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Abstract

Mid-infrared (MIR) fibre-optics may play a future role in in vivo diagnosis of disease, including
cancer. Recently, we reported for the first time an optical fibre based broadband supercontinuum
(SC) laser source spanning 1.3 to 13.4 um wavelength to cover the spectral 'fingerprint region' of
biological tissue. This work has catalysed the new field of fibre MIR-SC and now very bright sources
equivalent to a 'few synchrotrons' have been demonstrated in fibre. In addition, we have made
record transparency MIR fibre for routeing the MIR light and reported first-time MIR
photoluminescence (with long lifetime) in small-core, rare earth ion doped, MIR fibre - an important
step towards MIR fibre lasing at > 4 um wavelength for pumping fibre MIR-SC. First time fibre MIR-

SC spectroscopic imaging of colon tissue is described at wavelengths in the “fingerprint region’.

Introduction

This article highlights the role that mid-infrared (MIR) fibre-optics may play in in vivo diagnosis of
disease, including cancer. We summarise here key results towards this aim from the European
funded FP7 Project: acronym: MINERVA, titled: " MId- to NEaR infrared spectroscopy for improVed
medical diAgnostics ", (Grant agreement no.: 317803, http://minerva-project.eu/) which ran 2012 to
2017. This article is based on our recent paper at SPEC2018 (June 2018; Chair: Dr Matthew J. Baker,

University of Strathclyde, Glasgow, Scotland) in the ‘Emerging Technologies’ session.

Prior to MINERVA, it had already become clear that mid-infrared (MIR) imaging spectroscopy has the
potential to open a new chapter in bio-medical imaging. MIR imaging spectroscopy offers an

effective tool for early cancer diagnosis and improved survival rates. Great progress had been made
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by analysing the entire bio-molecular MIR spectral signature using automated statistical algorithms.
However, the lack of suitable sources, detectors and components in 2012 appeared to restrict the
technology to one of academic interest, based on weak thermal sources, low power lasers or

synchrotron research tools.

MINERVA recognised that for the first time the photonic technology was in place to develop a new
MIR technology platform based on MIR fibreoptics in which entirely novel supercontinuum (SC)
broadband, fibre-based laser sources (could cover the MIR spectral region of interest for analysing
cells, tissue and body fluids®. The key point is that optical fibre MIR-SC can be at least 1000 x brighter
than conventional blackbody sources like the Globar®. Therefore the source/analyte/detector can be
at a greater distance and fibre probes used with the greater number of photons available for

analysis.

In this article, we firstly set out the current ‘Gold Standard’ for disease diagnosis. Next the present
laboratory approach of MIR microspectroscopy for disease diagnosis is summarised. A fully
fibreoptic system suitable for MIR spectroscopy in vivo and the MIR optical biopsy is presented. The
underpinning MIR glass fibreoptics are described. At the heart of the MIR fibreoptic system is the
broadband fibre MIR-SC source. First-time MIR imaging ex vivo of biological tissue in the 'fingerprint
spectral region’, using MIR-SC laser sources is presented which is the first step towards in vivo

disease detection optical systems, including for cancer diagnosis.

Background to the MINERVA Project

The current ’Gold Standard’ of disease screening and diagnosis

Today, the ‘Gold Standard’ for identification of disease, including cancer, remains histopathology,
that is: the visible-light microscopic study of the morphology of dye-stained cells and tissue to find
out about disease. Histopathology is labour-intensive and highly dependent on the judgement of the
pathologist. Major hospitals house a ‘Path. Lab’ where cells are taken, or biopsies of tissue excised
from patients may be frozen, microtombed into slices of < 10 um thickness that are individually
mounted in sequential order on microscope slides, and stained with haematoxylin and eosin (H&E)
dyes. Such dye-staining reveals the cell and tissue morphology for examination by the pathologist
using optical microscopy to inform diagnosis and treatment planning. Patients must usually await

days or weeks for their pathology results which leads to significant patient stress. There are also
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associated healthcare costs. For instance, awaiting the pathology result of whether or not a tumour
has been totally excised, where excised tumour margins are interrogated for cancer malignancy,
requires interrupting surgery, and perhaps may necessitate further surgery, again with the
associated patient discomfort and healthcare costs. A rapid, on-the-spot optical biopsy would allow

a single procedure, saving costs, avoid the wait for the results, reducing patient stress.

Current mid-infrared (MIR) biomedical spectroscopy for disease screening and diagnosis

The biomedical spectroscopist Max Diem was the first to recognise that the MIR spectroscopic
information revealed by cells and tissue may revolutionise the way that pathology is performed in
the 215t Century?. Diem was in the vanguard of applying in vitro and ex vivo MIR spectroscopy of
human cells and tissue. The important early contribution of Henry H. Mansch must also be
recognised>*. Diem’s seminal paper? of 1999 was critical of some of the work prior to 1996, as being
too simplistic about the use of MIR spectroscopy to detect malignant, as opposed to normal, cells
and tissue because a ‘cancer spectral peak’ was sometimes assumed rather than subtle changes
across the MIR spectral region. Diem highlighted that MIR spectroscopy of cells and tissue could
potentially provide an immense amount of information on cellular composition, packing of cellular
components, organ and cell architecture, metabolic processes and the absence/presence of disease.
Analysing cell and tissue biopses ex vivo using MIR spectroscopy allows preservation of the
anatomical arrangement of tissue enabling evaluation of the pathological features and histological
architecture of tissue taken from patients. MIR spectral data processing utilises mathematical
procedures (such as unsupervised principal component analysis) to analyse subtle spectral
differences of the entire spectrum and it has been demonstrated that subtle differences do exist and
that normal and diseased areas of tissue can be distinguished spectroscopically?. This type of
automated pattern recognition of the families of vibrational absorption bands in the MIR spectra has
formed the bedrock of advances in the field and may aid clinicians (medical professionals interacting
directly with patients) in future in objective diagnosis. The field is both expanding and consolidating.
Biomedical MIR molecular vibrational absorption spectroscopy analysis of excised tissue and
exfoliated cells is accruing evidence of the ability to distinguish diseased cells and tissue, including
cancerous, from normal cells and tissue®>°. A Nature Protocol for sample treatment and
measurement methodology has been written by 21 eminent authors in the field of biomedical MIR
spectroscopy®. In addition, a ‘barcode’ approach has become popular}, that is the reduction of full
MIR spectral acquisition to some key spectral areas of difference between diseased and benign

tissue and cells and this has allowed more effective numerical manipulation of the vast MIR spectral
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data sets. Nevertheless, it is important to realise that access to the whole MIR spectrum, if possible 3
to 15 um wavelength, is probably required in order to have enough specificity and sensitivity for

objective disease diagnosis like cancer.

