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Abstract

Abstract

Melanoma is the most aggressive and lethal form of skin cancer. In 2020, there
were 324 635 estimated new cases of the disease and 57 043 deaths worldwide for both sexes
and all ages. The high mortality rate associated with melanoma is due to (i) its difficult
distinction from benign melanocytic lesions (BML), (ii) the current standard diagnosis being
solely morphology-based, and (iii) its high metastatic propensity. Consequently, clinical
diagnosis of melanoma often leads to unnecessary resections of benign lesions and, worse,
missing early-stage lesions, melanoma in situ (MIS). Diagnosis of MIS lesions is extremely
important since they are non-invasive melanomas that can be treated by a complete resection
of the lesion, with a success rate of 97% 5-years.

Raman Spectroscopy (RS) is an objective, non-invasive and non-destructive
optical vibrational spectroscopic technique that gives insight into the biochemical
composition of the sample. Because of its great potential, it has been increasingly employed
in biomedical applications to complement the clinical diagnosis of early-stage diseases or to
assist oncological surgery guidance.

The main objective of the presented dissertation is the initial development of a
Raman spectrometer that can detect early-stage melanomas, providing a simple, fast and
operator-independent diagnosis to assist clinicians in the clinical setting. This spectrometer
will use a near-infrared (NIR) laser and operate in the high wavenumber (HWVN) region of
the spectrum to avoid tissue autofluorescence. This region was used effectively to distinguish
MIS from BML in the past.

In this work, all the components needed for this instrument were selected, and
the Raman spectrometer was simulated using the 3DOptix software. Considering the
knowledge acquired during the simulation, the initial prototype was assembled in the optical
table. Additionally, alignment and calibration procedures were carried out using several
lamps (neon, halogen and mercury (Hg)). Finally, the built-in Raman spectrometer was
tested with a cyclohexane sample.

The calibration was fully accomplished with a detection range from 487 to
1100nm and an experimental resolution of less than 3 nm with the Hg lamp. However,
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although the built-in spectrometer has successfully detected the Hg lamp’s spectrum, it was
not sensitive to the Raman signal of a cyclohexane’s sample. Hence, it was concluded that
the used detection system (CMOS sensor) needs to be replaced by a more sensitive detector,
such as InGaAs array detector, which has higher sensitivity to signals with longer

wavelengths (above 1100 nm), in order to detect weak signals such as Raman signals.

Keywords Raman Spectroscopy, Melanoma, Optical diagnosis, High
wavenumber region, Near-infrared laser
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Resumo

Resumo

O melanoma é o cancro da pele mais agressivo e letal. Em 2020, o nimero
estimado de novos casos foi de 324 635 e 57 043 pessoas (de ambos 0s sexos e todas as
idades) morreram no mundo da doenca. A elevada letalidade deve-se (i) ao facto de o
melanoma ser de dificil distincdo em relacdo a outras lesdes melanociticas benignas, (ii) ao
seu diagndstico ser apenas baseado em aspetos morfologicos, e (iii) a sua alta probabilidade
de metastizacdo. Consequentemente, o processo de diagnostico de melanoma leva a:
excisdes desnecessarias de lesdes benignas e, mais grave, a ndo identificagdo de lesdes em
estado inicial, ou seja, melanomas in situ (MIS). O diagndstico de MIS é de extrema
importancia, uma vez que, sendo lesdes nao invasivas que podem ser tratadas através de uma
excisdo completa da leséo, apresentam uma taxa de sucesso de cura de 97% a 5 anos.

A espetroscopia de Raman é uma técnica Gtica de espetroscopia vibracional
objetiva, ndo-invasiva e ndo-destrutiva que fornece informagdo da composicao bioquimica
de uma amostra. Como consequéncia do seu grande potencial, tem sido cada vez mais usada
em aplicacOes biomédicas para complementar o diagnostico clinico de doengas em fase
inicial ou para assistir na orientagdo da cirurgia oncoldgica.

O objetivo principal apresentado nesta dissertacdo € desenvolver um
espetrometro de Raman inicial, simples, com aquisicdes rapidas, independente do operador
e que permita detetar lesbes MIS, assistindo clinicos no diagnostico em ambiente de
consulta. O espetrometro ird incluir um laser na zona do infravermelho préximo e analisar a
regido espetral dos elevados nimeros de onda, de forma a evitar a influéncia da
autofluorescéncia dos tecidos pigmentados no sinal adquirido. Esta regido espetral ja provou
ser suficiente para distinguir lesdes MIS e lesbes melanociticas benignas.

Nesta dissertacdo, todos os componentes necessarios foram selecionados e, de
seguida, a montagem do espetrébmetro de Raman foi simulada no software 3DOptix.
Considerando o conhecimento adquirido durante a simulacéo, o prototipo foi implementado
na mesa Otica. De seguida, foram realizados procedimentos de alinhamento e calibracao,
usando lampadas de elementos quimicos (halogéneo, néon e mercurio (Hg)). Finalmente, o

espetrdmetro Raman desenvolvido foi testado com uma amostra de ciclohexano.
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A calibracdo do espetrometro foi realizada com sucesso, tendo sido obtida uma
regido de detecdo entre os 487 e 1110 nm e uma resolucédo experimental de menos de 3 nm
com a ldampada de Hg. Embora o espetrometro desenvolvido tenha detetado com sucesso o
espetro da ldmpada de Hg, 0 mesmo néo foi possivel com o sinal Raman de uma amostra de
ciclohexano. Assim, concluiu-se que o sistema de detecéo utilizado (sensor CMOS) tera de
ser substituido por um detetor mais sensivel, como um detetor de InGaAs, que tem maior
sensibilidade para sinais de comprimentos de onda mais longos (acima de 1100 nm), a fim

de detetar sinais fracos como o sinal Raman.

Palavras-chave: Espetroscopia de Raman, Melanoma, Diagnostico
Otico, Regido de elevados nimeros de onda, Laser
infravermelho proximo
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INTRODUCTION

1. INTRODUCTION

Chapter 1 is subdivided into four parts: 1.1 consists in the description of the problem
addressed in this dissertation. Then, in 1.2, the proposed goals are presented. Following, in
1.3, the structure of this work is described, and, finally, in 1.4, the institutions involved in
the execution of this project are introduced.

1.1. Motivation

Melanoma is the most aggressive and lethal form of skin cancer [1]. It is a
neoplasm characterized by the proliferation of malignant pigment-producing skin cells, the
melanocytes [2]. In 2020, the estimated number of new cases of melanoma was 324 635,
and 57 043 have died from the disease worldwide for both sexes and all ages [1].

Melanoma lesions can be classified as: (i) non-invasive, meaning that the lesions
are still confined to the epidermis, known as melanoma in situ (MIS), or (ii) invasive when
malignant melanocytes have penetrated the basal layer into the dermis (and subsequently
able to disseminate to distant organs, as a metastatic disease).

When melanoma is diagnosed at an early-stage, such as MIS, the rate of survival
is high by performing a complete surgical excision (5-year survival rate of 97%), being MIS
considered a curable disease upon surgical resection [3], [4]. However, melanomas detected
in advanced stages have a much poorer prognosis with a severely higher mortality rate, due
to the risk of metastasis, which makes melanoma to be considered a life-threatening disease
[1], [5]. Therefore, the detection of early-stage melanomas is crucial to increase the survival
rate of these patients.

Also, cutaneous melanoma lesions are often difficult to identify given the
variations in colour, size and morphology, being similar to benign melanocytic lesions
(BML) and so, minor feature differences are worthy of clinical attention [6], [7].

Currently, clinical diagnosis is done by a physician through direct observation
of lesions. Dermatologists can be assisted by some tools based on morphological features
[8]. However, due to melanoma difficult distinction, the dermatologists' sensitivity to detect
melanoma, even with the help of those morphology-based tools, is only 69-96%, and the

specificity is 3.7-66% [9]. Moreover, primary care practitioners have an even lower
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performance. Consequently, 30% of early-stage melanomas, MIS, are missed in first
inspections, which represents a risk of disease progression to a metastatic stage [10]-[12].

Due to its risk of progression to a lethal metastatic disease, all lesions suspected
of being malignant are surgically excised. This leads to many unnecessary excisions of BML
for histopathology examination and, due to poor clinical sensitivity, to missing early-stage
lesions. Hence, the number of excisions of malignant lesions at more advanced stages will
increase and, consequently, resulting in poorer patient prognosis.

The available add-on tools to assist dermatologists in the clinical diagnosis of
melanoma are based on morphological features (dermoscope) or visual inspection
algorithms (e.g., ABCDE, CUBED, and other similar ones) [5], [8], [13]. Thus, other
techniques are being investigated based on non-invasive imaging/electrical data acquisitions,
such as reflectance confocal microscopy, electrical impedance spectroscopy combined with
digital dermoscopy, optical coherence tomography, cross-polarized light and fluorescence
photography, and high-frequency ultrasound [5]. Nonetheless, some of these techniques are
morphology-based, dependent on the operator sensitivity/training to differentiate lesions
or/and the measurement is too burdensome [13].

Raman spectroscopy (RS) is an optical spectroscopic technique that can non-
invasively and non-destructively assess the biochemical composition of a sample. It has
increasingly been used in the medical field to complement the diagnosis since it provides
objective information about tissues [14]. Due to its non-invasiveness and ability to be used
in vivo, it is an excellent candidate technique to assist melanoma diagnosis. Concerning this,
Raman instruments have already proved to be suitable to diagnose melanoma with high
accuracy, meaning that the distinction between non-melanoma lesions, nevi and melanoma
can be improved, leading to high diagnostic specificity and sensitivity (some studies report
sensitivities of 100%) [13], [15].

However, RS has a main challenge when applied to pigmented tissues, which is
laser-induced tissue autofluorescence, that is orders of magnitude more intense than Raman
signal, and consequently able to superimpose to the Raman signal [16]-[19]. Several
strategies have been implemented, nonetheless, the more prone to avoid this issue is shifting
the excitation wavelength to the near-infrared region (NIR), combined with analysing the
high wavenumber (HWVN) region of the spectrum, instead of the most used fingerprint
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region [16]. This approach has been used before in the differentiation between melanoma
(including in situ) and BML clinically suspected for melanoma, with good results [20], [21].

Typically, Raman spectrometers are combined with Charge Coupled Devices
(CCD) or Indium-Gallium-Arsenide (InGaAs) detectors. However, these detectors have
some problems: CCDs only detect until 1100 nm, which is inefficient for analysing the high
wavenumber region of NIR-spectrometers, and InGaAs detectors are very noisy or
expensive, which will lead to longer acquisition times [18], [22], [23]. Although some of the
problems have been solved, currently used Raman spectrometers have other limitations that
make them still non-compatible with the clinical setting: need of a detector-cooling system,
expensive instrumentation, and large acquisition times, due to analysis of the entire Raman
spectrum [18], [22], [24].

Therefore, there is an emerging pressing need for fast, accessible, without need
for a cooling system and more efficient Raman instruments, that provide the much-needed
objectivity to clinical diagnosis for biomedical and clinical applications, namely in vivo and
ex vivo diagnosis of (pre)-malignant lesions in various types of (pigmented) tissues.

Compressive sensing (CS) is a methodology that allows signal reconstruction
using a restricted subset of samples, i.e., for RS applications, it can be implemented to select
the region of the spectrum with more significance to the analysis, eliminating the need to
analyse the full spectrum range [24]. One of the CS applications is single-pixel imaging [25].
Therefore, single-pixel compressive sensing is very interesting for Raman imaging due to
being inexpensive and having short computational reconstruction times, and consequently,

enabling real-time applications [24].

1.2. Goals

The conditions presented above confirm the considerable impact that melanoma
has on patients” mortality, prognosis and quality of life, as well as dermatologists' difficulties
to diagnose the disease at an early, i.e., curable, stage.

Our proposal is to build an easy to operate, more affordable and faster Raman
instrument tailored for melanoma diagnosis. This will give dermatologists an answer to their
needs: an add-on tool that helps to differentiate melanoma from suspicious melanocytic
lesions based on disease-prompted biochemical changes, rather than technologies based on
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subjective morphological criteria. Additionally, we expect that this tool will also be suitable
for diagnoses in a routine check-up with general practitioners.

This proposal, based on the spectrometer developed in the RASKIN project by
the University of Rotterdam [15], [20], [26], aims at the initial development of a NIR-Raman
spectrometer operating in the HWVN region of the spectrum, applying CS based on spectral
multiplexing by spatial light modulators (as a Digital Micromirror Device - DMD) and on
single-element detection (photodiode).

The detector element used in the RASKIN project will be substituted by a
compressive element, i.e., a single-pixel detector coupled with a light modulator for sparse
sampling. This will allow a signal reconstruction using only a subset of specific wavelengths
(1300 to 1550 nm, using a 976 nm excitation wavelength laser). In this way, in contrast with
other detector systems, there will be no spatial scanning and the acquisition time will be
shorter, hence, suitable for clinical applications. In addition, the DMD is a modulator with a
fast and low-cost programmable spatial light modulator, which will be less expensive and
discard the need for a cooling system.

In line with the final objective of this project, the main objective of this
dissertation is developing an initial Raman spectrometer, without the compressive element,
operating in the HWVN region of the spectrum, the establishment of alignment and
calibration protocols so that in the future, it can be updated and improved to a compressive
Raman spectrometer. Such a simplified device would considerably promote a routine
implementation of the spectroscopic technique in the clinical arena, as in the early-cancer

diagnosis of melanocytic lesions, MIS.

1.3. Dissertation Structure
The dissertation presented is subdivided into five chapters:

e Chapter 1: Introduction — description of the motivation for the development of this
work, as well as the objectives and the description of the research units involved.

e Chapter 2: State of the art — contextualization of the problem of melanoma disease
and presentation of some non-invasive techniques ongoing investigation. Then, the
challenges and the strategies to solve RS issues are discussed, in particular, the
fluorescence problem in biological tissues. In addition, Raman spectrometers
developed in the past for melanoma applications and studies are presented. Finally,
the usage of Raman compressive sensing and its advantages are addressed.
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e Chapter 3: Material and Methods — presentation of the requirements for melanoma
applications. The mathematical approach of the technique is also presented.
Presentation of the components used to develop the NIR-Raman Spectrometer, as
well as the 3D parts developed to allow low tolerance variations. Finally,
presentation of the alignment and calibration protocols.

e Chapter 4: Results and Discussion — presentation and discussion of the simulation
results and the experimental results of the assembled physical setup (prototype) and
calibration of the spectrum. Finally, presentation and discussion of the experimental
test with a Raman standard sample (cyclohexane).

e Chapter 5: Conclusions and Future Work — report of the final remarks and
conclusions to be drawn from the work developed. Lastly, some improvements are
proposed to be done in the continuity of this project, to overcome some of the
limitations found.

1.4. Host Institutions

The development of the project is a collaboration between two research units of
the University of Coimbra (UC): The Laboratory for Instrumentation, Biomedical
Engineering and Radiation Physics (LIBPhys), and the Molecular Physical-Chemistry R&D
Unit (QFM).

LIBPhys is a research centre where the R&D activities are integrated into the
atomic, molecular, nuclear physics, and electronics instrumentation fields, with applications
to analytical methods, radiation detection, and biomedical engineering. The group includes
researchers from three Portuguese institutions: University of Coimbra, University of Lisbon,
and Nova University of Lisbon.

