models to underpin traceable measurements

RS measurements are influenced by a range of factors, such as local electromagnetic fields, and the
dimensions and chemical composition of samples. In addition to developing experimental techniques,
numerical approaches were also needed that could model and account for the effects of all variables that
influence measurements — the aim of this objective was to develop modelling methods to support the
accuracy and traceability of the methods developed in objectives 1 — 3, with a focus on biological samples.

A set of numerical tools were successfully developed to support TERS and micro-Raman measurements,
based on Maxwell's equations solver (FDTD technique). Software for the simulation of scanning by a micro
Raman instrument has also been developed.

5. Improving the repeatability of Raman measurements and establishing robust uncertainty budgets for
Raman spectroscopy

The goal of this objective was to ensure that quantitative RS measurements can be made repeatedly and
reliably across academic fields and industries with established levels of uncertainty. Reference techniques
were developed from the results of objectives 1 to 4, and reference samples upon which the techniques can
be calibrated.

Four standardised quantitative techniques were developed for both commercially available and emerging RS
methods. Three inter-laboratory studies were conducted. Two new reference samples have been developed
for quantitative RS measurements, including a confocal volume standard, and a depth-profiling standard for
confocal Raman spectroscopy. A BIPM Consultative Committee (CCQM) pilot-study is being conducted on
the confocal volume standard.

Overall, the project results improve the levels of confidence in quantitative, label-free measurements using
RS techniques of biomolecules, and other substances, at concentrations ranging from nano-molar to milli-
molar, and spatial resolution from 20 nm to micrometres. The new video-rate Raman imaging capability,
developed in objective 3, now allows the investigation of dynamic processes in complex mediums, such as
living cells. These new National Measurement Institute (NMI) capabilities are the first of their kind in
European NMls, and can be accessed by industrial users to make quantitative RS measurements such as
studying the absorption and metabolism of drugs in living cells.
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Actual and potential impact

Dissemination of results

Awareness of metrology in RS fields was previously very limited, and significant efforts have been made to
increase awareness of the project’s results. 15 papers have been published in international journals (listed in
the next section), and 43 conference presentations have been delivered. In addition, a Metrology Session
was started in the largest international conference on Raman spectroscopy (ICORS); these sessions have
been well attended and are vital for increasing awareness of metrology in RS. A dedicated website has also
been set up to continue the activities of Raman metrology in collaboration with the international community.

Impact on standardization

Before this project there were no internationally accepted standards for Raman spectroscopy. 5 potential
standards (reference standards and methods) have been identified in this project for pre-normative study,
with the aim of developing these into ISO standards. A BIPM Consultative Committee (CCQM) pre-pilot
study is in progress.

Early impact

The methods developed in this project have ensured that RS is currently the most attractive and viable label-
free technique for quantitative imaging of molecules within their native environments, and work has already
begun to adapt RS to new applications:

The video-rate Raman imaging microscope at the National Physical Laboratory, UK, is being used to
develop measurement solutions for healthcare and pharmaceutical companies. For instance, the facility is
being used to investigate UV damage of samples of living-skin-equivalence to assess the stability of a topical
cream formulation in its native state, and drug uptake in living cells. This has generated a 20% cost saving
for product testing. Since the beginning of the project, the facility has provided measurement services worth
more than £50k.

The greatest barrier to the more widespread adoption of TERS is the lack of reliable and clearly defined
TERS tips. Some of the issues in the batch production of TERS tips were resolved in this project through
new tip designs and production methods. One such method has been adopted for commercial production by
the Natural and Medical Sciences Institute, a medical science institute at the University of Tubingen, with the
aim of producing and selling standardised tips.

The chemometric software developed in objective three, for large-scale Raman data analysis, is a powerful
new tool for analysing Raman images of complex surfaces. The software can process millions of spectra with
a standard desktop PC, and is being further developed for implementation by a commercial instrument
manufacturer.

Potential future impact

Before this project RS measurements were qualitative. But the techniques and infrastructure developed here
allow RS to be used to make quantitative measurements of target molecules, traceable to Sl unit definitions.
This accomplishment will enable RS to be refined and adapted to develop new products and capabilities in a
range of industries and scientific fields. In the short-term, the techniques developed are currently being used
to develop skincare products, commercialise the production of TERS tips, and to develop new software and
new measurement capabilities throughout Europe. Over the longer term we anticipate that the use of RS will
proliferate further, into new areas of research and new industries, from the identification of microbes in sail
samples in environmental science, to detecting the presence of burgeoning tumour cells in the fight against
cancer. The use of RS for generating real-time images of processes occurring within biological samples,
such as living cells, is especially valuable, and demonstrates the potential power of the technique, and gives
an insight into its potential future uses, from medical diagnostics to exploring the interactions between
biology and nanotechnology.
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