MIR microspectroscopy imaging is widely recognised as non-destructive, label-free, highly sensitive
and is applied particularly in cancer research and diagnosis, ex vivo on excised tissue. State-of-the-
art MIR imaging microspectroscopy was carried out during the MINERVA Project. Fig. 1 shows MIR
microspectroscopic imaging of excised colon tissue carried out using a standard FTIR (Fourier
transform infrared) spectrometer with a weak, blackbody source (GloBar®) and mercury-cadmium
telluride focal-plane-array (MCT-FPA) detection®. In achieving the 1 um resolution MIR imaging,
shown in Fig. 1, the Abbe diffraction limit of MIR radiation (~ 5 pm) was overcome and this was

accomplished by over-sampling.

Histologic image FTIR based cluster image FTIR based cluster image
(Normal colon tissue) Conventional resolution (5.5x5.5 pm? pixel size) High-resolution (1.1x1.1 um2 pixel size)

1.4 mm 704 um

Figure 1. State-of-the-art MIR spectral images of excised normal colon tissue compared to a conventional histopathological
micrograph of the H&E (i.e. haematoxylin and eosin) dye-stained colon tissue. In achieving the 1 um resolution MIR
imaging, the Abbe diffraction limit of MIR radiation (~ 5 um) was overcome and this was accomplished by over-sampling.
(Images from the Group of N. Stone, University of Exeter, UK, Co-Investigator EU MINERVA (more in [12].)

Paraffin is often used in the preparation of biopsies, for instance for tissue archives. Unfortunately,
in the MIR microspectroscopic studies, the paraffin can obscure the useful vibrational absorption

from the tissue itself. In other MINERVA work, the numerical removal of the paraffin vibrational
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absorption from the MIR microspectroscopy of tissue was investigated to allow exploitation of

valuable tissue archives®3.

Microspectroscopy for MIR spectral collection of cells and tissue utilises a desk-top instrument
combining MIR microscopy with FTIR spectrometry. A typical laboratory set-up for MIR spectroscopic
analysis is shown in Fig. 2. The traditional type of broadband MIR source is a blackbody,
incandescent source with 3-dimensional emission, for instance from a SiC ceramic bar with
dimensions of a few mm, and is of low power. This has necessarily restricted the optical circuit of
source / analyte / detector to be in close proximity in order to have enough photons available for

detection.

) Grid of
Tissue  detectors 100
Synchrotron
MIR beam
or arrayed {} M
Quantum FTIR .
Cascade M
Lasers
or blackbody MCT-FPA
MIR beam e.g. 128x128 )
e.g. Globar® pixels Full MIR spectrum
recorded
at each pixel
of FPA

Figure 2. Traditional MIR spectral imaging of excised biological tissue involves a benchtop set-up comprising a source beam
(MIR blackbody or a synchrotron-generated MIR beam or, latterly, arrayed QCLs) which is passed through a FT-MIR
spectrometer and onto the tissue sample in a MIR microscope. A MCT-FPA detector captures spectral images and records a
full spectrum at each pixel. The acquired spectral sets are treated statistically to yield molecular discrimination across the
MIR tissue image shown as a false colour map. The false colour map is obtained by establishing similarities in spectral
patterns (mathematically), then grouping spectra accordingly, and finally assigning colour codes to form an objective map-
free from subjective assignment. (Redrawn from [14].)

Synchrotron (SR) generated MIR light has also been utilised for MIR microspectral imaging. The MIR-
SR light is a small aperture beam up to 1000 x brighter than the traditional blackbody source. To date
the optical circuits used in conjunction with SR-generated MIR radiation have mimicked those used
with the traditional weak blackbody sources. The recent advent of bright MIR QCLs (quantum
cascade lasers) and ICLs (inter-band cascade lasers) has seen them integrated within the same type

of optical circuit comprising a closely positioned source / analyte / detector.

To date MIR spectroscopic molecular mapping and imaging has been of excised biological tissue. In
the future, with the help of chalcogenide-glass fibreoptics the MIR spectral region may be opened up
for real-time, in vivo medical diagnostics4, enabling the MIR optical biopsy (‘opsy’ look at, bio the

biology) for early diagnosis of external cancers, intra-operative detection of cancer-margins and the
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possibility of MIR endoscopy for early diagnosis of internal cancers and their precise removal. This

was the approach that was developed within the MINERVA research.

Progress towards a MIR fibreoptic system for in vivo MIR

spectroscopic imaging of tissue and the MIR optical biopsy

Proposed bench-top set-up

Fig. 3 shows one of the proposed bench-top set-ups whereby active and passive MIR fibreoptics may
be used in future to collect cell and tissue MIR spectra in situ in the body; for instance, to act as a
fibreoptic probe for dermatological screening and early diagnosis of skin cancer where objective
cancer screening might be carried out in primary care by the practice nurse. On the other hand,
analogous to current endoscopes which work in the visible spectrum and give topological imaging of
tissue in vivo, so MIR glass endoscopes can be developed to give chemical mapping and imaging of
deep tissue in vivo. A key potential application is MIR endoscopic spectroscopic imaging such as
inside the gastric tract or in gynaecology, for cancer screening, early cancer diagnosis and for intra-

operative assistance to help surgeons map cancer-margins.

The key advantages of an all-fibre set-up (Fig. 3) for MIR spectroscopic disease detection, as opposed

to the more conventional system design (Fig. 2) are that MIR fibreoptics can provide:

(i) bright, spatially coherent, diffraction-limited beams of excellent beam quality;
(ii) potential remote sensing and imaging of diseased tissue in vivo, in real-time, and
(iii) portable and compact all-fibre systems.