QFM-UC is a research unit of the optical vibrational spectroscopy field, with
laboratories for chemical preparation and characterization and for cell culture, allowing an
excellent interplay between physical-chemical methods and biological approaches. The team
members are researchers specialized in the study of biological/pharmaceutical systems, the
development of metal-based anticancer agents and chemopreventive food products. QFM-

UC network is extensive with researchers in (inter)national collaborations programs.
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2. STATE OF THE ART

Chapter 2 is subdivided into two parts: the first section, in 2.1 and 2.2, both the skin
structure, disease and its origin are presented, followed by the gold-standard diagnosis
procedure and treatments and finally, in 2.3, some of the new non-invasive diagnostic
technologies are reviewed. In the second section, in 2.4, the technique proposed to diagnose
melanoma, Raman Spectroscopy (RS), is thoroughly exposed. Then, the basic concepts,
conventional configuration and the challenges of the RS concerning tissue fluorescence are
addressed. At last, the state of the art of RS applied to melanoma diagnoses is reviewed.
Lastly, in 2.5, compressive sensing and its advantages are briefly introduced regarding RS
applications.

2.1. Human Skin: Anatomical Structure

The skin is the most external organ of the human body. It acts as a physical
barrier with a multitude of functions, such as regulating temperature, preventing the internal
structure of contact with pathogens, toxins, and microorganisms from the surrounding
environment, or protecting from injuries, trauma and ultraviolet (UV) radiation. The skin is
divided into 3 layers: an internal layer, called subcutaneous tissue or hypodermis, a middle
layer, named dermis, and a superficial layer, the epidermis, as depicted in Figure 2.1. The
thickness of the skin varies depending on the body area: epidermis can be 50 pum (eyelids),
reaching up to 1.5 mm on the feet soles and hand palms, and dermis can vary between 1 mm
(eyelids) to 5 mm (back skin) [27], [28].

The hypodermis consists of fat and connective tissue, and it is highly connected
to the dermis by a rich vascular and lymphatic system. The dermis is the epidermis’
permeable supporting matrix, constituted of polysaccharides and protein fibres, such as
elastin, which ensures the elasticity, and collagen, which adds great tensile strength to the
skin and constitutes up to 30% of its volume (with 15% of Type | collagen) [28], [29]; dermis
also contains fibroblasts, mast cells, histiocytes, hair follicles, and sweat glands [28]. The
dermis is subdivided into two sections: a first thinner layer, the papillary dermis, above a
thicker one, the reticular dermis. The two layers are composed, respectively, of loose and
dense connective tissue, and are interconnected by blood and lymphatic vertical vessels.

The epidermis is a waterproof barrier and has a substantial contribution to skin

tone [29]. The epidermis is a non-vascularized stratified squamous epithelium, composed of
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Figure 2.1 - Skin structure. The three main layers, in descending order, are the epidermis (separated by the
dermal-epidermal junction from the next layer), the dermis and the hypodermis layer. The inset shows the
different types of layers within the epidermis: stratum corneum, granular layer, spinous layer, basal layer and
finally, basement membrane [28].

four types of cells: (i) keratinocytes, the most numerous epidermis' organelle, responsible
for the regeneration of the skin; (ii) melanocytes, pigment-producing cells that determine
skin tone, typically located at the basal layer; (iii) Langerhans cells, antigen-presenting cells
with immunological functions; and (iv) Merkel cells, receptors of epidermal pressure
changes [28]-[30]. The epidermis is characterized by the predominance of keratinocytes
cells in a portion of 30 to 50 for each unit of melanocytes [2], [30]. The keratinocytes are
responsible for the synthesis of keratin and the active regeneration and replacement of
epidermis components, which lasts approximately 30 days. This is a consequence of
keratinocytes’ recurrent process of production, migration (to upper layers) and
desquamation, which also contributes to distinguishing four epidermic layers: stratum
basale (basal layer), stratum spinosum (spinous layer), stratum granulosum (granular layer),
and stratum corneum (Figure 2.1) [28]. In some areas, such as hand palms or feet soles, the

epidermis has one more layer called stratum lucidum, characteristic of thick skin [29], [30].

2.1.1. Melanin Production

Melanin is a polymer produced by melanocytes that absorbs light and, hence, is
directly related to the photoprotection of skin [2], [30].

Melanocytes have the ability to elongate their dendrites to surrounding
keratinocytes to transfer melanosomes, organelles responsible for producing and transferring
melanin [28], [29]. Once in the keratinocytes, melanosomes from supranuclear layers protect

their nucleus from exposure to UV rays, since melanin can absorb light of wide wavelength
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spectrum, from (i) long-wavelength UV (designated UVA), responsible for skin-induced
pigmentation/tanning and for actinic, i.e., ageing skin, to (ii) short wavelengths UV with
higher energy (named UVB), which can cause damage in tissues, such as sunburns or
mutations [29], [30].

Considering that DNA has the propensity to absorb UV radiation, melanin
assumes a relevant role in the protection of the cells’ nuclear content. DNA mutations
constitute a risk factor for the occurrence of skin cancer, in particular melanoma, if the

alteration occurs in the melanocyte [2], [31].

2.2. Melanocytic Lesions: nevi and melanoma

There are several types of skin cancer depending on the type of cells that became
malignant. Melanoma is the type of skin cancer originating from melanocytes and is
characterized by an abnormal growth of these cells, as depicted in Figure 2.2. This
unexpected process of melanocytes mitosis can form nests in the epidermis (starting near the
dermo-epidermal junction) and reach the dermis [2].

In the case where nests are composed of benign melanocytes, is called benign
melanocytic nevocites or simply melanocytic nevi. A common nevus, also known as a mole,
is uniformly pigmented, with a diameter of less than 6 mm, and flat or narrowly heightened
[30]. However, if severe cell dysplasia happens in these nests, the tumour can become
malignant, with invasive ability, and is called melanoma [2]. However, melanoma lesions

and benign melanocytic lesions (BML) are difficult to discriminate due to their similar
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Figure 2.2 — Melanoma progression stages. In early-stages, malignant melanocytes proliferate horizontally
and vertically within the epidermis (MIS). In a later stage, malignant melanocytes transpose the basal layer
and invade the dermis, exhibiting metastatic ability (invasive melanoma) [32].
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Concerning melanoma lesions, as the malignant melanocytes are still confined
to the epidermis, as represented in Figure 2.2, the lesions are known as melanoma in situ
(MIS) and are considered early-stage melanomas. When left untreated, MIS can evolve to
more advanced stages, exhibiting metastatic ability, i.e., invasive melanomas, which are
characterized by malignant melanocytes penetrating the basal layer into the dermis (and
other distant organs), as shown in Figure 2.2.

The prognosis of melanoma is influenced by some tumour parameters:
ulceration, dermal mitosis, and Breslow thickness [33]. The Breslow thickness is the vertical
depth of growth (in um) and is associated with the metastatic propensity and aggressiveness
of melanomas (Figure 2.3) [8]. Other parameters also used are Clack’s levels, as also

represented in Figure 2.3.
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Figure 2.3 — Schematic figure of Breslow thickness. Increments in Breslow thickness are associated with
more advanced stages of melanoma and, consequently, to poorer prognosis [34].

Melanoma is the most aggressive and lethal form of skin cancer with a
progressive incidence in the last decades [1]. In 2020, the estimated number of new
melanoma cases was 324 635 and 57 043 people have died from the disease worldwide [1].
The outgrowth of the number of cases in the last decades is controversial since is not proved
to be caused by the upgrade of diagnosis tools, that allow the discovery of more malignant
lesions, or due to the more thorough surveillance made to patients with higher risk, such as

melanoma patients relatives [35]. Furthermore, patients with MIS have a 97% of 5-year

10 2021



STATE OF THE ART

survival rate [4]. In contrast, patients with melanomas with Breslow thickness larger than

0.8 mm have a reduced 5-year survival rate of only 30% [8], [36].

2.2.1. Risk Factors

The major risks factors to develop melanoma are the density of benign nevi and
the presence of dysplastic nevi [6], [31]. Also, patients with family members who had a
melanoma may be at a higher risk, since mutations in CDKN2A or CDK4 genes could be
inherited [6]. Another gene mutation that exceeds 50% of the melanoma cases is the
activated BRAF gene, which causes deregulation of the proliferation, differentiation and
survival of cells [37]. Furthermore, patients who had a primary melanoma have a higher risk
of developing a second tumour in more advanced stages [4].

Also, individuals with melanocortin-1 receptor (MC1R) gene variants, i.e.,
people that have lighter skin tones, and so, with lower levels of melanin, have more
propensity than individuals with darker skin, with higher levels of melanin [30], [31].
Moreover, the incidence of melanoma is from 3% to 7% higher in the caucasian population,
compared with the remaining population, and the tendency is to increase the percentage in
the next decades [33].

Ultimately, prolonged and unprotected exposure to intense UV light may
increase the risk of developing melanoma for two reasons: (i) sun exposure increases the rate
of production of melanocytes and (ii) UVB rays are a trigger to mutations in DNA [2], [6].
Hazard UV light exposure can develop a large number of reactive species of oxygen,
resulting in a cellular lesion and leading to the beginning of the carcinogen process [2]. The
most frequent lesion site seems to confirm the influence of the hazard effect of UV light
since melanomas are more common in men’s back, and in lower extremities in women (42%)
[6]. These factors could be the reason for higher disease frequency in regions with sun-
exposure practices within the population activities, such as the use of solariums and

unprotected exposer to the sun [2].

2.2.2. Conventional Melanoma Diagnosis and Treatment
The diagnosis of melanoma is usually done by direct observation of the lesion
by a dermatologist or general practitioner. The clinician naked-eye observation of the lesions

can be assisted by a dermoscope and some algorithms, which are tools based only on
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morphological features [5]. The dermoscope can also be supported by automated systems,
called digital dermoscope, such as the commercialized instrument SolarScan (Polartechnics
Ltd, Sydney, Australia) [38]. There are some algorithms, such as routine self-skin
examination or the ABCDE rule, which summarized some of the most common features of
a melanoma: "A" for the asymmetry of the shape; "B" for the irregular borders; "C" for the
pigmentation colour variegation of the lesion; "D" for the dimension larger than 6 mm, and,
finally, "E" for the time evolution of the lesion [6], [8]. Other algorithms that are not so
commonly used, such as CUBED algorithm, also rely only on the features of melanoma:
“C”olor different from skin tone, “U”ncertain diagnosis, “B”leeding lesions, “E’nlarging
lesions regardless of therapy, “D”elay in cicatrisation farther than 2 months [8].

If the clinician suspects that the lesion presented is malignant, complete surgical
excision is performed. The clinical diagnosis is only confirmed when the histopathology
analysis of the surgical excision is positive (2011 AAD CPG! entity recommends for MIS
and invasive lesions, permanent formalin-fixed paraffin-embedded sections, being the
current gold-standard procedure for histopathological diagnosis) [4], [5], [8]. The
histopathology also confirms if the peripheral margin (dependent on the stage of the disease,
usually between 1 and 3 mm around the lesion) was accomplished [5]. Furthermore, based
on the fact that melanoma lesions are difficult to distinguish from BML, this diagnosis
procedure leads to wunnecessary removal of several non-malignant lesions for
histopathological examination and moreover, malignant lesions can be missed [5], [8].
Furthermore, this process is invasive, time-consuming and also a financial burden for
patients and health services [7].

The detection of early-stage melanomas (MIS) is crucial to increase the survival
rate of these patients, due to the high rates of mortality and morbidity of melanoma [1].
Compared to more advanced stages, MIS diagnosis can improve the life expectancy and
quality of life of patients, as the diagnose can be done earlier than the appearance of
symptoms, while the tumour is not invasive and can be treated locally in the clinical setting,
since MIS are considered curable after complete surgical resection [5]. In contrast, advanced
forms of melanoma may need aggressive and invasive strategies to treat metastasis, such as,
definitive surgery removal, immunotherapy, novel targeted therapies, chemotherapy and/or
radiation therapy, which can be avoided by early detection of malignant lesions [5], [35].

! American Academy of Dermatology Clinical practice guidance
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Several terms are related to the performance of a diagnostic test (as is the clinical
diagnosis of melanoma): sensitivity, specificity and predictive values (negative and positive)
[11]. Sensitivity and specificity increase when more diagnostic tools are used or criteria are
followed [8].

Sensitivity measures the ability to correctly detect people with the disease, i.e.,
it is given by the ratio of correctly diagnosed melanomas (confirmed by histopathology) over
the total number of melanoma lesions that were excised. The sensitivity for clinical
observation diagnosis of melanoma varies on the skills of the clinician. Hence, Chen et al.,
in 2001, compared the performance of clinicians in diagnosing melanoma and reported that
experienced dermatologists achieve a higher sensitivity for melanoma diagnosis (81% to
100%) than primary care physicians (42% to 100%) [10].

Specificity is the ability to exclude people who do not have the disease and is
determined as the ratio of correctly classified non-melanoma cases (confirmed by
histopathology) out of the total number of non-melanoma lesions.

The predictive values indicate the probability of the diagnostic result to be
correct, i.e., the predictive positive value is the percentage of times that the operator correctly
identifies the disease as true positive cases out of the total number of lesions analysed.
Similarly, the negative predictive value is the opposite. It indicates the probability that the
person, whose result to the test is negative, does not have the disease.

Nevertheless, due to melanoma difficult distinction from other pigmented
lesions, a more recent study concluded that the experienced dermatologists' sensitivity to
detect cutaneous melanoma, even with teledermoscopy tools, is only 69-96% and specificity
is as low as 3.7-66% [9].

2.3. New Non-invasive Add-on Tools for Melanoma
Diagnosis
Dermoscopy, as presented before, continues to be the gold standard add-on tool
to assist dermatologists and general practitioners in the clinical diagnosis of melanoma.
However, the tool only magnifies the lesion and reduces light reflection on the skin surface,
adding little insight into the depth of lesions [39]. The investigation in this field is ongoing
and some of the non-invasive techniques explored for melanoma diagnosis are presented in

Table 1. The existing technologies under investigation for melanoma diagnosis can be
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divided into: electrical, thermal, optical, genomic and computational. The optical techniques

can be also subdivided into optical imaging and optical spectroscopy techniques [40].

Table 1 — New non-invasive diagnostic tools for melanoma. Some of which are already approved by the
FDAZ2. Adapted from [5]

Optical Optical Imaging « Reflectance Confocal Microscopy (RCM) [41]
e Multiphoton imaging (MI)[42]
o Optical Coherence Tomography (OCT) [43]

Optical Spectroscopy | Fluorescence Spectroscopy (FS) [44]

e Raman Spectroscopy (RS) [26]

o Fourier Transform Raman (FT-Raman) [45]

o Diffuse Reflectance Spectroscopy (DRS) [44], [46]
o Diffuse Optical Spectroscopy (DOS) [47]

Electrical e Electrical Impedance Spectroscopy (EIS) [48], [49]
¢ EIS combined with digital dermoscopy [50]

Genomic e Adhesive patch “‘biopsy”’ [51]

Thermal e Thermal imaging cameras [52]

Computational |e Artificial Intelligence-based deep learning algorithms [53], [54]
e Smartphone-aided diagnosis [55]

Electrical technologies measure the skin electrical properties, and an example is
Electrical Impedance Spectroscopy (EIS) [48], [49]. Although EIS’s high sensitivity, this
technique has low specificity. Also, the electrodes limit the examination for difficult access
body sites (e.g., ears) and do not cover entirely the lesion, consequently, several
measurements are required [40]. Then, the time used in the examination is extended, making
electrical technologies not suitable for clinical use [40]. Nonetheless, some investigations
have been working to combine EIS with digital dermoscopy in order to improve the diagnose
performance, especially EIS’s specificity [50]. However, the value is still low, as reported
by Rocha et. al, 69.5% for melanoma diagnose [50].

Genomic technologies analyse the mRNA of melanocytic lesions cells,
particularly using adhesive patches to collect cells from the surface of those lesions. After
the cells’ extraction, an mRNA molecular signature analysis is needed to evaluate the
malignancy of the lesion, making this procedure time-consuming. Although this practice can
achieve high sensitivity and specificity (97.6% and 72.7%) [51], without the need to cut the

2 FDA - Food and Drug Administration
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lesion (resection), it is not a real-time procedure. Furthermore, it is still not applicable to
diagnose MIS lesions, since molecular differences between MIS and invasive lesions have
not been validated. However, a pilot test during the COVID-19 pandemic for telemedicine
dermatologist appointments used the adhesive patches method, so patients could self-sample
the suspected lesions with guidance from their clinician and the authors reported reduced
patient anxiety with a negative predictive value of more than 99% [56].

Another method is thermal technologies. Those rely on tissue metabolic activity
characteristics, e.g., pixel temperature profiles, which can differentiate benign and
melanoma lesions using thermal imaging cameras [52]. Although this technology, has short
acquisition times (total examination time of 5 min) and without skin contact, it requires the
patient to be extremely still during the exam in order to eliminate artefacts. Consequently, a
data-processing pipeline is vital [40].

Another technology with application to melanoma is smartphone-aided
diagnosis [55]. However, it still needs further evaluation since no rigorous proof of concept
exists in the literature [57]. Also, in the last years, studies based on deep-learning algorithms
[53], [54] have been increasing in number with promising performances. Nonetheless,
clinical validation of their use is missing.

Concerning optical methods, some have been used for melanoma imaging
diagnoses, such as Multiphoton imaging (MI) [42], Optical Coherence Tomography (OCT)
[58] or Reflectance Confocal Microscopy (RCM) [41]. Furthermore, these techniques have
some clinical constraints, such as requiring long acquisition times or being costly [40], [59],
[60]. Moreover, OCT and RCM are user dependent and have no functional imaging [59],
[60]. Also, RCM has a limited detection depth and area of lesions, Ml is highly affected by
artefacts of movement, and OCT has poor image quality and relatively low resolution, owing
to the small field of view of its devices, which implies the need of merging several images
to fully examine the lesion [40], [59], [60].

Finally, optical spectroscopy techniques, compared to other non-invasive
technologies, have been showing promising performances. These techniques have been
based on reflectance, fluorescence and/or Raman scattering [60]. However, they have some
issues, regarding in vivo tissue applications: FT-Raman [45], [61] has a large integration
time (more than 5 min) due to being a multiplexing single-channel technique, which is

constraining for in vivo applications [22]. Concerning laser-induced Fluorescence
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Spectroscopy, or short LIFS, [44] since different fluorophores spectra are broad,
consequently, signals will be overlapped leading to difficult intensity quantification [60].
Moreover, due to the problem of autofluorescence of pigmented lesions, FS is suboptimal to
diagnose melanoma, so it is not implemented alone, but coupled with other spectroscopic
techniques, e.g., Diffuse Reflectance Spectroscopy (DRS) [62] and/or with Raman
Spectroscopy (RS), which are known as multimodal devices [63]. Although these devices
can collect complementary information about lesions, since they implement different
techniques in one device and consequently improve sensitivity and specificity, they also lead
to more complex configurations. Also, DRS [46] depends on scatters and absorbers and is
less biochemically informative, when compared to RS [60].

Additionally, compared to other non-invasive technologies, optical spectroscopy
techniques have high sensitivity and specificity. Indeed, in 2020, Blundo et al. [40],
compared several diagnostic techniques for melanoma detection in clinical settings, which
included: RCM, OCT, MI, DRS, RS, FS, EIS and thermal measurements. In this study, the
team concluded that optical spectroscopy techniques had the best sensitivity (93%, 95%
Confidence Interval (95% CI) 92.8-93.2%) and specificity 85.2% (95% CI 84.9-85.5%).
Moreover, the authors concluded that RCM alone achieved only a sensitivity of 88.2%, (Cl
80.3-93.1%) and a specificity of 65.2%, (Cl 55-74.2%), but combined with dermoscopy the
sensitivity raised to 98% (Cl 92-99%) and specificity to 92% (CI 87-96%).

Concluding, considering that some of the available non-invasive in vivo
diagnostic techniques are subjective, since they are based only on morphological aspects,
and/or are not suitable for clinical setting usage, the implementation of a more efficient
technique based on chemical and physiological features is needed for biomedical and clinical
applications, namely in vivo and ex vivo diagnosis of (pre)-malignant lesions in various types
of tissues, also with a perfect sensitivity and high specificity.RS, being a molecular-specific

technology, can be the answer to this request.

2.4. Raman Spectroscopy

Optical Vibrational Spectroscopy: IR versus Raman
Vibrational spectroscopy (VS) is a spectroscopic method that measures the
vibrational energy in a compound, enabling the identification and analysis of samples in real-
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time [64]. The molecular vibrations are specific to the structure of molecules, and therefore,
enable the characterization of the spectroscopic identity (“fingerprint”) of the analysed
material (sample) [23]. Furthermore, VS techniques allow the identification of potential
structure alterations, since each vibrational mode contributes to a different spectrum of
vibrational energies [23].

Due to their structure, molecules can have different vibrational modes, as seen
in Figure 2.4. Molecules can modify the arrangement of atomic bonds by changing the
vibrations of bond angles, i.e., bending, and/or changing the bond length, i.e., stretching
vibrations [23]. Stretching vibrations can be symmetric or asymmetric, and bending
vibrations can be in-plane (rocking and scissoring) and/or out-of-plane (twisting and

wagging), as seen in Figure 2.4,

Stretching Vibrations

N N/

Symmetric Asymmetric

Bending Vibrations

DGRV Y ¥

Scissoring Rocking Wagging Twisting

Figure 2.4 — Schematic representation of molecular vibrational modes: stretching (symmetric and
asymmetric) and bending in-plane (scissoring, rocking) and out-of-plane (wagging, twisting). The notations
used in the wagging and twisting vibrations indicate that the vector is going into (represented by an ‘x’) or
coming out of (represented by a °.”) the page, representing the orientation of the molecule’s rotation, while
the arrows indicate the direction of the movement [23].

There are two types of optical VS: infrared (IR) and Raman. Although the two
optical VS techniques are complementary to the identification of molecular structure, Raman
and infrared spectroscopies can be distinguished through the process of energy transfer by
the photon to the molecule, causing a change in the vibrational state of molecules [64].
Whereas IR Spectroscopy demands a change in the dipole of the molecule, RS implies a
change in the molecule polarizability [23].

This dissertation will focus on RS, which is a non-destructive, non-invasive
optical technique, widely used to characterize biological tissues through detection of the

inelastic molecular changes due to pathological processes [23], [65], [66]. RS has been able
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to monitorize substrates, biomass and quantify product parameters in a cost-effective,
sensitive, and specific manner, with low or no preparation of samples [64], [66].

Many applications of RS have been proved to be successful, e.g., detection of
chemical compounds in airports [67], characterization of samples in the forensic context
[68], and quality control in the pharmaceutical industry [69]. More recently, RS was applied
to the biomedical and clinical fields, especially in oncology, with higher sensitivity
compared to the nowadays diagnostic methods. Some examples for cancer diagnosis RS
applications are head and neck [70], breast [71], lung [72], stomach [73] and brain metastases
[74]. Other applications of RS in the medical field are Alzheimer's disease diagnosis [75],
detection of circulating tumour cells in the blood [76], prevention of allograft rejection in
transplanted patients [77] and biomarkers to identify, e.g., bronchial inflammation with
asthma [78].

2.4.1. Principle of Raman Scattering

In 1928, the physicist C. V. Raman and his colleague K. S. Krishnan witnessed
a phenomenon similar to the Compton scattering light in X-rays, years later named: the
Raman scattered light, i.e., that a portion of the light scattered in a liquid medium changed
in wavelength [79]. This discovery was rewarded in 1930 with a Nobel Prize of Physics, and
the optical technique, RS, was named after this rewarded physician.

When light interacts with matter, the incident photon can be absorbed, scattered,
and/or pass throughout the material without causing an interaction with surrounding
molecules [80]. If the photon is absorbed by the molecule, a light scattering effect occurs, as
represented in Figure 2.5.

Light scattering is the effect of the interaction of light with matter, i.e., collisions
of light photons with surrounding molecules will polarize the molecule’s electron cloud, and
raise the vibrational energy of the molecule to a 'virtual energy state' [81], as represented in
Figure 2.5 (a). The molecule, after a few picoseconds, can release the energy and drop back
to its ‘vibrational ground state’. While releasing the energy, two types of scattering can
occur, elastic or inelastic scattering, with a ratio of 10° - 108 photons to 1 photon, respectively
[801], [82], [83].

Hence, the most likely to happen, an elastic scattering - or Rayleigh scattering —

is characterized by the returning of the molecule to its original ground state with the emission
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of a photon with the same energy as the incident photon, as depicted in Figure 2.5 (a) (in
yellow) [80], [82].

An inelastic scattering, - also known as Raman scattering - is a rare phenomenon

that takes place when the molecule returns to a different energy state from the original one,
with consequent emission of a photon with different energy [82]. The Raman scattering, as
seen in Figure 2.5 (a), can be differentiated in:
() Stokes shift (in blue), if the molecule is initially in a fundamental state, it
absorbs the incident photon’s energy, transitioning to a virtual energy state.
Then, after the subsequent energy release, the molecule’s vibrational state is
more energetic than the original state, with consequent photon’s energy loss
[80], [81], [84].
(i) anti-Stokes shift (in red), if the molecule, already in an excited state, absorbs

the energy of an incident photon, transitioning to a virtual energy level. Then,
after releasing the energy, it relaxes to the ground state, and so, the final
energy state is lower than the original, with photon’s energy gain [80], [81],
[84].

The difference between the energy of the incident and emitted photons will be
translated into the energy of specific molecular bond types vibrations, or vibrational modes
[84]. Each spectral Raman band will occur at a characteristic vibrational frequency that is
particular to a specific molecular vibrational mode, as schematically represented in Figure
2.5 (b) [81]. Since energy and frequency are directly related, Raman scattered photons are
frequency-shifted when compared with the incident photon frequency, as seen in Figure 2.5
(b) [82]. Furthermore, as illustrated in Figure 2.5 (b), as energy and wavelength are inversely
proportional, photons are emitted at a shorter wavelength when they gain energy (Anti-
Stokes Scattering), and at longer wavelengths, when they lose energy (Stokes Scattering)
[65], [81].

Additionally, the intensity of each single spectral band is directly proportional
to the quantity of those vibrations [60]. For that reason, and since the majority of molecules
at room temperature are in the fundamental state, the probability of occurrence of Stokes
scattering will be higher than anti-Stokes scattering. Therefore, the Stokes signal has a higher
intensity than the anti-Stokes shift, as illustrated in Figure 2.5 (b). Hence, the Raman Stokes

shift region is the most analysed in biomedical applications. [65], [82], [84].
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Figure 2.5 — (a) Molecule energy levels diagram of scattered light with the three types of scattering:
Rayleigh (yellow), Stokes (blue) and anti-Stokes (red). (b) Illustration of the frequency-shifted distribution
and the relative intensity of the different scattering bands. Adapted from [84].

A Raman spectrum is expressed in terms of wavenumbers, i.e., a unit of
measurement for Raman shift independent of the excitation wavelength used, given as
equation 2.1, where, 7, is the Raman shift in wavenumbers (cm™), A is the wavelength of the
Raman signal in nanometres (hm) and, A, is the laser’s excitation wavelength, also in
nanometres [60].

5 [em=1] = 107 <A_t - %) [nm] 2.1)

In the vast majority of Raman applications, the spectral region detected is the
fingerprint region (400 — 1800 cm™), since it is particularly rich in spectral biochemical
signatures associated with nucleic acids, lipids, proteins and carbohydrates [60], [85].
Another spectral region, the high wavenumber region (HWVN), is located between 2500 —
3800 cmt, and consists mainly of Raman bands associated with CH", OH" and NH-stretching
vibrations, of lipids, proteins and water [60], [85].

As previously stated, melanoma lesions, especially MIS, are difficult to
distinguish from several types of BML, such as the ones named in Figure 2.6 (a), which have
been misdiagnosed by dermatologists as lesions suspected of being melanoma [26].

Concerning a comparison study between melanoma and BML analysing their
respective Raman spectral fingerprint region, Feng et al. [86], concluded that the two major
biomarkers to distinguish these lesions were collagen and triolein. Moreover, they reported
that the adjacent tissue of BML had a substantially higher quantity of collagen when
compared to the adjacent tissue of melanoma lesions. The authors claimed that this
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difference is due to melanoma metastatic propensity that changes the stroma
microenvironment, responsible for supporting melanoma metastasis, consequently reducing
the quantity of collagen. However, this region of the spectrum has issues concerning tissue
autofluorescence that will be addressed further.

In addition, the HWVN region of the Raman spectrum of melanoma and BML
also gives important insights to segregate those lesions, as seen in Figure 2.6 (particularly
evident in (b)). Santos et al. [26] elaborated a study to investigate the differences of the
Raman spectra of melanoma and BML suspected of being melanoma in the HWVN region,
particularly at the 2820-3040 cm™! range, as seen in Figure 2.6 (b). The authors concluded
that melanoma lesions present higher spectral intensities, between 2840 and 2930 cm?, for
instance: at (i) 2854, (ii) 2876, (iii) 2896 cm™ and (iv) a band at 2922-2930 cm™'. The
predominant peaks at 2854 cm™' of the melanoma spectrum were assigned to lipids
symmetric CH; stretching vibrations. Following, the peaks at 2876 cm™! and 2896 cm!
regions were allocated to lipids asymmetric CH stretching vibrations. And finally, the band
at 2922-2930 cm™! was appointed with the symmetric CHg stretching vibration of proteins
and lipids.

Moreover, in the same study [26], the authors reported lower intensity peaks
between 2930 and 3000 cm™ in the spectrum of melanomas, when compared with the
different types of BML analysed, in particular, a less intense peak at 2950 cm™!, which was

appointed to proteins CHz stretching vibration.

(a) (b)
— melanoma
= atypical/dysplastic melanocytic nevus
compound melanocytic nevus i
- dermal melanocytic nevus
== junctional melanocytic nevus
blue nevus
N >

= lentigo simplex =
=y . 1]
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< //\ combined melanocytic nevus 2
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Figure 2.6 — (a) Raman Spectrum in the HWVN region of melanoma and several types of BML, suspected of
being melanoma. (b) Typical Raman spectrum of melanoma (red) and BML (blue). Adapted from [26].
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Concluding, Raman spectral bands in the HWVN can differentiate early
melanoma from BML, mostly due to symmetric stretching vibration of CH2-CHs, correlated
with the higher lipid—protein ratio in melanomas compared to BML. Therefore, making use

of a 976 nm excitation laser, this region will be located between 1300 and 1550 nm.