The set up shown in Fig. 3 requires development of three types of MIR optical fibre, each of which
was addressed in MINERVA, viz.: (a) nonlinear MIR optical fibre for supercontinuum generation to
provide the bright broadband MIR light; (b) rare earth ion doped narrow-band MIR fibre lasers
capable of being pulsed that are required to pump the nonlinear fibre MIR-SC broadband laser light

and (c) low optical loss passive fibre to route the MIR light to where it is needed.
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Figure 3. A proposed benchtop set-up based on MIR fibreoptics to enable system-compactness, good beam quality and
brightness with potential for in vivo detection of disease . The set-up comprises a MIR-SC fibre laser source (based on a
nonlinear chalcogenide glass fibre) to provide bright broadband light which is spatially coherent. This is ideally achieved by
pumping an optically nonlinear MIR glass fibre with a narrow-band MIR fibre laser > 4.5 um wavelength (based on a RE
(rare earth ion doped) MIR glass fibre for direct emission) operating in a pulsed regime. The RE MIR fibre laser is in turn
pumped with a commercial source. The fibre generated MIR-SC broadband light is passed through an optimised FT-MIR
spectrometer and onto a patient's lesion via chalcogenide-glass passive MIR optical fibre or via a coherent bundle of MIR-
transmitting optical fibres. Similarly, passive MIR fibre(s) collects the MIR light after tissue interaction and delivers it to the
detector. The spectral sets acquired from the light-tissue interaction are treated statistically to yield molecular
discrimination and in vivo cancer diagnosis.

What is now required is FTIR spectrometers to be custom-made to accommodate small spatially
coherent MIR optical beams, as opposed to the beam expansion demanded by current FTIR designs,
whilst maintaining compatibility of the period of the FTIR interferometer with the pulse period of the

fibre MIR-SC laser beam.

An alternative to FTIR, in the system portrayed in figure 3, which was also addressed in MINERVA, is
to use fibre MIR-SC lasers with fast MIR acousto-optic (A-O) filtering to select wavelengths of
interest for detection. Within MINERVA, tellurite crystal A-O filtering was applied to the SWIR (short
wave infrared: 0.8 — 2.9 um wavelength) and MWIR (mid-wave infrared: 3-5 um wavelength). Record
large size (35 mm diameter) calomel single crystals: Hg>Cl, mercury (1) chloride samples were
developed during the MINERVA Project for the LWIR region (long-wave infrared: 8-12 um

wavelength).

Overview of MIR glass fibreoptics

The US National Research Council defines glass as: ‘An X-ray amorphous solid which exhibits the

glass transition (Tg), the latter being defined as that phenomenon in which a solid amorphous phase
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exhibits with changing temperature a more or less sudden change in the derivative thermodynamic
properties such as heat capacity and expansion coefficient from crystal-like values to liquid-like

values.’.

Note that: glass is a state of matter rather than a particular material; the glassy state can be formed
by fast-cooling of a liquid to prevent atomic ordering (like crystallisation) and glasses only exist < Tg.
Fig. 4 is a plot of volume per unit mass versus temperature encompassing these ideas and showing
glass is metastable with respect to the true equilibrium state - the crystalline state(s). From Fig. 4,
shaping of glasses is carried out in the supercooled liquid regime ( Te< temperature < Tr) during
melt-cooling or glass-reheating to above T,. From Fig. 4, the beauty of glasses is the ability to form

long fibre, by shaping in the supercooled liquid regime, for routeing light to where it is needed.

Volume per unit mass

v,
~/ Temperature

T, region | {Tm

Figure 4. Phase behaviour of glasses. Tg is the glass transition temperature range and Tn, is the liquidus. Path abcd is a liquid
freezing at the liquidus to a crystalline solid. For paths abef or abgh, quenching is fast enough to prevent ordering on the
atomic scale and the melt supercools. In the supercooled liquid regime, melt-shaping such as to form fibre can be carried
out, at the appropriate melt viscosity, either during melt-quenching, or glass reheating, followed by cooling to ambient.
Chalcogenide-glasses are formulated to avoid crystallisation of the supercooled liquid, which is thermodynamically driven
but kinetically limited; so it is wise to limit the time spent in shaping. Glasses of different density (and hence different
refractive index dispersion properties) are formed, depending on cooling-rate through the Tgrange.

The University of Nottingham has pioneered extrusion of chalcogenide-glass melts to form (shape)
fibreoptic preform rods and tubes and co-extruded fibreoptic preforms comprising a core glass rod
concentrically surrounded by a lower refractive index optical cladding glass tube [e.g. see [14]).
Fibreoptic preforms are drawn down to fibre retaining the geometric shaping pro rata of the
preform due to surface tension of the supercooled liquid during drawing. Light is confined in fibre
due to total internal reflection within the higher refractive index core glass, and protected from
evanescent field leakage by the lower index optical cladding glass, in so-called ‘step-index fibres’
(SIF). The numerical aperture (solid angle of acceptance of light in the fibre) depends only on the

difference in refractive index of the core glass and surrounding cladding glass and hence the fibre
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can be very small diameter. At the University of Nottingham we make fibre core diameters from 4 +

1 umto300+5 um.

Chalcogenide glasses are a recognised group of inorganic glassy materials which are based on one or
more chalcogen elements (Group XVI of Periodic Table): S, Se or Te, but not O, in conjunction with
more electropositive elements to build robust glass matrices®. Both heteropolar (e.g., Ge-S) and
homopolar (e.g. S-S; Ge-Ge) bonds can form. Thus glass formulations can contain a non-
stoichiometric amount of chalcogen and excess S and Se atoms can form chains etc. The chemical

bonding of the matrix is usually directional and covalent.

GeS;, GeSe; and GeTe; glasses, for instance, are each isoelectronic with silicon dioxide glass - the
basis of most common windows and container glasses - but consist of heavier atoms, more weakly
bonded, thus according to the Szigetti equation®®:

v o (f/m)¥? eqgn. 1
(where: m is the reduced mass (m = mim;/(m;+m;)) of the two vibrating atomic masses: ms;, my; fis
the bond force constant which is related to the strength of the molecular bond) the vibrational
absorption of chalcogenide-glasses is at smaller frequencies, v ( i.e. longer wavelengths) and hence
they exhibit MIR transparency (see Fig.5). The heavy metal fluoride glass family (e.g. ZBLAN: ZrF,-

BaF;-LaFs-AlF3-NaF) exhibit intermediate MIR transparency.