2.4.2. Conventional Raman Spectrometers

Conventional Raman spectrometers are composed of four principal components:
(1) a light source; (2) a sampling stage; (3) a spectrograph and a detection system, as seen in
Figure 2.7. As is represented in Figure 2.7, the most used geometry in in vivo biomedical
Raman applications is the 90° configuration, where the light scattered by the sample will be

collected on the same optical path of the incident light.
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Figure 2.7- Conventional 90° Raman spectrometer configuration. The four major components are: (1) light
source; (2) sample stage; (3) the spectrograph and the detector. (F) — filtering element; (S) — entrance slit; (G)
— diffraction grating; (PC) — computer.

The light source (1) of a Raman spectrometer is a monochromatic intense
radiation, usually a laser due to its properties, which are stability and narrow line and
collimated output beam. Then, the light is directed to the sample stage (2) by a set of optical
lenses, which are responsible for focusing/collecting the light beam into and onto the
sampling stage. A 90° configuration can be much simpler since the backscattered photons
will be collected by the same optical lenses that focus the laser light on the sample and direct
them to the spectrograph (3). Between the sample stage and the spectrograph, a filtering
element (F), such as dichroic filter, edge filters or notch filters, is placed in the optical path

to suppress Rayleigh scattered light and select the inelastically scattered photons with
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wavelengths above the laser line (Stokes Raman scattering) [65]. Then, after an additional
optical lens, the light will be directed onto the first element of the spectrograph. The
spectrograph (3) is composed of an aperture element, a dispersive element, and
focus/collimate optical lenses. The first element of this unit is the aperture element, an
entrance slit (S), which collects the backscattered signals to enter the spectrograph. Next, the
dispersive element, a diffraction grating (G), will spatially separate the scattered photons
reflected by the sample based on their wavelength [23]. Finally, the Raman bands are
collected by the detection system controlled by an external device, such as a computer (PC),
which will store and analyse the data acquired.

The spectrograph resolution is dependent on multiple factors: the groove density
of the diffraction grating, the wavelengths analysed, and the spectrograph length (distance
from the grating to the detector) [23]. Higher resolutions of spectrometers are obtained with
higher wavelengths and larger spectrograph lengths [23].

The Raman spectrum can be detected and recorded in two manners: sequentially
by a single photomultiplier used with a scanning monochromator; or simultaneously by a
multichannel detector, like Charge-Coupled Devices (CCD) or Indium-Gallium-Arsenide

(InGaAs) detectors arrays.

2.4.3. Challenges and Solutions of Raman Signal

RS has some limitations to overcome. One of those is the intensity of the Raman
scattering being extremely weak compared to the Rayleigh scattering intensity [65].
Therefore, to obtain a good quality Raman signal, the interference of the Rayleigh effect
must be eliminated, and a high quantum-efficient detector must be used. Usually, the
solution is cutting off the spectral range near to the laser line wavelength, since the majority
of stray light is close to the wavelength of the laser [87].

Another limitation of photodetectors used in RS is their inherent thermally
generated noise, therefore, with the temperature increment, some Raman lines would
become more diffuse or not perceptible [66]. For that reason, some detectors are cooled with
liquid nitrogen or with a Peltier.

Additionally, other factors to consider are the periodic calibration and routine
maintenance of the equipment [88]. However, this is a general limitation of instruments that
can be easily overcome with the establishment of protocols.
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Also, fused silica, which is the main element of optical components, such as fibre
optics and lenses, used in the instrumentation of RS, has a strong background signal in the
fingerprint region [18], [22], [89]. Hence, its signal will overlap with the Raman low-
intensity signal. A solution is to detect and analyse the HWVN spectral region because fused
silica does not have Raman bands in this spectral range [20], [21], [90].

Regarding biological tissue applications, especially melanin-rich tissue such as
melanoma and BML, RS has an added major obstacle, which is laser-induced tissue
autofluorescence. Autofluorescence (AF) can be caused by the interaction of light with the
epidermis extracellular matrix, especially collagen, elastin and melanin, which absorb light
and then reemit it in the 300-700 nm region of the spectrum [91], [92]. Consequently, for
visible excitation wavelengths, when the RS laser interacts with highly pigmented biological
samples, the induced tissue AF will be located in the fingerprint region of the Raman
spectrum, particularly, below 1000 nm [17]-[19]. Since fluorescence can be several orders
of magnitude stronger than Raman signal, it will be superimposed to the signal which often
compromises the quality of the Raman Spectra [16]-[18]. In order to solve this problem

several strategies were implemented and are presented below.

2.4.3.1. Alternatives to Avoid Laser-induced Autofluorescence

Some instrumental and computational methods to reject autofluorescence
background in Raman measurements have been developed [16], [19].

Some examples of computational methods to subtract fluorescence background
are algorithm-based baseline correction methods — such as polynomial fitting [93], [94],
wavelets transform [95], [96], extended multiplicative scatter correction (EMSC) [19],
Fourier transform, first and second derivatives or shifted-spectral technique [97], penalized
least squares method [98], and Savitzky-Golay-method-based fluorescence subtraction
algorithm [99]. Although computational methods, such as polynomial fitting, are the most
used in RS biomedical applications due to their simple implementation, they cannot subtract
the fluorescence shot noise, only the fluorescence background, which is a limitation.

Another category of fluorescence background removal strategies used in RS is
instrumental methods. Instrumental methods can be divided into several categories [16],
e.g.,. (i) time-domain methods — such as Kerr gated method [100], [101]; (ii) frequency-
domain methods, such as phase-nulling method [102]; surface-enhanced Raman

Spectroscopy (SERS) [103]; resonance Raman spectroscopy - such as coherent anti-Stokes
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Raman spectroscopy (CARS) [104] or stimulated Raman scattering (SRS) [105]; and (iii)
other methods, like photobleaching [106]. However, these methods prove to be inefficient
to RS in biomedical applications, as some lead to complex, expensive setups, and/or are not
suitable to apply in in vivo measurements [22].

A different method type that proved to be very promising regarding
autofluorescence background removal is wavelength-domain methods - such as shifted
excitation Raman difference spectroscopy (SERDS) [19], [107], [108]. Shift excitation
wavelength methods rely on the fact that the fluorescence signal is not spectrally affected by
changing the excitation wavelength of the light source, but the Raman signal is shifted
spectrally depending on this value [19]. Furthermore, with this method, not only
fluorescence, but also ambient light, etaloning, or other non-varying sources of noise can be
removed from the region of interest (ROI) of the spectrum [19]. Cordero et al. [19] compared
SERDS to the EMSC method and found that SERDS is most promising when backgrounds
are too complex to estimate. However, this study also reports that SERDS reduces the overall
signal-to-noise ratio (SNR).

Therefore, in order to solve the fluorescence problem in pigmented tissues in RS,
the best option is to implement an excitation wavelength outside the visible range: below
250 to 300 nm, in the UV region; or above 700 nm, in the near-infrared region (NIR) since
in these regions the energy of photons is lower and so, excitation of molecules that induce
fluorescence is less probable [18], [22], [89]. Since UV light penetration depth is only some
microns and moreover, it may cause DNA or cell irreversible damages, it is not suitable for
in vivo biological samples application [20], [65], [107]. For that reason, the NIR region is
preferred as a light-source wavelength to decrease scattering interference, fluorescence, and
photodegradation of the sample [22], [23].

Also, another solution is to detect the HWVN region of the Raman spectrum
(2500 — 3800 cm™) because: (i) fused silica does not have Raman signal in this region, which
simplifies the signal filtering needed [90], [109]; and (ii) the intensity of the Raman signal
in HWVN is higher than in the fingerprint region [90]. Besides, for this particular
application, the HWVN region of the spectrum has proved to successfully differentiate

malignant from healthy tissue in the past, particularly in skin pathologies [21], [26];
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Additionally, analysing the HWVN region combined with the usage of a NIR
laser will deviate this region to even longer wavelengths, less prone to fluorescence, which
is a crucial feature to in vivo applications, such as the one discussed in this dissertation.

However, the usage of a NIR laser causes a new challenge: CCDs are inefficient
for the application due to the fact that the Raman signal is shifted above 1100 nm. Silicon-
based CCDs, although having low dark noise, low dark current, and high quantum efficiency
in the visible and short-wavelength near-infrared (SWIR) region (from 400 nm to 1000 nm),
are not sensitive above 1100 nm [17], [22], [23]. Consequently, InGaAs detectors have been
the alternative used in RS, for their high quantum efficiency and extended detection range
(up to 2500 nm). Nonetheless, their characteristic high dark and readout noise compromise
the detection of weak signals, such as the object of this project, Raman [22]. Nevertheless,
these detectors are expensive, should be cooled with liquid nitrogen to reduce noise, and
have a higher dark and readout noise, which are orders of magnitude higher compared to
CCDs [20]. Thus, SNR can be strongly reduced [20].

Concluding, the solution for biomedical application of RS is analysing the
HWVN of the spectrum and using a laser above 700 nm to reduce tissue autofluorescence.
Hence, the market is pushing companies to improve InGaAs detectors, by solving their
inherent poor noise characteristics (Andor™, Anton Paar™, Horiba™, B&W Tek™). Some
developments have already been accomplished to overcome the fluorescence problem, the
definition of the detector and the low SNR issues, as presented below.

Patil et al. [22] used a dispersive spectrometer with an InGaAs array detector
combined with a 1064 nm laser to distinguish kidney and liver malignant and healthy tissues.
The authors reported a reduction in laser-induced autofluorescence in heavily pigmented
tissues while reducing the total integration time to 30s. However, SNR was limited due to
the InGaAs detector inherent high noise.

Santos et al. [20] were able to solve the fluorescence problems of pigmented
skin, due to shifting the laser light above 970 nm and using a high-end InGaAs detector
developed by Xenics (Leuven, Belgium), with a lower dark current. These advances have
made biomedical applications in the HWVN region possible since the SNR of the
spectrometer was enough for the Raman signal to be collected from early melanoma lesions
and BML. The sensitivity achieved was 100% for MIS diagnosis, however, the technology

cost, the LN2-cooling system required, and the high acquisition time needed in order to
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obtain Raman spectra of skin lesions (less than 1 cm?), are yet inefficient for use in clinical

setting.

2.4.4. RS for Melanoma Diagnosis

Regardless of these limitations, some instruments using this technique have been
developed in the past and accomplished good results, proving that RS is a promising
technology to diagnose melanoma with high (sometimes perfect) sensitivities and
specificities. A perfect sensitivity will mean that all melanoma lesions could be diagnosed
with the technology. Moreover, a high specificity will mean that the number of unnecessary
surgical resections required by physicians would be minimized since the excisions would be
only of malignant lesions.

Most publications are based on RS ex vivo approaches, however, analysis based
on in vivo lesions are needed in order to apply it in clinical settings. Zhang et al. [88], in a
meta-study, analysed 12 studies® regarding the distinction of different skin cancer: basal cell
skin cancer; squamous cell skin cancer and melanoma, from normal healthy tissue. They
concluded that sensitivity/specificity for melanoma lesions compared to healthy skin was
100/98% (95% ClI) for ex vivo samples, and, 93/96% (95% CI) for in vivo cases, concluding
that performance of RS is better in ex vivo lesions than in vivo lesions. The authors attribute
this difference to the limited acquisition time to collect Raman spectra from in vivo samples
compared to the ex vivo studies, which consequently influenced the amount of information
extracted from the in vivo samples.

Although some studies carried out in the last decade compare melanoma lesions
to normal skin, the most crucial analysis is differentiating melanoma lesions from BML since
their mischaracterization is a dermatologists’ common difficulty [110]. Hence, some in vivo
and ex vivo studies have been developed in order to analyse the accuracy of RS technology
to classify these two types of lesions.

Zhao et al. [111], in 2008, upgraded a previous developed rapid NIR-RS system
[112], using a 785 nm diode laser (300 mW), a homemade Raman probe, and a spectrometer
with a CCD array cooled with liquid nitrogen. The spectral resolution was 8cm™, spot size
3.5 mm and 40° incident angle and spectral range of 800 to 1800 cm™. Lui et al. [113], in

2012, using this device, reported that they could discriminate in vivo samples of melanoma

% In which only 3/12 studies were regarding melanoma (1 in vivo and 2 ex vivo)
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(44 lesions) from BML (286 lesions) with a sensitivity of 99% (95% CI: 96-100%) and very
low specificity of only 15% (95% CI: 11-19%) with principal component with generalized
discriminant analysis (PC-GDA) classification and specificity of 14% (95% CI: 10-18%)
with partial least-squares (PLS) classification. A constraint of this study was that not all
lesions were biopsied and confirmed by histopathology, as well as the low specific obtained.
Also, the “training” and “testing” lesions were the same, S0 classification could be biased.

Zhao et al. [39], in 2015, enlarged the analysis to a bigger dataset of different
types of skin cancer lesions and benign skin lesions, (645 lesions from 409 patients, in which
53 lesions were melanomas and 336 were BML). They obtained a sensitivity of 99%,
although specificity was only 24% using a PLS classification method. Similar results were
obtained with PC-GDA classification. However, although they had used different training
and testing groups of lesions, the analysis done was accomplished by comparing cancerous
skin lesions versus BML, which is reflected in the results: they missed 3 melanoma lesions
when the device’s sensitivity was 99% and when it decreased to 95%, specificity was 54%,
leading to misdiagnose of 7 melanomas as BML. Later, this device was commercialized as
a clinical skin cancer RS device, called Verisante Aura™, in Canada, but due to its low
specificity, it produces a significant percentage of false positives.

In 2014, Sharma et al. [92] improved the multimodal optical spectrometer device
(DRS, LIFS, RS) and the multimodal optical fibre probe developed by Motz et al. and
Rajaram et al. years before [47], [114], [115]. A pulsed xenon flash lamp (range 375-700nm)
(DRS), a pulsed nitrogen laser (LIFS) and an 830 nm diode laser (56 mW output power
controlled by software) (RS) were used for each system. The camera used was a 1024x1024
camera cooled to -30 °C controlled by software (MATLAB and LabVIEW). The spectral
dispersion obtained was 1.79 cm™ per pixel and the spectral resolution was of 13 cm™. They
analysed the fingerprint region of the spectrum.

Lim et al. [62], in 2014, using a very narrow dataset (including 12 melanoma
lesions and 17 BML), the multimodal spectral approach developed by Sharma et al. and a
multiple highest varying principal components (PC) analysis, developed a leave-one-out
logistic regression classification to distinguish in vivo melanoma from nonmelanoma skin
lesions, including melanoma vs. BML. In this study, they proved that RS alone could
differentiate melanoma from BML with perfect sensitivity and specificity (100%). They also

reported that the results obtained with the other two modalities integrated into this device,
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which are Diffuse Optical Spectroscopy (DOS) and Laser-induced Fluorescence
Spectroscopy (LIFS) - although both separately could distinguish the group composed of
melanoma and BML lesions from healthy skin, with sensitivities higher than 93% - the two
modalities could not differentiate between melanoma and BML lesions leading to
sensitivity/specificity of 17/59% for DOS, and 67/18% for LIFS. This suggests that RS is a
much more specific technology to distinguish melanoma from BML compared to DOS and
LIFS. Moreover, this device has a more complex configuration inherent to the number of
modalities used. Additionally, they used a small dataset of melanoma and nevi lesions, and
the classification was considered positive if any of the DOS, LIFS or RS analysis was
positive, which leads to a very high sensitivity when using the combination of the three
modalities. However, the specificity could be biased, leading to a large number of false-
positive results, such as the case of melanomas vs. BML or melanoma and BML vs. healthy
skin.

Schleusener et al. [116], in 2014, built a Raman spectrometer using a 785 nm
laser (40 Wm) as a light source, a monochromator and a grating of 600 lines/mm. As a
detector, they used a back-illuminated deep depletion CCD cooled to -70 °C. With this
spectrometer, Schleusener et al. analysed the fingerprint region (300 - 1700 cm™) with an
acquisition time of 10 s and obtained a spectral resolution of 11 cm™ for a slit of 200 um.
Schleusener et al. [117], in 2015, used the fibre probe-based RS built on the prior year to an
in vivo dataset that included 36 melanoma lesions and 67 BML. They obtained sensitivity
and specificity of 87% and 94% for discriminating clinically suspected melanoma
(confirmed by histopathological analysis as being melanoma) from BML, 63% and 85% for
clinically suspected melanoma (later confirmed by histopathological analysis as being
benign) from BML and 52% a 67% for discriminating clinically diagnosed melanoma
confirmed as malignant (by histopathology) and clinically diagnosed melanoma confirmed
as benign lesions (by histopathology), with partial least squares discriminant analysis (PLS-
DA). With a sensitivity so low, this device could lead to misdiagnosing melanoma lesions
(false negatives).

Santos et al. [15], in 2018, conducted a study based on ex vivo RS with a SWIR
spectrometer, described previously [20], using 174 freshly excised melanocytic lesions that
are suspected of being melanoma. From those, 96 lesions were later diagnosed by

histopathologists as BML. In this study, Santos et al. proved that thin melanomas, such as
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MIS, can be differentiated from benign lesions. They concluded that the multichannel RS
instrument technology could improve the diagnosis of melanoma, reducing the number of
lesions needed to treat from 6.0 to 2.7 with a sensitivity of 100% and a specificity of 43.8%.
This study added also the goal of proving that the equipment was highly efficient regardless
of histopathological heterogeneity appearance of the lesions since it was in accordance with
a dataset analysed previously by the same author with only homogeneous lesions [26].
However, as referred before, this device is not yet efficient for use in clinical setting.

Khristoforova et.al. [63] built a NIR multimodal spectrometer (RS and AF) using
a 785 nm laser module (150 mW), cooled to -15 °C, an optical Raman probe to collect the
data from in vivo skin lesions, and a spectrometer with an Andor CCD digital camera cooled
down to -65 °C. They analysed a large spectral area, from 803-914 nm due to the
autofluorescence in pigmented tissue: Fluorescence Spectroscopy (FS) (300-1200 cm™) and
RS (1200-1800 cm™). AF and RS give complementary information, however, due to the
large region under analysis, acquisition times were must longer than with a dedicated RS
device. Furthermore, the RS independent analysis was more efficient than using AF.
Regarding the analysis of a dataset composed of 19 melanoma lesions and 19 BML, using
PLS-DA classifiers, the sensitivity/specificity of the device using AF and RS together were
73.7/97.4% but when the two methods were separated, the AF method alone decreased
efficiency (68.4/84.2%) and RS alone obtained the best performance with 79.0/ 94.6%,
respectively. Also, they compared this analysis with the direct diagnosis of experienced
dermatologists and found that the equipment was more efficient since dermatologists’
sensitivity to distinguish melanoma from suspicious lesions was higher (89.5%), despite
specificity as low as 77.8%. This can be justified by (i) the clinicians were specialists in
oncology and (ii) they perform unnecessary resections to lower the number of misdiagnosed
cases of melanoma. Hence, compromising the specificity of the diagnose, i.e., a considerable
amount of lesions after histopathological diagnosis are confirmed to be benign.

In 2021, Bratchenko et al. [118] conducted a larger study of in vivo samples
using the multimodal device built by the same group. The dataset was composed of 617
lesions from 615 patients, which included 70 melanomas and 283 BML, and other skin
malignant and benign lesions. Using only RS (1200-1800 cm™), only AF (300-1200 cm™),
RS+AF, and full spectral (300-1800 cmt) analysis to discriminate melanoma and BML they
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obtained sensitivities ranging between 90-99% (95% CI) and specificities lower than 30%
(1-30% 95% CI), which leads to a large number of false positives cases.

To determine the number of resections of BML avoided when RS technology is
used in melanoma diagnosis, Zhang et al. [7] elaborated a study, composed of 53 BML and
7 melanomas from 52 patients. The authors concluded that the number of resections done
could be reduced from 8.6 (60/7) to 4.1 (29/7) if RS technology was implemented as an add-
on tool in the clinical setting. This means that the number of resections done to BML could
be reduced by 58.5% without compromising the detection of all the melanoma lesions (100%
sensitivity, specificity of 58.5%). Although the dataset was limited, this study shows the
potential of the implementation of RS technology in the clinical diagnosis of melanoma.
However, further analysis with a bigger dataset will increase the confidence of
dermatologists in the technology and, hence, reduce the number of resections prescribed by

physicians.

2.5. SWIR Compressive Raman for Measurements on
Biological Samples

Compressive sensing (CS) is a technique that allows signal reconstruction using
a restricted subset of samples. The theory of CS is possible under certain conditions: sparsity
and incoherence.

The main application of CS is single-pixel imaging (SPI) [25]. Single-pixel
compressive sensing is very interesting for Raman imaging due to: being inexpensive and
having short computational reconstruction times, and consequently, enabling real-time
applications [24]. Hence, CS has already been applied to RS [119], [120]. Compressive
microspectroscopy is based on spectral or spatio-spectral multiplexing, using a spatial light
modulator (SLM) such as Digital Micromirror Devices (DMD) operating at 10 kHz [24].
The use of this technique allows for the substitution of the detection system used by DMDs
coupled with a single sensor element, improving the SNR, reducing costs, and removing the
need for advanced cooling systems.

DMDs are arrays of microscopic mirrors, with electronically programmable
control of the reflection direction of each micromirror, which is the pixel unit. Each mirror
has a tilt angle of + 12°, corresponding to each pixel being programmed as “on” and “off”.

These amplitude modulators are fast programmable spatial light devices and allow shorter
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acquisition times or better spatial resolutions since they only record wavelengths of interest
[121]. DMDs have been used in RS instruments to replace CCDs [122], for spatially-offset
RS [123] and software configurable multi-slit patterns [124].

Compressive RS uses an SLM detector combined with one or two single-channel
detectors. These detectors can be photon counting amplified photodiodes or single-channel
photomultiplier tube (PMT) detectors [125]. Scotté et al. [126], proved that a DMD/PMT-
based compressive Raman system was 10 to 100 times faster in acquiring signals for breast
tissue diagnosis applications compared to two conventional instruments, one with a CCD
and the other with an electron-multiplying CCD.

Another approach of Compressive RS is using two detectors to record the full
spectrum. This approach increases efficiency because it eliminates the waiting time of
changing the geometry of the programable mirrors. With this strategy, Rehrauer et al. [127]
detected all Raman photons in a reduced amount of time per measurement.

Sturm et al. [24] built a single-pixel compressive RS device to tackle the
problems of the existing compressive spectrometer. Sturm et al. focus the light from the
dispersive element (grating) into the DMD, using a parabolic mirror. The DMD was able to
select the detection wavelengths, and, through the usage of achromatic lenses, the signal was
detected by a single-photon avalanche diode.

Applications to skin cancer have been ongoing investigation such as the
spectrometer built by Sinjab et al. [124], which combined a multifocal instrument (RS and
FS) with holographic optical trapping to skin cancer diagnosis, using a liquid-crystal SLM
to create a power-shared excitation pattern and DMD to speed collection of the signal.

As seen by the previous applications, it can be concluded that SLM devices,
especially DMDs, are very suitable for RS biological applications, since they can reduce the
acquisition time, which is crucial in clinical settings applications, such as melanoma
diagnosis discussed in this project.

Concluding, the main future goal of this project is to develop a low tolerance
compressed Raman spectrometer. Therefore, the detection system will be replaced by a
compressive element - DMD — combined with a single element detector — InGaAs
photodiode. This compressive configuration will (i) provide a much faster acquisition time,
due to the subsampling of the dataset, i.e., only the specific Raman wavenumbers of interest,
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from 2820-3040 cm ™' range, will be acquired; and (ii) problems of background noise will

be reduced with consequent higher SNR and no cooling system needed.
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3. MATERIALS AND METHODS

In this chapter, the instrument requirements are presented, in 3.1. Then, the mechanical
and optical parts used in the prototype’s instrument assembly will be presented and
described, in 3.2 and 3.3, where the designed mechanical 3D parts developed for low
tolerance alignment are also presented. Afterwards, in 3.4, the methods and mathematical
approaches that were followed towards the execution of this project are described. Lastly,
in 3.5, three alignment protocols, which must be followed to replicate the alignment obtained
in this project and, then in 3.6, the calibration protocols are discussed.

3.1. Instrument Requirements

Currently, melanoma diagnosis and its adequate treatment have two major
application needs: (i) a biopsy guidance diagnostic tool for early-detection of MIS lesions
and (ii) a surgical margins assessment tool to be used intraoperatively to identify positive
margins. In this dissertation, a Raman spectrometer operating in the HWVN spectral region,
for future use in MIS detection was developed, in order to accomplish goal (i).

The envisaged Raman spectrometer must answer different requirements related
directly to its application needs, i.e., to diagnose early-stage melanoma lesions, as well as
claims that must be satisfied so the Raman instrument achieves practical usability, as
described below.

(1) Objective: based on biochemical composition of tissue.

(2) Real-time tool: enables in vivo measurements and real-time analysis,
providing extra biochemical information to the clinician in the clinical
setting and potentially decreasing the number of unnecessary excisions.

(3) Non-invasive: able to acquire Raman measurements directly on patients
without tissue excision.

(4) Detection depth of 300 um: Melanoma is desirably diagnosed at an early-
stage, while the lesion is still not invasive, not metastasized, (MIS). MIS, as
referred before, can be surgically removed with a good prognosis. This is
translated by a Breslow thickness of less than 300 um (vertical growth of

lesions).
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(5) Accuracy classification model: A high sensitivity model will enable all
lesions to be detected at an early-stage and so, reduce the incidence of
invasive cases. Moreover, a high specificity will allow to lower the number
of lesions that need treatment, i.e., reduce the number of unnecessary
excisions.

(6) Device spectral resolution lower than 5 nm: A low spectral resolution is
mandatory to identify the biochemical features of melanoma.

(7) Laser excitation wavelength in the NIR and analysing the HWVN
spectral region: This will significantly reduce laser-induced tissue
autofluorescence, as well as Raman signal from optical components (fused
silica).

(8) Laser radiation dose lower than the MPE value, according to European
health, safety, and environmental protection standards for safe laser skin
irradiation. The Maximum Permissible Exposure (MPE) is dependent on the
laser used and the time of acquisitions.

(9) Detector range between 1300 to 1550 nm with high quantum efficiency
and low noise: Raman signal is weak and so, detectors must have low noise
characteristics in this spectral range to not hinder Raman signal detection.

(10) Laser linewidth (<1 cm™): To enable high spectral resolution, the laser

should be characterized by a narrow and highly stable laser line.

As additional requirements, some claims should be satisfied so that these devices

can be ideally translated into a clinical setting. These requirements are:

(1) No need for a liquid nitrogen cooling system.

(2) User-friendly — minimal disruption of the clinical workflow, minimal
operator training needed, and result provided by simple metrics.

(3) Should be hand-held, portable and enable Raman measurements on difficult
targeting body areas, such as ears.

(4) Reduced instrument development cost.
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3.2. Optical Instrument Design

The design and establishment of the instrument general optical configuration are
presented in Figure 3.1. The transmission, or 0°, configuration spectrometer was designed as
a first step for the fulfilment of the project goals. The Raman spectrometer assembly is
composed of three parts: the excitation branch, from the laser to the sample, the
transmission branch, from sample to the entrance slit and, finally, the spectrograph, from

the entrance slit to the detector.

Excitation Branch Transmission Branch Spectrograph
[r—
PC
| —
L, L, L, I, F L. S L
y / ] G L
Beam-expander Sample

Figure 3.1 - Optical Path of the Raman spectrometer setup. Beam-expander: lens 1 (L) + lens 2 (Ly); lens 3
(Ls); sample; lens 4 (L4); dichroic filter (F); lens 5 (Ls); entrance slit (S); lens 6 (Ls); transmission grating
(G); Detector (D) and focal system lens (L7) and host computer (PC).

Excitation branch: The laser’s beam was expanded by two plano-convex lenses
(Lzand L), which compose a Keplerian beam expander, as seen in Figure 3.1. Afterwards,
an achromatic lens (L) was used to focus the light into the sample. The sample is placed in
a sample holder (named Universal Sample Cage -USC- system), presented in subsection
3.3.1, which was specially designed to fit different sample’s formats and alignment elements
(such as lamps, alignment disk, optical fibre and other adapters).

Transmission Branch: After the sample, an achromatic lens (L4) is used to
collect the scattered light and to collimate it. Then, a dichroic filter (F) is used to reject the
Rayleigh light. After the filter, a similar achromatic lens (L4 = Ls) collects and focuses the
light onto the entrance slit.

Spectrograph: The spectrograph is composed of the entrance slit (S), an
achromatic lens (Le), the transmission grating (G) and the detection system (in this case,
imaging sensor + L7) with the computer acquisition system (PC). The light that is collected
by the slit is then collimated by an achromatic lens (Ls = L), which is responsible for
directing it to the transmission grating. Then, the detector system: a two-dimensional

photodetector with a lens is placed to collect the signal of interest.
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3.3. Setup Components Description

Table 2 details the components used in the assembly of the built-in Raman

spectrometer, from now on called prototype. Also, in the next subsections, materials will be

described in detail.

Table 2 —-Components used in the prototype setup

Component Description Part Number
Lasers | IR laser Single-mode continuous-wave diode laser | IPS 10976SR0450B
with a 976 nm.Output power of 450 mW,
TEMoo beam profile (M?=1).
Red laser Helium-neon gas laser. Excitation JDS Uniphase 1507
632.8 nm | wavelength of 632.8 nm. Output power Number: 1309810
AmW. Beam quality (M?) is 1.
Red laser Excitation wavelength 640 nm. Output Coherent
640 nm power 40 mW. M?<1.5 PN:1264218
Optical | L, Plano-Convex Lens. Diameter 5.0 mm. EO67453
Lenses Focal length 5.0 mm
L, Plano-Convex Lens. Diameter of 25.0mm. | EO67552
Focal length 150.0 mm.
Ls Achromatic Lens. Diameter of 25.0 mm. | EO45804
Focal length 150.0 mm
L4, Ls,Le | Achromatic Lens. Diameter of 25.0 mm. | EO45800
Focal length 35.0 mm
Optical Slit (S) Slit size 20£2 pm S20RD
Transmission Grating | NIR Transmission Grating, 300 Thorlabs GTI25-
(G) Grooves/mm, 31.7° Groove Angle. Size 03A
25 mm X 25 mm
Detector sensor (D) CMOS Camera (1024x1280 pixels). Pixelink PL-
Monochromatic. Resolution 1.3 M pixels. | B741EU
Pixel size of 6.7 um x 6.7 um
Detector lens (L7) Fixed Focal Length Lens. Focal length EO59873
50 mm. (R500045524-
13038)
Linear Polarizers Rotating linear polarizer PRO32-30.5
Filters | 769/41 nm | Bandpass filter. Central wavelength EO84105
filter 769nm. Bandwidth of 41 nm, with OD> 6
Blocking
750/50 nm | Bandpass filter. Central wavelength EO84788
filter 750nm. Bandwidth of 50 nm, with OD > 4
Blocking
980 nm RazorEdge ultrasteep long-pass edge filter | Semrock LP02-
filter 0of 980 nm. OD > 6 980RE-25
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In this project, different lasers, IR and red, were used. The main laser, IR laser,
used in this project (Innovative Photonic Solutions 10976SR0450B) provides a circularized
and collimated Gaussian profile with a diameter of 0.6 mm and a low divergence angle (2
mrad). However, the detection system available to use at the time of the elaboration of the
project had a limited detection above 1100 nm, which made this laser not suitable to the
main goal which is Raman measurements in the HWVN region of the spectrum, which will
be above 1300 nm. Thus, two different red lasers were used as light sources in order to
develop the spectrometer, since their HWVN region, according to equation 2.1, will be just
above 700 nm. The first red laser, (JDS Uniphase) had a diameter of 0.48 mm and a
divergence of 1.7 mrad. This laser’s base integrates a 1°’-32 threaded bezel which was used
to create a post system, presented in Appendix A. Finally, a second red laser was used
(Bioray Coherent laser diode) with an elliptical dot beam output with adjustable focus with
a divergence of <3mrad. This laser power was adjustable and controlled by an external
voltage source from 0.5V to -5V.