According to the International Standard: BSI ISO 20473:2007", the MIR (mid-infrared) spectral
region is defined as the 3-50 um wavelength range. On the other hand, the DTGS (deuterated
triglycine sulfate) detector, which is the most common room-temperature MIR detector, falls off in
sensitivity at ~ 25 um. Thus, often MIR spectroscopy spans 3-25 um, which does cover most of the
fundamental MIR vibrational absorption bands of biomolecular species. One important exception is
that water exhibits fundamental vibrational absorption just below 3 um wavelength (at ~2.7 and 2.9
um, in the NIR (near-infrared) range®*. The chalcogenide glasses according to Fig. 5 show a good

overlap of transparency mapping onto the MIR spectra of biomolecules.
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Figure 5. Relative transmittance of bulk glasses (of optical path length a few mm) based on silica-glass, a heavy metal
fluoride glass (ZBLAN) and the chalcogenide-glasses: sulfides, selenides and tellurides showing the multiphonon cut-off
edges moving to longer wavelength depending on the Szigetti equation (see text). Note that the baseline is dependent on
Fresnel reflection loss, which is in turn dependent on refractive index dispersion, at both incident and exit surfaces of the
sample. Thus antireflection coatings on bulk and and glass fibre entrance and exit end-faces would give closer to 100%
transmission. (Redrawn from [18].)

Progress in fibre mid-infrared supercontinuum generated broadband laser sources

From Fig. 3, at the heart of the MIR fibreoptic approach to MIR tissue spectroscopy is the fibre MIR-

SC broadband laser sources.

Supercontinuum (SC) generation was first reported by Alfano and Shapiro®® in bulk silicate glasses.
SC generation is a process whereby laser light is converted to light of broad spectral bandwidth with
usually low temporal coherence and high spatial coherence. The spectral broadening is normally
achieved by propagating short, high power, monochromatic optical pulses through an optically

nonlinear medium at the zero dispersion wavelength.

St. J. Russell?® reviewed SC generation in silica-glass-based photonic crystal fibre (PCF). Silica glass
fibre visible (VIS) and near-infrared (NIR) broadband supercontinuum lasers are commercially
available and can exceed by 10°x the brightness of similar wavelength range incandescent sources

(Fig. 7). The physical processes behind fibre SC generation depend on pump pulse duration, peak
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power and repetition rate, pump wavelength, fibre chromatic dispersion and usually fibre length. For
fs pump pulses, spectral broadening can be dominantly caused by self-phase modulation. In the
anomalous dispersion regime, the combination of self-phase modulation and dispersion can lead to
complicated soliton dynamics, including the splitting-up of higher-order solitons into multiple
fundamental solitons (soliton fission). On pumping SC with ps, ns pulses, or even with CW
(continuous wave) multi-Watt radiation, then Raman scattering and four-wave mixing can be

important.

Fibre MIR-SC sources for the MWIR (mid-wave infrared) 3-5 um wavelength range have become
commercially available in the last three years. Silica glass is opaque in the MIR spectral region and so

these commercial sources have been mainly based on heavy metal fluoride glasses (see Fig. 5).

MIR-transparent chalcogenide glasses are based on S, Se and Te atoms which have large, polarisable
electron clouds, manifesting large linear refractive indices of the chalcogenide glasses and high

nonlinear refractive indices?! promising short fibre, and waveguide, MIR-SC generation devices.

Fig. 6 shows an early result in pumping a chalcogenide sulfide glass optical fibre with a fibre seed
laser of wavelength 2.5 um. The MIR-SC was curtailed at ~ 5 um wavelength (see Table 1) due, the
Authors said, to the innate multiphonon edge absorption of the sulfide-based glass fibre used?’. The
importance of this result was to demonstrate MIR-SC in an all-solid optical fibre, of modest
numerical aperture, rather than a photonic crystal fibre or fibre taper — so-called ‘holey’ fibres. It is a
great advantage to be able to use a standard core / cladding SIF in the chalcogenide glasses because:
(i) the mechanical fracture stress of the chalcogenides is about 1/5 that of silica glass fibres? and (i)
their Vicker’s Hardness is about 2 GPa compared to that of a standard soda-lime-silica glass of 5.5
GPa?*. Thus, ‘holey’ chalcogenide glass fibre is: (I) vulnerable to fracture of the inner thin glass walls
and (Il) there is evidence, that sulfide-chalcogenide glass photonic crystal fibres deteriorate with
time, suffering increasing optical loss, under exposure to ambient humidity and oxygen, perhaps

due to the high glass surface area inside the propagating medium?>.
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Figure 6. Supercontinuum (SC) generated broadband light across the near-infrared (NIR) and MIR spectral regions,
reported prior to MINERVA, replotted here for comparison of brightness and output spectral range of various broadband
light sources. Plots (i) and (ii) are based on silica-glass fibre in the visible (VIS) and NIR spectral regions and are adapted
from [20]. Plot (iii) is based on chalcogenide glass fibre in the MIR spectral region and adapted from [22]. The incandescent
lamp plot is adapted from [20]. MIR SCG spanning 3 to ideally 15 um is required in order to be of use in collecting MIR

spectra of biomolecular samples — as indicated by the horizontal arrow. (Redrawn from [1].)

However, as already shown in Fig. 6, a spectrally-bright fibre MIR-SC covering the whole span of 3 to
at least 10 um, preferably out to 15 um wavelength, is required for collecting informative MIR
spectra of biomolecular samples in order to have sufficient sensitivity and specificity of the MIR
biomolecular sensing. The idea was first mooted in 2011* to pump at a longer wavelength in a lower
phonon energy chalcogenide glass fibre than in??(in Fig. 6) in order to try to generate a MIR-SC of
ideal span for application in wideband MIR spectral imaging of biomolecular samples. In 2013,
numerical modelling, led by O. Bang of DTU (Denmark) in the MINERVA Project, for the first time
showed the feasibility of generating a 3 to > 12 um MIR-SC in chalcogenide-glass fibre to span the
MIR absorption bands of biomolecules®. The modelling was based on the measured refractive index
dispersion?’ of two chalcogenide-glasses already developed as a matched glass-pair for co-
processing, with very disparate refractive indices and so as to form a very high numerical aperture

SIF, with zero dispersion at just less than 8 um for small core diameters.