To focus and collimate the light beam, several lenses, plano-convex or
achromatic, were used throughout the assembly. In the excitation branch, two plano-convex
lenses L1 and L> were used to build a Keplerian beam-expander. Their asymmetric surfaces
minimize spherical aberration when the light is not irradiated at the same distance of the
lenses, such as an optical beam.

In the transmission branch and spectrograph, achromatic lenses (L3, L4, Ls and
Le) were used. These lenses are designed to correct the spherical aberration for
polychromatic imaging applications, enabling focusing light rays of different wavelengths
at the same point. Therefore, they are ideal for imaging applications, such as focusing and
expanding NIR lasers’ beams and focusing/collimating beams for fibre optics. Thus, before
the sample, L3 was used since achromatic lenses also enable the smallest spot sizes possible
and, after it, L4, Ls and Le were used since the sample emits polychromatic light and so they
allow to focus the polychromatic beam into the entrance slit.

Also, all the lenses are NIR-Il Coated (wavelength in the 750-1550 nm range),
which means that the reflectivity is less than 1.5% for wavelengths between this range,
improving the transmission of light in the ROI of the spectrum, minimizing light loss.

In this dissertation, three different filters were used in the calibration of the

prototype spectrum: two bandpass filters from Edmund Optics™ and a high-pass from
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Semrock™, The 769/41 nm filter has a transmission of the signal superior to 93% and is
hard sputtered coated on a single fused silica substrate with less than 3% from the edge of
bandwidth. The 750/50 nm filter has also a high transmission (minimum of 90%) and is a
deep blocking bandpass filter with broad bandwidths. The LP02-980RE-25 (986 nm filter)
is a razor edge ultrasteep long-pass filter with an Optical Density (OD) > 6 and high
transmission of more than 93% between 986.4 and 2000 nm. The sharp edges of the filters
used were particularly important to the calibration done using the halogen lamp. Also, since
RS applications require blocking the excitation wavelength of the lasers used, as well as
stray light background noise, these filters’ inherent high and steady OD makes them very
efficient in eliminating unwanted background noise.

After the calibration, the 980 nm filter was used to discard laser light and select
only the Stokes shift region of the Raman signal after the sample, while using the main laser
(976 nm). Although this filter has a high OD and sharp edges at an angle of incidence of 0°,
the same is not verified at an angle of 45°, where the cut-off edge wavelength drops to
926nm, not rejecting the laser beam. Consequently, the setup assembled has a transmission
configuration, which is not suitable for in vivo biomedical applications. So, a new high edge
filter with the same high-performance characteristics, but with a higher cut-off wavelength
when place under 45° should be purchased. However, all the other components are suitable
for the application and so the testing of the sensitivity of the prototype and calibration
protocols are still valid.

The spectrograph was composed of an optical slit, a collimating lens, and a
transmission grating. The used slit has a width of 20 £ 2 um and a length of 3 mm. The
grating used was a 25 mm? squared NIR-transmission grating of 300 grooves/mm and with
a groove angle of 31.7°.

The used detection system was an imaging camera from Pixelink™ coupled with
a lens of 50 mm focal length optic system, with low chromatic aberration. The imaging
sensor is a 1.3-Megapixel monochromatic Complementary Metal Oxide Semiconductor
(CMOS) with improved performance for the NIR region (from 750 nm to 1 um). The camera
provides video and image mode. A manufacture Application Programming Interface (API)
or other (in this case MATLAB) can be interfaced with the imaging sensor and with a host

computer by a standard USB of 2.0, to image camera features and save the acquired data.

40 2021



MATERIALS AND METHODS

The most important features that can be manipulated are ROI, gain, gamma, brightness,
exposure time (manual and auto mode), number of frames and frame rate.

MATLAB R2020b software was used to interface with the detection system as
well as to process data, and then, provide interpretable information to analyse.

Several camera features and capabilities can be controlled by software. To do so,
the MATLAB Image Processing Toolbox was used, which allows to interface and control
camera settings, as well as saving data (captures in .jpg and video in .avi format) to further
process.

Data processing enables the acquired data to be transformed into readable
information, which is easier to interpret by the user. Hence, data processing was done using
MATLAB to convert the images snapshots into spectra. Furthermore, the real-time data
processing implemented using this software was a very interesting feature to improve the

calibration of the setup.

3.3.1. Universal Sample Cage (USC) System

The prototype was developed with the purpose of allowing low tolerance to
components’ position variations. Undertaking this movement variation is of extreme
importance in Raman application since these signals are of low intensity, and changes in the
alignment of the optical components may induce background noise, which can be
superimposed to Raman signals, or loss of collected signal altogether. Thus, only an aligned,
stable and with low tolerance assembly will achieve high-quality signals and replicate them
over time.

With the purpose of making a low tolerance mechanical assembly, several
mechanical parts were developed, such as a sample holder and also other mechanical parts,
as depicted in Appendix A (e.g., laser and lamp supports, and a detector position fixation
system, DFS). All the 3D objects were designed in Autodesk Inventor Professional 2021
software and edited in the Ultimaker Cura 4.8.0 software, associated with the 3D printer
Ultimaker 2+, where they were printed in Polylactic acid (PLA) material.

A versatile sample holder was necessary to be able to exchange samples with
different formats, for alignment calibration and analysis, without the need for replacing

mechanical components in the setup. This would allow to maintain the optical alignment and
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consequently, achieve quality and well-defined signal spectra, i.e., with good resolution.
Therefore, the Universal Sample Cage, or short USC, (Figure 3.2 — grey part) was designed.

The USC is a mechanical sample holder of 47x47x14 mm? with a centric hole of
@ 30 mm and an additional square top entrance of 13.5 mm?, and it was created to adapt
different types of components in the sample position, such as:

(1) An alignment disk placed in a @ 30 mm mount (EO 85678);
(i1) An optical fibre coupled with an FC connector;

(iii) A mercury lamp (Hg lamp);

(iv) A cuvette for liquid samples.

In addition, a bottom thread of 6 mm was included to allow the USC system to
be fixed in an optical table with a post/post holder system. Also, four parallel holes of 6 mm
were added for coupling the cage system rods. Furthermore, one thread of 4 mm in each
diagonal connects the vertices of the printed cage to the rods and secure its position to

minimize oscillation of the cage.

3.3.1.1. Fibre Optic Adapter

When the IR laser is used, it is not possible to see the light beam with the naked
eye. Therefore, it makes the alignment of the optical components of the prototype very
difficult to execute after the sample. Thus, an Optical Fibre System (OFS) composed of a
fibre optic coupled with a red laser (described in Appendix C) was used to simulate the light
emitted by the sample after excitation, in a visible way, facilitating the alignment of the
optical components from the transmission branch and the spectrometer.

Both endings of the fibre used have FC/CT connectors, which are additionally
connected to a metallic @ 11 mm adapter. However, adapters from the metallic part
(?@11mm) to the USC dimensions were needed to place the optical fibre in the centre of the
cage and obtain a perfect alignment of the systems’ centres. Hence, a cylindrical adapter
from @ 11 mm (internal diameter) to @ 30 mm (external diameter) was created to connect
the fibre’s metallic adapter to the USC system, as seen in Figure 3.2.

Similarly, another cylindrical adapter was also imprinted, with internal and
external diameters of @ 11 mm and @ 24.5 mm, respectively, where the other ending of the

fibre is attached to the cage of the OFS with the red laser (presented in Appendix C).
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Figure 3.2 - Adapter for the use of an optical fibre (blue object), inserted in the USC part (grey). The
metallic part which couples with the FC/PC connector of the fibre is also represented.

3.3.1.2.

Mercury Lamp Adapter

A mercury lamp was used to simulate a light sample in the process of calibration

of the prototype. Therefore, an additional part to place the mercury lamp in a fixed position

during data acquisition was also designed. To do so, a parallelepiped of 13.5x13.5x40 mm?,

with a hole to allow the emitted light of the Hg lamp to pass (blue object in Figure 3.3) was

drawn. The lamp (also represented in Figure 3.3) was inserted throughout the upper squared

hole of the adapter and an additional bottom cavity stabilizes the lamp, to extra support.

40 mm

<«— Hglamp

Figure 3.3 - A Hg lamp can be inserted vertically inside the lamp mount (in blue), which can be inserted

inside the USC part (in grey).
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3.4. Optical System Analysis
Paraxial Optics methods were used to estimate the sample excitation spot size.
In this manner, it was possible to verify whether the predefined requirements were fulfilled

by the chosen optical components.

3.4.1. Excitation Branch

In the excitation branch, the output beam of the laser is maximized by a
Keplerian beam expander (Figure 3.4) composed of two lenses, L: and L,. The distance
between them equals the sum of their back focal lengths, F=f1+f,=151.7 mm. L is made of
N-LASSF44 substrate (n1), has a curvature radius of 4.02 mm (R;) and 1.87 mm thickness
(d1) while L2 is made of N-BK7 substrate (n2), has a curvature radius of -77.55 mm (R4) and
3.5 mm thickness (d2).

Rz Ry

i
Ny
!

£, f,

' >

-+ L

F=f+f, ny
Figure 3.4 — Keplerian Beam Expander

In order to calculate the dimensions of the expanded beam, the matrixial method
of paraxial optics was used. The transmitted light ray, r;, immediately outside the second
lens, Lo, can be calculated based on the transformation of the incident light ray, ry, given by
equation 3.1. This equation is the mathematical computation of the beam expander’s system
matrix, Agg, and the transfer-matrix T;.

The transfer-matrix T,,; describes the transmission of the laser’s beam ray into
the first lens, L1, where the two components are separated by 5 mm, doz.

The beam expander system matrix, Agg, IS given by Ajensr Tiensz—1ensiBiensis
in which (i) Ajens1 @and A, are the system matrix of lens Ly and Lo, respectively - which

describes the transformation of the ray light that passes through each lens - and (ii)
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Tiens2—1ens1 1S the transfer matrix that describes the transmission of light after L1 and before
entering in Lo, separated by the distance d,; = 151.77 mm.

The divergence angle of lasers, a,, was approximated to zero, due to two
reasons: (i) the laser beam is collimated, stable and with a low divergence angle (less than
2mrad) and (ii) the laser and L are separated by a short distance ( ~5 mm). Also, after being
expanded, the beam will continue to be collimated. Therefore, the beam dimensions will be
constant from immediately after L, not being relevant to the transmission from the beam
expander to the air.

. 11 = AgpTor1, © . 3.1)
[nlylal] = Atens2 Tiensz-tens1Aiens1To1 [noyoao]
Where,

- a, and a; are the divergence angle of the incident light (object) and transmitted rays
(image), respectively. a,, is approximately zero since the laser light is collimated.

- y.and y; are the height of the object and image, respectively (y, is half the laser’s
output beam diameter (d), and y; is half of the beam expanded height).

- material’s refraction index, n, in which the exterior medium is air, n; = n, = 1.

- Ty, Is the transfer-matrix between the laser and Li, which are separated
approximately by 5 mm distance, doz.

Using equation 3.2, with the respective values of curvature radii in which the
light travels and the distance between the dioptrics, we can obtain a general system matrix,
in which the refraction index values and the dimensions of the beam are dependent
incognitos, subject of the laser used. And so, the final expression to compute the height of

the light ray outside the beam expander system, y;,, is given by equation 3.2:

V] = ReTys T Ty Ry - T, [0]@
Vi — 4143 Llen2—-len1'21JV1 01 d/Z

—A-m)r 1 011 o[ 1 O
dz/nz 1] [d21 1] [611/?11 1].

1=
—(n,—1) 0
=Rl
R hd

[ 11 ][dm 1] >

HE

1 (3.2)
0
Then, Ls, with a focal length of 35.00 mm, was used to focus the expanded beam

on the sample. Finally, the sample spot diameter can be calculated with equation 3.3. It is

dependent on the excitation laser wavelength, 4, and the beam quality parameter M? (which
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is 1 for a perfect Gaussian shape beam), the characteristic focal length of the focus lens (L3)

and the previously calculated beam expanded diameter, D=2*y,.

MZx4x) f (3.3)
—*_

spotsize =
p T D

In this dissertation different lasers were used as excitation sources: an IR laser
of 976 nm, which is the one that will be used for melanoma applications in the HWVN, in
which ROI will be above 1300 nm; and red lasers, to test the prototype in HWVN (which
will be around 700-800 nm), since the detection system available was not sensitive above
1100 nm. Changing lasers would mean that the dimensions of the beam, d, the wavelength
of the incident light, A, and therefore the materials’ indexes of refraction, n, would be
distinct. Consequently, beam expanded dimensions, D and sample spot size values too. The

results for the IR laser and one of the red lasers (632.8 nm) are presented below in Table 3.

Table 3 — Paraxial optics results.

Laser wavelength (1) (nm) 976 632.8
Laser beam diameter (d) (mm) 0.6 0.48
Index of refraction (n) n=179® n;=1.80
nz=151® Nz=1.52
Dimensions of the expanded beam (D) (mm) 17.59 14.35
Spot size (um) 4.2 3.4

3.4.2. Diffraction Grating

The transmission grating is the dispersive element of the spectrograph that is
responsible for separating the polychromatic light into its different wavelength lines, which
are characteristic of the elements.

When an incident light ray of wavelength A, with an angle of incidence, 6;, to
the normal plane of a grating, which is characterized by a spatial period between grooves, a,
the light is transmitted, in the order of principal maxima, m, with a deflection angle, 6,,,
(related to the surface normal) given by equation 3.4,

a[sin@,, — sin6;] = —m4 (3.4)

4 Datasheets’ closest value to the 976 nm was n (1014 nm)
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The dispersion is repeated in the consecutive diffraction orders, m. The grating
used in the prototype has a characteristic spatial period of a = ﬁ mm while the detector

was placed in the first order of diffraction, m=1, as seen in Figure 3.5. Assuming that the ray
light incident angle is 6;=0 rad and using equation 3.4, the angle, 6,,, for each of the limit
wavelengths that get through the detector, A, and A, will be:

A1 =1300nm,6; = 22.95°
A, = 1550 nm, 6, = 27.71°
The wavelength range used is the spectral ROI for melanoma detection using the

main laser of this project (IR laser), i.e., [1300 — 1550] nm.

Figure 3.5 — Diffraction grating with a characteristic distance between the grating grooves, a, (at
left), with the detector system (D) of dimensions I, x I, mm?, distanced by the length, L. In the inset figure, it
is shown the detector system with wavelength limits, A1 and A, which corresponds to transmission angles of

©1 and O, respectively.

Keeping in mind the main objective of this project, which is building a
compressive Raman spectrometer, a detector with dimensions 14.5 x 8.2 mm? and pixel size
of 7.56 um (Texas Instruments DPL6500) was considered. Applying trigonometric
functions, it is possible to calculate the necessary distance between the grating and the
detector, L, to ensure that the wavelength range of interest covers the detector active area, as
seen in equation 3.5.

1,/2

- . 92_91
Sll’l—z

= 174.6 mm (3.5)
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Spectrometer’s resolution is the capability of separating bands of different
wavelengths. It can be calculated theoretically by the product between the number of pixels
in the detection system and the slit width, in microns, divided by the pixel dimensions and
the bandpass wavelengths, as depicted in equation 3.6 [128]:

Resolution = dispersion per pixel X pixel slit projection
AA slit width (3.6)

= X
N.pixels pixel width

In this case, the resolution will be 0.34 nm. Using a slit width of 20 um, the
number of pixels is 1920 with pixel length of 7.56 um, and the bandpass wavelength is
250nm (1300 to 1550 nm).

However, this theoretical calculation of the resolution assumes that the ray light
incident into the detector is perfectly aligned with the detector pixels, i.e., perpendicular to
the pixels' surface, which is difficult to attain. Nevertheless, the experimental determination
of the spectrometer resolution is achieved by determining the Full Width at Half-Maximum

(FWHM) of a reference signal.

3.5. Alignment Protocols

The alignment protocols developed for this setup were divided into three distinct
parts. The first refers to the alignment of the excitation branch, from the laser to the sample.
The second concerns the placement of the transmission branch, from the sample to the
entrance slit. And, finally, the last refers to the spectrograph, from the entrance slit to the
detector. The separation of these three branches was done to better settle and align the optical
components since their positioning is crucial to the success of the output signal.

The optical components of the prototype (L1, L2, L3, L4, Ls, Ls) Were mounted in
rigid metal cages with connecting rods to keep them aligned in x and y directions.
Additionally, excluding the excitation branch, all post holders were connected to BE1
Thorlabs Adapter rings and CF175 Thorlabs table clamping fork for extra lateral movement
of the system.

Furthermore, the prototype was covered with a light shield (black card box
revested with rugous textile) to minimize the collection of room light.

To facilitate the alignment and minimize power losses, a power meter system

developed and presented in Appendix B was used to measure the laser power. Also, an
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Optical Fibre System (OFS) was assembled and is described in Appendix C, to assist the

alignment procedure.

3.5.1.  Excitation Branch
Step 1.1: Assemble a system of two posts/post holders and @ 30 mm cages connected by
rods. The cages support must be distanced by 130 cm. Then, insert an alignment disk in the
first cage, in order to act as a target (the alignment disk has a perforation at its mechanical
centre). Add a third cage with an alignment disk at a distance of at least 2 meters. This system
will be used to verify the alignment of the output beam laser.

- Additional cages with alignment disks can be added between the system (connected
by rods) to assist the alignment by moving these cages along the rods.

Step 1.2: Collimation of the output laser beam

First, place the cages at the height of the laser beam output. If necessary, adjust
the laser output angle, for the light beam to be perpendicular to the optical table. To do so,
use Kapton sheets with 0.1 mm thickness.

Next, connect the laser beam and align it with the centre of the first target. Then,
remove the first target and align the laser beam with the centre of the second target. Finally,
reposition the first target and check if the alignment is correct. Afterwards, fix the laser to
the optical table using table clamping forks. This process should be iterative until necessary.

- Itisexpected that the final beam has a constant diameter and fixed height throughout
the optical system.

- The additional cages immediately after the first two cages should be removed,
however, the cage distance of 2 meters should be kept in order to use in the rest of
the alignment.

Step 1.3: Beam expander alignment

Use the system assembled in the previous step and add an empty cage without a
post/post holder after the second cage, using rods to support and connect it to the system of
the two initial cages.

Insert L1 in the first cage. To align the beam expander, L, must have a translation
degree of freedom. Therefore, this lens should not have an integrated post. Hence, insert L

in the third cage, in which the third dioptric surface is the infinite radius surface of Lo, as
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represented in Figure 3.4. Then, moving L, space the two lenses at an initial distance of the
sum of the focal lengths of the two lenses.
Then, add a fourth cage after L. Insert a target in the new cage with a connected
post/post holder, fixing its height and lateral position equal to the optical system.
Afterwards, verify the collimation of the beam in the target, by adjusting the
horizontal position of Lo, using the rods. Move the new cage further from L to verify that
the beam is constant until a length of 2 meters, using the system previously assembled in
step 1.1. If the collimation is correct, fix the L> cage by tightening the rods’ crews.
- The output signal is collimated when the dimensions of the light beam are constant
(diameter and position) throughout the optical system.
- Atthe end of this step, all rods’ crews should be tightened to conserve the alignment.
Step 1.4: Alignment of L3
Fix the fourth cage in the optical table after L. Substitute two rods of the system
from L1 to L for longer rods that reach the fourth cage of the system (attention - be sure that
all screws of the rods not being replaced are tightened to conserve the previous alignment).
Then, replace the other two rods. Remove the target and insert Lz into the fourth cage.
Afterwards, connect the sample holder (USC), presented in subsection 3.3.1, to
a post/post holder and place it onto the optical table after Lz using a clamping fork system.
Then, insert an alignment disk in a compatible @ 30 mm mount in the USC. Finally, move
the USC until the centre of the target is aligned with the focal point of Lz. When the optimal
alignment is achieved, fix the USC in the optical table using a clamping fork.
- At the end of this protocol, the rods’ screws should be tightened, and the position of
the elements should be conserved.

- Additional rods from USC to Lz can be added to improve support to the system.

3.5.2. Transmission Branch
Step 2.1: Replacement of the optical fibre system to simulate a visible sample

Substitute the target inserted in the USC by the optical fibre adapter, previously
connected to the metallic adapter, both presented in Figure 3.2. Assemble the OFS presented
in Appendix C, which is used to simulate the light emitted by the sample after excitation.
Then, attach the FC/CT connecter of the fibre of the OFS to the metallic adapter.
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Step 2.2: Positioning of La. Verification of the collimated beam.

Make use of another system of three @ 30 mm cages and connect them with rods.
Finally, distance the cages at least 35 mm from each other. Connect the system metal cage
to the optical table with a post and post holder. Set the height of the system as the same as
the previous system (attention — rods from the USC system could be connected to the rods
of this system for added support).

Then, in the first cage insert L4 using a compatible mount. Place the sample in
the focal point of this lens by moving the lens and not the sample. To do so, test the
collimation of the output beam up to 2 meters using an alignment target. Reposition the lens
if necessary. Fix L4 position tightening the rods’ crews when a collimated beam is achieved.
Step 2.3: Positioning of Ls.

Place Ls into the third cage of this system at a distance of a few centimetres from
La.

- Take into consideration the space needed to introduce the filter with a compatible
mount between the lenses L4 and Ls.

3.5.3. Spectrograph

Step 3.1: Fixation of the slit in the focal point of Ls.

Attach a @ 30 mm cage with a post, a post holder, a ring and a clamping fork
system. Then insert the slit in a compatible mount in the cage system, with the slit vertically
oriented. Place the centre of the slit in the light focal point of Ls, by moving its position.
Verify if the output beam is a well-defined line, with minimal width possible using a white
paper board or a new cage with an alignment disk placed in front of the slit.

If the beam is not a vertical line, move the slit in a lateral direction or adjust the
post height. If the line is not vertically aligned with the slit, rotate the mount’s slit. After the
verification of the correct positioning angle and height of the slit, tighten the rods of the slit
mount in the cage, and fix position of Ls’s by tightening the rods’ crews.

Step 3.2: Placement of Le.

Place a new cage after the slit using connecting rods. Insert Ls in the new cage,

using a compatible mount. Distance the slit from Le by a dimension equal to the lens focal

length. Verify the collimation of the reflected light using a target or whiteboard at a distance
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of at least 300 mm. Correct the lens position to obtain a collimated beam. Finally, fix the
lens position in the cage system.
Step 3.3: Adjustments using the excitation laser

Afterwards, remove the optical fibre adapter of the USC. Turn on the excitation
laser and verify the collimation of the intermediate beams and focal points. Rectify
positioning if needed by small adjustments of the lenses’ positions.

Step 3.4: Placement of the transmission grating element and the detection system.

Place the transmission grating in front of the collimated beam and ensure that
the slit image falls inside the grating.

Then, place the detection system (imaging sensor detector + L7) in the signal’s
first order of diffraction, using the designed Detector Fixation System, DFS, presented in
Appendix A. Connect the PC to the camera and initiate MATLAB Image acquisition App
from Image Processing Toolbox.

Step 3.5: Insert a neon lamp in the UCS.
Step 3.6: Verify the collimation of the neon lamp emission bands and repeat steps 3.2 and
3.3 to optimize the alignment obtained.
- By the end of this protocol, the spectrometer is covered with a black card box, and
the image viewed in the interface software should be continuous, stable, and have

well-defined spectral bands.

3.6. Calibration Samples

Several components were used for the calibration of the spectrometer: alignment
disk and various spectral lamps of different elements: halogen, neon and mercury.

The main laser excitation wavelength is 976 nm, and so, invisible to the human
eye. For this reason, fluorescing laser viewing disks (with absorption bands in the NIR region
and emission in the green region, added with visible target marks) were needed to see the
laser beam. Moreover, the 1.5 mm hole in the disk centre helps the alignment of the laser’s
output beam into the first lens’s optical centre. Furthermore, after the beam expander, the
spot size enlarges significantly, and so, a metric target helped to increase the alignment

precision.
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3.6.1. Spectral Lamps

Two types of lamps were used to calibrate the prototype spectrum: continuous
emission spectrum lamp (halogen lamp) and discontinuous emission lamp (mercury lamp or
simply Hg lamp).

The halogen lamp was employed in the coarse calibration to define the ROI of
the prototype’s field of view since the halogen emission spectrum is continuous. (This
lamp’s adapter post is described in Appendix A).

In contrast, the emission spectrums of neon and mercury are discontinuous, i.e.,
it is possible to see several characteristic atomic emission bands according to the different
ions of the elements present in the lamps. In this way, the neon lamp was used to improve
the alignment of the optical components and the mercury lamp is utilized in the fine
calibration since the spectrum bands are more intense and reduced in number compared to

the neon lamp’s spectrum.

3.6.2. Raman Standard Sample

The ultimate goal of this project was to develop a Raman spectrometer.
Accordingly, to test the its sensitivity to Raman signals, a Raman shift standard material was
used, cyclohexane.

Cyclohexane, CsHi2, is well established in the literature as a Raman shift
standard material, approved by the ASTM® subcommittee on RS. Therefore, with well-
known band wavenumbers, it is often used by spectroscopists to calibrate the Raman shift
x-axis of the devices developed. A standard spectrum of this substance is presented in
Figure3.6. On the right side, is possible to see that cyclohexane’s HWVN spectral region has
well defined bands, making this substance ideal to calibrate SWIR-Raman spectrometers. In
this application, the cyclohexane sample was loaded in a quartz cuvette mount.

After assembling the entire setup, it is necessary to process and calibrate the data
acquired by the detection system. This was divided into two parts: the non-spectral axis
transformation, i.e., convert the y-axis from pixels lines into relative intensity (counts), and
the spectral axis calibration, i.e., convert the x-axis from pixels columns to wavelength

units.

> ASTM - American Society for Testing and Materials
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Figure 3.6 — Cyclohexane Raman standard spectrum (average of FT-Raman and Scanning (SPEX 1403)
Data Sets) ©.

These two operations were performed throughout computational transformations
of the two-dimensional (2D) signal if it is an image, or three-dimensional (3D) signal if is a
video, acquired by the detector image sensor, using MATLAB R2020b, resulting in a spectra.

3.6.3. Non-spectral Axis Transformation: Binning and Stacking

The y-axis transformation had the function of changing the signal acquired with
the detector system into a spectrum, i.e., converting the y-axis from pixel lines into relative
intensity (cumulated pixel counts).

Each video is composed of different images, also called frames. Each frame is
represented by a matrix, called the intensity matrix, with the dimensions of the sensor used.
In this case, the sensor dimensions are 1024 lines and 1280 columns of pixels, creating a
matrix of 1024x1280 pixels for each frame.

Hence, in acquisitions with only one frame, i.e., a single image, the
transformation of the y-axis was done by a computational process called vertical binning
or simply binning. On the other hand, if the acquisition was of more than one frame, i.e., a
video, immediately after the binning process of each frame, a new computational operation,
called stacking, was also performed.

® McCreery Research Group 2014 , (http://www.chem.ualberta.ca/~mccreery/ramanmaterials.html) ASTM E 1840.
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3.6.3.1. Binning

The binning consists of obtaining the computational addition of the adjacent
pixels’ values in each column that compose the intensity matrix of a frame (m), represented
by each red rectangle in Figure 3.7. Hence, the result was a 1x1280 array, which represents
the summed elements of the 1024 pixel’s lines, j = {1, ..., 1024}, of the 1280 pixels’
columns, i = {1, ..., 1280}, of a frame, m=1. The units of the binning are arbitrary (A.U.)
since it measures the counts of the relative intensity of each column of the spectrum of a
frame, represented by a green rectangle in Figure 3.7.

This computational operation was performed in real-time, allowing to adjust
minimal differences in setup elements positioning, in order to obtain the smallest band width
and ultimately, improve the resolution of the final spectrum. Therefore, binning in real-time

allowed the improvement of the alignment of the prototype achieved with the protocols.

3.6.3.2. Stacking

The stacking consists of the computational conversion of a video into a spectrum.
Therefore, first the binning of each frame of the acquired video, m = {1, ..., k}, (represented
by green rectangles in Figure 3.7) is done, resulting in one array for each frame. Then, the
elements of the arrays obtained are summed, originating a new 1x1280 array of accumulated
intensity, as seen in Figure 3.7.

Binning Stacking
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Figure 3.7 — Non-spectral axis transformation. Binning (left) and stacking (right) processes, which convert
the y-axis from individual pixel counts into signal intensity counts. Each frame (represented by “m”) is a
matrix (represented by a green rectangle) of dimensions equal to the number of pixels in the sensor imaging
used, in this case: 1024 x 1280, in which “j” is the number of lines and “i” is the number of columns. The red
rectangles represent the columns that, after those column elements are summed, will result in the array
(binning). If the number of frames is more than one, after binning of each frame, it will be performed the
addition of the elements in an array of frames 1 to k (stacking).
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In this manner, it is expected that, after stacking, spectral bands with low number
of counts will be differentiated from the spectrum baseline, when compared to the spectrum
obtained with only one frame [129].

In this dissertation, the stacking process was used to increase the counts of the

bands in the Raman signal of cyclohexane.

3.6.4. Spectral Axis Calibration: Coarse and Fine Calibrations
The x-axis calibration (from pixel numbers to wavelength units) was divided into
two parts: a more general adjustment first, hereafter designated as coarse calibration, and a

more refined one, hereafter designated fine calibration.