The modelling assumed that the chalcogenide-glass fibre MIR-SC was pumped with a mode-locked,
rare earth ion doped chalcogenide-glass fibre laser with emission at 4.5 um wavelength (not yet

experimentally developed — see next sub-section), with repetition rate 4 MHz, 50 ps long pulses and
peak power 4.7 kW. Fibres of 8 and 10 um core diameters in the numerical modelling generated a

MIR-SC out to 12.5 and 10.7 um, respectively, in less than 2 m of fibre when pumped with 0.75 and 1
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kW, respectively, and the power converted into the 8-10 um wavelength band was 7.5 and 8.8 mW,

respectively.

A major achievement in MINERVA was demonstration of a chalcogenide-glass fibre MIR-SC from 1.4
um to 13.3 pum spectral range in fibre. This was the first experimental demonstration truly to reveal
the potential of MIR fibres to emit across the MIR molecular “fingerprint region” and a key first step
towards portable, broadband MIR sources for real-time MIR molecular sensing??° (Fig. 7). In detail:
it was demonstrated experimentally that launching intense, ultra-short fs pulses, with a central
wavelength of either 4.5 um, or 6.3 um, into short pieces of ultra-high numerical-aperture,
chalcogenide-glass SIF generated record MIR-SC, spanning 1.5 um to 11.7 um, and 1.4 um to 13.3
um, respectively (see Fig. 7(A) and (B) and Table 1). Output MIR-SCG power, for fs pumping of the
fibre at a few pW average power, was a few 100s uW. Seeding of the fibre record MIR SC was with a
non-collinear and difference frequency generation unit pumped by an optical parametric amplifier.
The dip in the MIR-SC power out at ~ 11.5-12.5 um wavelength in Fig. 7 was due to extrinsic
absorption loss arising from oxide contamination in the chalcogenide-glass fibre. These glass fibres
were not ultra-purified and the MIR-SC output power, particularly at ~ 12 um wavelength, therefore

has a possibility of further improvement.
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Figure 7. Details of record MIR-SC (MIR supercontinuum) generation:

A a) Input pump spectrum (dashed line) and spectral profile at maximum pump power (solid line), showing relatively flat
NIR- and MIR-SC (2.08-10.29 um @ —20 dB from signal peak) with distinct soliton peaks > ZDW (zero dispersion
wavelength) of ~5.83 um, especially at 11 um. b) Spectral evolution with increasing pump peak power, showing gradual
redshift of distinct soliton peaks >ZDW, and a combination of SPM (self-phase modulation) and dispersive waves < the
pump wavelength. c), d) Fibre output near-field beam profile corresponding to the spectrum in a) for all wavelengths c)
and beam profile for wavelengths >7.3 um only d), showing that long wavelengths are still confined to the core.

B a) Input pump spectrum (dashed line) and spectral profile at maximum pump power (solid line), showing a broad, flat
NIR- and MIR-SC (1.64-11.38 um @ —20 dB) followed by a strong spectral peak extending the spectrum all the way to 13.3
um. b) Spectral evolution with increasing pump peak power, showing gradual red-shift of a distinct spectral peak at the
long-wavelength edge and corresponding formation and blue-shift of dispersive waves. c), d) Fibre output near-field beam
profile corresponding to spectrum in a) for all wavelengths c) and beam profile for wavelengths >7.3 um only d), showing
that long wavelengths are still confined to the core. (Reproduced from ref. 28 with permission from Springer Nature

copyright 2014.)
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As pointed out in*°, an important practical factor is that the power required to generate the MIR-SC

should be relatively low (a few kW) and compact, high-repetition-rate, pump sources with 10s or

100s mW of average power should instead be employed. Thus pumping a 110 mm high NA

chalcogenide SIF with a relatively low peak pulse power of ~ 3 kW and 330 fs duration pulses, was

shown to give rise to a MIR-SC spanning ~ 1.8 to 10 um (Table 1). The pump was a customised fs OPA

(optical parametric amplifier). Importantly, this allowed a MIR-SC of a few mW average power to be

generated, as the Authors stated:- “similar to that of a typical MIR beamline of a synchrotron”.

More recently, the group of Luther-Davies has achieved a fibre MIR-SC spanning 2.2-12 um with 17

mW average power output>. Table 1 summarises the performance of some of the widest-band all-

solid, step-index fibre MIR-SC lasers reported to date, with details of average output power and

pump arrangement, together with a tapered chalcogenide-glass photonic crystal fibre for

comparison32.

Table 1. Chalcogenide-glass MIR-SC fibre lasers reported to date, arranged <—— in order of output wavelength-span:

o SIF, NA=1.0 o SIF, NA=1.3 o SIF e ‘holey’ PCF o SIF, NA=0.3
e core/clad.= e core/clad.= e core/clad. e air/Ge-As-Se | core/cladding=
MIR-SC fibre design: e AsSe/GeAsSe ® GeAsSe/GeAsS |e GeSbSe/GeSe |etaper core: @ | ‘AsS
e core: ¢ ~16um e core: p=4.5um |e core: @ =6.7um e core: =10 um
85 mm long 110 mm long =6.0 um e~60cmlong |2 mlong
¢ 110 mm long
INCREASING SC SPAN |«
MIR-SC length
Wavelengtn span 14 11133  |1.5t011.7/1.8t0 10 1.0t0 8.0 1.9t0 4.8 #
/pm 2.2t012.0
|\//|:I|\zl-sc av. powerout ¢ w 100 pw ‘few’ mW 17 mwW 57.3 mW 565 mW
1.04 um laser + |Raman-shifted
Pump type OPA OPA OPA CW seed laser in |Er3* SiO; mode-
nonlinear crystal|locked fibre
Centre wave- | 5 45 4.0 4.485 4.0 2.45
length /um
Pump Pulse width 100 330+15 330 250 -
laser: /fs
Pulse rate |, 21,000 21,000 21,000 10,000
/kHz
Peak power |, 1250 ~3 6.9 16 >35
/ kw ) )
AV-PUMP |60 uW  [~350 uW |40 mW 66 mW 200 mw 1.4W
power
Year [reference] 2014 [28] 2015 [30] 2016 [31] 2017 [32] 2012 [22]

KEY: av = average; clad.=cladding; PCF=photonic crystal fibre; OPA=optical parametric amplifier; ¢ = diameter; (#) = - 20 dB

point.)

MIR gquantum cascade lasers (QCLs) are a competing technology for fibre MIR-SC but must be

arrayed to provide wideband MIR coverage. In contrast, MIR-SC fibre lasers are broadband, can

cover the MIR spectral region, can be brighter than synchrotron-generated MIR light, have good
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beam quality, are readily integratable with fibre-optics and have already been demonstrated® 9222830

32

Taking the SIF (step-index-fibre) MIR-SC with best broadband spectral brightness from 2.2-12 um
now achieved?®! (see Table 1), Fig 8 (compiled in MINERVA) compares existing MIR sources®. It can
be seen from Fig. 8 that commercial fibre MWIR-SC covering ~ 3-5 um3 are as spectrally bright as
the longer wavelength quantum cascade lasers®. Also compared are the brightness of wideband
sources based on the GloBar® blackbody radiant source and a synchrotron (SR) generated MIR
beam?®. Fig. 8 demonstrates that fibre MIR-SC lasers have now been realised that are equivalent to
the output of several combined synchrotron-generated MIR beams and broadband, but not as bright
as an array of MIR-QCLs. To reiterate, the key advantage of fibre MIR-SC over the arrayed MIR-QCLS
is that one source covers the wider range.

Wavelength / pm

107 1208 6 4 2
; B e e e 100uW nm™
= 1 PV e aym == o ] -1
R L e 1B ik iy 1 R Tt e il 10uW nm
= SOPTEEETE i N e
2 10° e el e 1xW nm™!
(]
T 107
g ) synchrotron, 0.5A Blackbody1500K emitter:
o 10 — SC NKT 2-5zm —  Diff. lim. =*= 25x
& 20 — SCDTU 3-86m[32] -- 15x eee 7dx
5 — DaylightQCL ~ —————- Fibre MIR-SC[31]
E 104 |
[- B

10'5 ) ) ! .

1000 2000 3000 4000 5000

Wavenumber / cm?

Figure 8. Comparison of spectral brightness of available MIR sources. Compared are: GloBar® type of common thermal,
blackbody with broadband emission; synchrotron (data take from the Diamond Light Synchrotron webpage - due to Dr
Gianfelice Cinque [36]) arrayed quantum cascade lasers (data taken from [35] (note that QCLs down to 3.0 um are now
available); cartoon of the most powerful wideband SIF MIR-SC data to date [31] and a commercial fibre MWIR SC system
from [34]. (Redrawn from [33].)

MIR-QCLs exhibit poor beam quality, are not readily integrated with MIR fibre-optics and can only be
pulsed on a duty cycle. MIR-QCLs are therefore not suitable for pumping fibre MIR-SCs. Narrow-line
direct-emission fibre lasers, on the other hand, have excellent beam quality, can be pulsed and are

readily integratable with fibre-optics. Record peak power (10.6 kW) at 2.9 um in an Er®*-ZBLAN fibre

laser was achieved in MINERVA®’. However, MIR fibre lasers have not yet been demonstrated at >4
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um wavelength¥!, yet these longer wavelength MIR fibre lasers are needed to pump fibre MIR-SC

in order to achieve a compact, wideband, all-fibre MIR-SC system for molecular sensing and imaging.
Progress in RE MIR fibre pump lasers for pumping nonlinear MIR fibre for MIR-SC generation

During MINERVA, for the first time bright, broadband photoluminescence from 3.5 to 6 pm was
observed in small-core MIR chalcogenide glass optical fibres with long radiative lifetimes®. This is a
necessary step in the quest to develop long wavelength, narrow band MIR fibre lasers for pumping

fibre MIR-SC broadband lasers for an all-fibre system.
Progress in passive fibre for routeing

Also during MINERVA, record low optical loss of 80 dB / km at 6.6 um was reported in passive fibre
for routeing MIR light*? with MIR passive light transmission through 83 m fibre . This result
complements other similar low optical loss results for other chalcogenide glass compositions

reported in the literature over the last few years [see refs. in [42]].

Progress in tissue ex vivo imaging using fibre mid-infrared (MIR)

supercontinuum (SC) laser sources

Ex vivo imaging, but not yet in vivo imaging, has been carried out very recently using fibre mid-
infrared (MIR) supercontinuum (SC) lasers as detailed in the following two sub-sections. Thus, the
Group of Février has carried out MIR spectroscopic transflection*® imaging within the 3 um to 5 um
(3333 cm™ to 2000 cm?) spectral range. They compared their results to MIR microspectroscopy
imaging carried out in a commercial FTIR using a synchrotron (SR) generated MIR light source®; in

particular signal-to-noise ratios were evaluated and compared.
MINERVA has reported the first demonstration of fibre MIR-SC imaging beyond 5 um (< 2000 cm™)

wavelength and compared the results to those obtained with MIR microspectroscopy imaging

carried out in a commercial FTIR using a traditional blackbody source®.
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Fibre MIR-SC laser imaging 3 pm to 5 um (3333 cm™ to 2000 cm™)

Février et al.** demonstrated that fibre-based supercontinuum (SC) sources in the mid-infrared (MIR)
enable diffraction-limited FTIR spectromicroscopy. A Tm**-doped silica-glass fibre laser was used to
deliver 40 ps pulses at 1952.7 nm which were amplified and used to pump 20 m of a fluoride-glass
(ZBLAN) fibre (see Fig. 5) to deliver a fibre MIR-SC which was continuous and relatively flat from 2
um to ~3.75 um with spectral power density of ca. 1 mW nm™. The Authors modelled the residual
coherence using the generalised nonlinear Schrédinger equation, including amplified spontaneous
emission noise in the Tm3**-doped fibre amplifier. They calculated the spectrally resolved modulus of
the complex degree of mutual coherence, which gave a measure of the phase stability and temporal
coherence. The output fibre MIR-SC spectrum exhibited some degree of coherence around the
pump wavelength only; it was almost fully incoherent in the vicinity of the C-H vibrational absorption
stretching band. A 500 nm wide bandpass, filter centred at 3500 nm, was used to select the C-H
vibrational spectral region from the fibre MIR-SC laser output. Under these experimental conditions,
the fibre MIR-SC coherence length was ~ 20 um and this short coherence length made it comparable
to that of a thermal blackbody MIR source. The fibre MIR-SC laser beam after filtering was expanded
and collimated to approximately 25 mm width and routed into a FTIR spectrometer equipped with a

MIR microscope.

The tissue sample was a thin section of human liver extracted using a fine-needle biopsy from a non-
alcoholic fatty liver (NAFL) disease patient and was prepared by cryosectioning to 10-um thickness
without embedding in paraffin and mounted on a low-e MIR reflective microscope slide. Spectra
were collected from the sample in the MIR microscope by means transflection. To limit the power
falling on the MCT detector, in order for it to operate in its optimal linearity range, the fibre MIR-SC
laser source intensity was actually reduced by two orders of magnitude using a neutral density filter

at 3500 nm.

In order to evaluate signal-to-noise ratios (SNR), spectra were measured at 4 cm™ resolution with
256 co-added scans. The root mean square (RMS) noise level was estimated in the 4000-4200 cm™
range, where no specific biomolecular absorption peaks were present, in absorbance units, and the

SNR was calculated as the inverse of the RMS noise value.
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The MIR spectroscopy imaging performance achieved with the fibre MIR-SC laser source was
compared to that achieved with a MIR synchrotron (SR) light source for two small aperture sizes of
(5% 5) um2 and (3 x 3) um?. At the (5 x 5) um? aperture size, the fibre MIR-SC laser source exhibited
a SNR above 200 in eight scans; 32 scans of the MIR-SR radiation source were needed to reach the
same SNR level. The MIR spectral imaging and selected spectra shown in Fig. 9 were obtained at the
(3 x 3) um?aperture size. Using the fibre MIR-SC laser source [Figs. 9(c) and 9(e)], ~1% RMS (root
mean square) noise level was found with 16 co-added scans; the fibre MIR-SC imaging was
comparable to that obtained with the MIR-SR source with 128 co-added scans [Figs. 9(b) and 9 (d)],
which was an eight times slower acquisition. To compare the performance of the two sources, the
signal-to-noise ratio (SNR) for the fibre MIR-SC laser source and the MIR-SR source versus the
number of scans at the aperture of (3 x 3) um? are given in the inserts of Figs. 9(d) and 9(e). Figure 9
shows that the fibre MIR-SC laser allows collection of MIR spectroscopic tissue images that match
those obtained with the MIR-SR source at diffraction-limited aperture sizes. At this resolution, the
Authors conclude that the stability of the fibre MIR-SC laser system is sufficient to obtain SNRs

suitable for tissue microspectroscopy.
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Figure 9. Comparison of MIR spectral imaging recorded with the fibre-based MIR-SC laser source and with the MIR-SR
source. The MIR spectroscopic imaging of lipid vesicles in a liver section generated on the vasym CH; absorption of lipids at
3.42 um (2920 cm™1). (a) Optical micrograph of the mapped area. The scale bar indicates 20 um length. (b) MIR spectral
tissue image recorded with 128 scans at (3 x 3) um?2 aperture with the MIR-SR source. (c) MIR spectral tissue image
recorded with 16 scans at (3 x 3) um?2 aperture with the fibre MIR-SC laser source. (d), (e) Spectra of the C-H stretching
regions showing CHz and CH; peaks recorded with (d) the MIR-SR radiation source and (e) the MIR-SC laser source. Blue
and red colours on (d), (e) correspond to the positions of the same colour markers on (a). Insets: SNR measured versus the
number of scans at the highest resolution of (3 x 3) um2. (Reproduced from ref. 43 with permission from OSA copyright
2018.)

No baseline correction of spectra was carried out. Spectral quality was reached in only 16 scans
using the fibre MIR-SC laser source, which was eight times faster than the measurement performed
with the MIR-SR radiation. Spectra recorded with the fibre MIR-SC laser source appear noisier below
the 2850 cm™ peak. A slight baseline shift and an apparent decrease of the 2950 cm™ peak was
observed when using the fibre MIR-SC laser source. In both the MIR-SR radiation case and the fibre

MIR-SC laser case, the red spectral peak heights (Figs. 9(d) and (e)) at ~2925 cm™, were proportional
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to concentration but consistently differed between the two sources and these discrepancies were
attributed to the combination of alignment and fibre MIR-SC laser source instability, as well as the

small aperture and raster step-size.

As shown in the insets of Figs. 9(d) and (e), the SNR improved on increasing the number of scans.
The SNR of the fibre MIR-SC laser source remained ca. constant when decreasing the aperture size,
whereas the MIR-SR source where SNR for full beam intensity decreased by a factor of 100 on
decreasing the aperture size from (20 x 20) pm? to (3 x 3) um? due, the Authors suggest, to the
higher photon flux passing through this small aperture in the case of the fibre MIR-SC laser source.
In conclusion, the SNR obtainable with the laser source was found to be comparable to, or
surpassed, those available with a MIR-SR source in shorter acquisition times even at very small
aperture sizes. Such performance at such small aperture size would not be achieved with a

traditional, thermal blackbody source, due to its low brightness.

MINERVA fibre MIR-SC laser imaging beyond 5 pum (2000 cm?)

The MINERVA Project recently reported the first proof-of-principle demonstration, to best
knowledge, of MIR spectral tissue imaging using a fibre MIR-SC laser source within the diagnostically-

important, longer wavelength fingerprint region*.

A chalcogenide-glass fibre MIR-supercontinuum (SC) laser source emitting from 2 to 7.5 um (5000
cm™ to 1333 cm™) with 25 mW output was used; MIR spectroscopic imaging was carried out at
selected wavelengths between 5.7 (1754 cm™) and 7.3 um (1370 cm™) by point-scanning in
transmission of a sub-mm sample of colon tissue. These wavelengths lie beyond the capabilities of
commercially available fluoride-glass fibre MIR-SC lasers (see last sub-section; see Fig.5). The fibre
MIR-SC was generated in a tapered large-mode-area (LMA) chalcogenide-glass photonic crystal fibre
(PCF) for bandwidth and high average power. Single-mode output was designed-in for diffraction-
limited imaging performance. In the optical set-up, for point-scanning the sample was on a piezo-
electric scanning stage. The fibre MIR-SC laser was pumped with a chopped optical parametric
amplifier (OPA) laser (250 fs, 4.3 um wavelength). After interaction with the tissue sample, the fibre
MIR-SC laser light was routed via a passive chalcogenide glass MIR fibre to a grating spectrometer
for wavelength selection and detected, with the help of a lock-in amplifier to the chopper frequency,

by means of a mercury-cadmium-telluride (MCT) detector.
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Note that, during the scan, the fibre MIR-SC laser exposure was about 15-x- lower than the
maximum permissible exposure level recommended for skin in the IEC 60825-1:2014 International

Standard, and no effects due to tissue heating were observed.

The sample was a 7 um thick non-tumoral colon tissue section which had been formalin-fixed and
paraffin-embedded and then mounted on a CaF,; MIR-transmissive substrate. An adjacent 3 um
tissue section was subjected to ‘Gold Standard’ H&E staining on a glass slide. The Authors report that
the: ‘H&E image displayed a typical normal tissue structure consisting of the epithelial glands
(colonic crypts) with darkly stained outer nuclear regions, lightly stained inner cytoplasmic regions,
connective tissue, thin muscle layer, and mucin secretions’ (Fig. 10). The Authors point out that to be
useful in pathology, a MIR spectroscopic imaging must be able to identify these histological regions
of the tissue based on the molecular features, and most importantly the epithelial regions that are
directly associated with cancer development, and the connective tissue. For this reason, the fibre
MIR-SC laser imaging was performed at wavelengths characteristic of some key molecular
absorption features of the sample tissue, whose absorption band shape and band intensity can be
related to cancer viz.: amide |, Il protein bands (~6.03, 6.45 um, respectively) the lipid ester (~ 5.7

um) and C-H bending (~ 7.3 um).
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Composite

Figure 10. Comparison of: (a) the confocal image of the H&E stained tissue section with identification of the various
histological regions: A, muscle layer; B/C, cytoplasmic/nuclear regions of the colonic crypts; D, connective tissue; E, mucin
secretions. (b) Visible light transmission image of the un-stained sample. (c), (d) MIR transmission images of the protein
rich amide regions highlighting the nuclear regions of the colonic crypts, and (e) the mucin secretions and surface epithelial
walls. (f ) Composite image showing the spectral-spatial mapping of (c)—(e). (Reproduced from ref. 44 with permission from
OSA copyright 2018.)

The fibre MIR-SC transmission tissue spectroscopic images were compared (Fig. 11) with those
obtained from a bench-top FTIR microspectroscopy imaging system with Globar® blackbody light
source and light source, 128 x 128 MCT focal-plane array (FPA) with pixel size of (5.5 x 5.5) pm?. This
conventional imaging was collected at a spectral resolution of 4 cm™, averaging over 64 scans; the
full hyperspectral cube took 5 min to acquire, plus an additional 15 min to complete 256 background
scans. This may be compared with the 24 min acquisition time using the fibre MIR-SC point scanning

optical set-up.
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Figure 11. (a), (c), (e), (g) MIR transmission spectroscopic images measured at 5.7 um and 6.45 um wavelengths using
either the fibre MIR-SC with grating spectrometer or conventional FTIR microspectroscopy with blackbody thermal source.
(b), (d), (f), (h) Contrast line traces corresponding to the lines in (a), (c), (e), (g), and spatial noise analysis based on the
roughness tool from the visualization and analysis software Gwyddion. (Reproduced from ref. 44 with permission from OSA
copyright 2018.)

The comparison revealed a reduced contrast in the fibre MIR-SC images compared to the thermal
source and microspectroscopy in the FTIR. The Authors suggest how to mitigate this but
acknowledge that the high spatial coherence of the fibre MIR-SC laser beam may have introduced

some differences. The point-scanning system was inherently slower than the FPA imaging.
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Conclusions, what was achieved by MINERVA and next steps

What was achieved by MINERVA

To recap, the two applications addressed in MINERVA were: (i) high volume pathology screening i.e.
automated microscope-based examination of cell and tissue excised biopsy samples, and (ii) in vivo,

real-time skin surface examination, working towards the MIR optical biopsy.

For (i) — high throughput MIR pathology - the research carried out during MINERVA produced record
results of 1 um? spatial resolution tissue imaging using conventional FTIR microspectroscopy with a
traditional thermal blackbody source. However, it was concluded that this extra data processing
does not lead to significantly greater tissue statistical differentiation. Other progress made
(topological image registration, biochemical interpretation of tissue MIR spectra) can be found by

reading the MINERVA final report, available on the website®.

For (ii) - the MIR optical biopsy - the MINERVA research produced record results of broadband fibre
MIR-SC, record low optical loss passive MIR fibre for transmission and first report of MIR
photoluminescence and long PL lifetimes in small core rare earth ion doped MIR fibre for MIR fibre
lasing above 4 um wavelength; these represent steps towards the construction of an all-fibre MIR-SC
optical system for in vivo tissue MIR imaging. MINERVA research has resulted in the first report of
fibre MIR-SC spectroscopic imaging wavelengths in the ‘fingerprint region” working towards MIR

spectral discrimination of disease.

Next steps
What is now required is:
(i) optimisation of fibre MIR-SC in step-index fibre from 2 um to at least 10 um, and ideally
15 um, wavelength and for low temporal coherence (requirement, as indicated by the
work of the Group of Février®) and low noise;
(ii) realisation of narrow-line direct emission MIR fibre lasers for pulsed operation in the 4

um to 6.5 um output range for all-fibre pumping of the fibre MIR-SC lasers for compact

systems;
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(iii) fast MIR spectral imaging acquisition in a FTIR spectrometer which must now be
customised to accommodate small spatially coherent MIR optical beams, as opposed to
the beam expansion currently demanded by the interferometer operation of present FTIR
designs, whilst maintaining compatibility of the period of the FTIR interferometer with the

pulse period of the fibre MIR-SC laser beam;

(iv) determination of the ‘sweet-spot’ of greatest tolerable fibre MIR-SC brightness to give
best MIR spectral resolution for in vivo tissue imaging without tissue degradation,

together with numerical and other removal of water in aqueous tissue and live cells;

(v) sensor head design to be optimised, including optimal endoscopy design for either in vivo
reflectance or ATR (attenuated total reflection) of tissue, with hermetic packaging and use

of diamond and/or fluoride windows and also to be sterilisable;

(vi) MCT-FPA (mercury-cadmium-telluride focal plane array) detectors are required to be
available to longer wavelengths (ideally 15 um) and to tolerate a higher power-density of

signal at the detector
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