3.6.4.1. Coarse Calibration

The coarse calibration consists of the definition of the field of view of the
prototype, converting the x-axis from pixels to wavelength units. Therefore, images from the
halogen lamp, combined with several filters, were acquired in order to establish a correlation
between spectrum pixels of the halogen lamp and the theoretical edges of the filters used.
This was possible due to two facts: (i) the halogen’s emission spectrum is continuous, and
(ii) the transmission filters used have an OD greater than 4. This means that the images
resulting from the combination of the filters and the continuous spectrum of the halogen
lamp will provide a well-defined delimitation in the filters cut-off wavelength.

Thus, the coarse calibration was performed using a halogen lamp combined with
three different transmission filters: a 769/41 nm bandpass filter (EO84089), a second
bandpass filter of 750/50nm (EO84089) and a 980 nm high-pass filter (980-LP02-980RE-
28).

Then, the halogen lamp was positioned in the post holder of the sample using
the designed post in Appendix A, and the filters were introduced in the intended mount
between Lsand Ls to acquire the respective spectra.

Therefore, the first step of the coarse calibration was to acquire snapshots of the
different combinations of the halogen lamp and the filters: (i) without filters, (ii) with
769/41nm filter, (iii) with 750/50 nm filter and finally (iv) with 980 nm filter, while real-
time binning was performed using MATLAB as an interface.

After acquiring and saving this 2D data, a linear regression was performed using
the following values: the theoretical cut-off wavelengths of the filters used and their
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correspondent spectral values in the acquired data of halogen lamp images, thereafter called
pixel numbers.

The filters’ cut-off wavelengths are the theoretical wavelengths values
corresponding to 50% of the transmitted signal and were obtained using each filter’s
datasheet. Afterwards, those values were listed in a table.

The pixel numbers of each spectrum of the halogen lamp correspond to the pixel
columns where 50% of the signal is transmitted. Since the points where the first derivative
of a function is null indicate that the tangent of the function is zero, those points can be either
local maximum or minimum of the original function. Hence, a zero of the first derivative of
halogen’s spectrum corresponds to a pixel value with maximum local intensity, meaning
that, in that column, the signal transmission is maximum. Thus, 50% of the transmission
signal is given by the pixel column with half the maximum local intensity of the derivative.

Consequently, as illustrated in Figure 3.8, several steps were conducted: (i) the
first derivative, y’(x), of each spectrum was calculated. Then, (ii) the respective zeros were
found (or the derivatives’ local maximum/ minimum values, when the function did not reach
the zero value) - y’(x) = 0 -, which (iii) corresponded to the pixels’ values with maximum

local intensity in the spectrum of the lamp — y(a)=max(y(x)). Subsequently, (iv) the value of

the pixel referring to half the maximum intensity of the derivative - max (y(x))/z = y(b) -

is registered as pixel numbers (value b).

max(y(x) )Ilz = y(b)
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Figure 3.8 — Pixel number calculation.

Additionally, to evaluate the calibration, the determination coefficient (R?) was

obtained. A value closer to 1, indicates a good calibration result.
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3.6.4.2. Fine Calibration
The fine calibration consists of a correlation between the spectrum of the Hg lamp
acquired by a calibrated spectrometer - in this case, SPEX 1403 by Spex Inc.- and the
prototype.

By making use of the same lamp, it will be expected that the same bands would
be seen in the two spectrometers since it is certain that the element ions are present in the
lamp, and, furthermore, the spectrum, would be equal. Therefore, a calibrated spectrometer
will give the exact wavenumber of the spectral bands of the lamp, and so a new regression
can be performed using the well-defined and resolved spectral bands in which the correlation
is unequivocal between the two spectrometers’ acquisitions. Thus, this regression is
performed to correct possible lateral shift in the prototype spectrum and subsequently, the
overlap of the two spectrometers data, the SPEX calibrated spectrum and the prototype final
spectrum after regression, is expected as the result of this calibration.

The SPEX 1403 has a resolution of 0.005 nm and 0.3 nm/mm of dispersion’.
The excitation source used with this spectrometer was a 514.5 nm laser. Also, all the spectra
acquired in the SPEX 1403, were fixated at a range of [18, 6103] cm™, which applying the
equation 2.1 correspond to [515, 750] nm. This upper limit of the analysed region, 750 nm,
was imposed by the limitation of this spectrometer. The integration time was set at 1 s with
an increment of 0.5 cm™. Upon some tests to improve the resolution of the spectrum bands,
the entrance and end slits sizes were set at 50 um each. To reject stray light, the medium slits
were set at 700 pum.

The chosen lamp was a mercury one, due to the intense, well-defined bands of
its emission spectrum in the ROI, which comprises a wavelength range between 500 and
750nm.

Hence, in this last calibration procedure, the halogen lamp is substituted by the
sample holder, which should not be removed further, and so, rods in this cage should be
placed and immobilized. Thereafter, this calibration protocol should be done after any
change in the setup alignment and, upon that, repeated periodically.

Then, comparably to the data obtained with the halogen lamp, four snapshots of

the combination between the Hg lamp and the transmission filters were obtained. However,

7 https://www.horiba.com/en_en/products/scientific/custom-spectroscopy-solutions/spectrometers-and-
monochromators/legacy-monochromators/
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since the SPEX 1403 spectrometer has a limitation in the range of the wavelength above
750nm, only the spectrum without filters was used to determine the correlation spectral
points of the Hg lamp spectrum obtained in the prototype. Nonetheless, the 750/50 nm filter
spectrum was used to verify the final calibration of the prototype since this filter transmits
the signal from 725 nm, which is still in the ROI of this calibration.

Afterwards, to reduce the influence of the background noise, the 2D images were
cut vertically using the function of MATLAB imcroop() to only select the region in which
the bands are observed.

Then, unequivocal bands of the SPEX’s and prototype’s spectra are matched and
registered, followed by a new regression. Finally, similarly to the procedure in the coarse

calibration, the determination coefficient (R?) was obtained to evaluate the fine calibration.
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4. RESULTS AND DISCUSSION

In chapter 4, the results of the simulation and the physical assembly of the prototype
are presented, in 4.1 and 4.2, respectively. Then, in 4.3, the mechanical parts designed to
build a low tolerance setup are shown, and, in 4.4, the results of the calibration procedures
are demonstrated and discussed. Finally, in 4.5, the cyclohexane Raman acquisitions results
are also shown, using the two red lasers and the stacking process.

4.1. Simulations

The simulation of the assembly setup was made in 3DOptix online software, an
optical simulation software. In the simulation setup, represented in Figure 4.1, the lenses (L1
to Le), the dichroic filter (F), and the transmission grating (G) are the same references as
those later implemented on the physical setup. The laser used in the simulation is the most
similar to the one necessary for the final application (976 nm from Innovative Photonic
Solutions), having an excitation wavelength of 940 nm (Thorlabs M940L3 - 940 nm).

However, the beam dimensions are equal to the one presented in Table 2, i.e., 0.6 mm.

Finally, the detector is represented by a screen (D).

Figure 4.1 — Setup simulation in 3Doptix software. It is composed of the laser, lenses from 1 to 6 (L1 to L),
Sample, Filter (F), Entrance Slit (S), Transmission Grating (G), and Detector (D)

Due to the novelty of the software, the entrance slit element (S) is not available
in the setup. Nonetheless, the position of this element is preserved and labelled in the

simulation by an empty mount.
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Hence, with this simulation, it is possible to verify the expanded beam
dimensions as well as the spot size in the sample plane detector (Sample). The first is less

than 18 mm (@ 17.56 mm) and the second is 0.34 mm x 0.33 mm, as seen in Figure 4.2.
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Figure 4.2 - Simulation of the beam expander (left) and sample spot size (right) dimensions.

The expanded beam value of simulation (& 17.56 mm) is according to the
theoretical value obtained with the paraxial optics method, presented in Table 3
(@17.59mm). However, the same is not verified when comparing the simulated and the
theoretical sample spot sizes, where the latter is also presented in Table 3. The simulated
value is two orders of magnitude higher than the theoretical value (340 — 4.2 um). This could
be due to the laser used in the simulation being in fact a LED, which has a broad emission
curve, with 37 nm of bandwidth (FWHM). Therefore, several wavelengths will be emitted
and cause chromatic aberrations in the optical elements, even though this effect may be
minimized by the use of an achromatic lens (L3). Consequently, the sample focal point is
enlarged. Moreover, due to the software characteristic discrete variations of 0.01 mm, the

smallest spot size detected may not be the exact localization of the sample focal point.

4.2. Setup Assembly

The assembled prototype is shown in Figure 4.3. The black card boxes reduce
the ambient light interference, as well as decoupling the excitation and transmission branches
from the prototype entrance slit, which reduces the interferences from stray light.
Nevertheless, all data acquisitions were obtained with no ambient lights, to minimize

ambient noise.
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Figure 4.3 — Prototype assembled in the optical table, includiné the host computer, the aquisition branch-
box, the transmission and excitation branches-box, and finally, the laser.

On the left side of Figure 4.4, the excitation and transmission branches are
represented, and on the right side, the acquisition branch is shown. The black-painted boxes
that cover the setup are coated by thick and rough felt to avoid specular reflections on the
walls of the boxes, minimizing the background noise. This material was also used to cover
the optical table floor, to prevent light reflection in the polished surfaces. In addition, due to
the dispersion verified while using the visible wavelength lasers, the beam expander’s
emitted light is blocked before the sample by a barrier made of the same black material.

All the optical components are visualized in Figure 4.4: lenses (L1, L2, L3, La,
Ls, Le and L), filter (F), entrance slit (S), transmission grating (G), detection system (D)
Furthermore, it is also possible to see some of the design mechanical parts: USC system
(Sample) mounted in the transmission branch (left side) and, the Detector Fixation System,
DFS, (in D) -description in Appendix A-, held by a clamp (right side).

L4, Ls, Ls and L), Sample (with the designed USC system), entrance slit (S), transmission grating (G),
detection system (D) with the designed fixation system DFS.
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The experimental beam expander dimension, using the 976 nm laser, is
approximately 19 mm, as seen in Figure 4.5, which is in accordance with the simulation and
theoretical values. On the other hand, with the red laser, the dispersion of the beam after L
is significant, therefore, the beam is limited to the clear aperture of L, (@ 24.5 mm), which

is significantly larger than the theoretically obtained (14.35 mm).

Figure 4.5 —Light beam expanded using infrared 976 nm laser.

Concerning the experimental sample spot sizes with both lasers, the red and
infrared, are less than @ 1.5 mm since the light passes entirely through the alignment disk’s
central aperture.

Also, the experimental optical distances between the lenses are dependent on the
laser’s excitation wavelengths and are resumed in Table 4. All the distances have been
measured manually with a digital calliper with 0.01 mm of measurement uncertainty.
Nevertheless, due to the ambiguity of each lens’s central point, the measurements’ error was

considered as 2 mm.

Table 4 — Experimental results of separation between lenses for the different lasers used.

Laser Wavelengths (nm) 976 632.8 640
L, Ly (mm) 151 155 148
Sample, L3 (mm) 53 58 55
L;, Sample (mm) 37 35 36
S,Ls (mm) 37 36 27

L, S (mm) 34 36 33

The number of measurements could be increased in order to minimize the error.
However, the main constrain will continue to be the localization of the lens’ central point.

Therefore, the estimated error will still be significative.
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4.2.1. Parts Design to Allow Low Tolerance Variations

Figure 4.6 shows the part created — (a) unassembled, and (b) assembled in the
setup — in order to support samples of different formats. The named Universal Sample Cage
(USC) is very versatile, allowing samples to have variable dimensions: from a

13.5x13.5x40mm? parallelepiped to a @ 30 mm cylindrical mount. Moreover, additional

adapters were created, as depicted in Figure 4.7, to increase the versatility of the USC.

it

L
- W,

_ Sample

Figure 4.6 - Printed USC with the compatible post.

Figure 4.7 shows several objects integrated into the sample stage. In (a), the
cyclohexane’s cuvette inserted in the USC is presented. Then, (b) shows the target inserted
in the mount’s system. Afterwards, in (c) the 3D object designed to support the fibre optic
(grey object) is shown. The cylindric part dimensions are @ 30 mm (external diameter) and
@ 11 mm (internal diameter). This object is coupled with the metallic adapter of @ 11 mm
(cylindric metallic object) attached to the FC/CT optical fibre adapter. And, finally, in (d)
the 3D object developed (white object) to support the Hg lamp is displayed. This object is a
parallelepiped of 13.5x13.5x40 mm? where the Hg lamp is vertically inserted, as depicted in
the Figure 4.7 (d).

- (a) b (b) \ )
Figure 4.7- The USC is adaptable for every system required to ‘place the sample: (a) cuvette; (b) target and
(c) optical fibre and adapter, and (d) mount with the Hg lamp adapter.
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4.3. Calibration

The computational calibration of the resulting images was done in MATLAB
R2020b to obtain the x-axis conversion from pixels columns to units of wavelength, as
mentioned in Chapter 3 — Materials and Methods. The calibration was divided into two parts:
a more general adjustment first, called coarse calibration, and a more refined, called fine

calibration.

4.3.1. Coarse Calibration

The images acquired in the coarse calibration of the different combinations of
the halogen lamp and the filters are presented in Figure 4.8 (left) while the respective spectra
are presented on the right side. Figure 4.8 is further divided into: halogen lamp (a) without
filters; (b) with the 796/41 nm filter; (c) with the 750/50 nm filter, and finally (d) with the
980 nm filter. Observing the images in the figure, it is possible to conclude that the ROI is
limited vertically from pixels’ rows 245 to 790. Nevertheless, this calibration, being more
general, uses the entire image, which could originate some background noise, but it was not
considered significant when performing the analysis.

In all the four images of Figure 4.8, is possible to see a continuous emission
spectrum. In the first image, (a), a continuous spectrum ending in pixel column 1000,
showing the detected halogen spectrum without any filter. Secondly, in image (b), an
emission bandwidth of approximately 100 pixels’ columns, which corresponds to a 41 nm
spectral band is observed. Then, in image (c), a larger bandwidth, corresponding to 50 nm is
also noticed. Lastly, in image (d), an intense region of emission is observed until the 200"
pixel column, with a well-defined edge, proving that the spectrum is horizontally inverted.
This means that higher wavelengths are located on the left side of the snapshot, increasing
horizontally from right to left. Additionally, the less intense signal emission in image (d)
between pixel columns 750 and 1000 can be justified by the less efficient blocking of this
filter in wavelength between 330 to 750 nm.

The coarse calibration procedure is based on the identification of the pixel
column which corresponds to each filter’s cut-off frequency, i.e., where 50% of the signal
of the halogen lamp is detected. It was determined as the pixels’ values where half of the

maximum local intensity of each filters’ binning spectra were detected.
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Figure 4.8 — Images of halogen lamp (left) and respective binning spectra (right) with an exposure time of
0.5 sec, and with different filters: (a) no filter, (b) 769/41 nm filter, (¢) 750/50 nm filter and (d) 980 nm filter.
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Figure 4.9 - First derivative of the halogen spectrum with various filters: (a) 769/41 nm; (b) 750/50 nm; and
(c) 980 nm (left). Halogen lamp spectra and corresponding pixels of half of the height of the zeros of the
derivatives (right).

The first derivatives of the spectra shown in Figure 4.9 (left) was used to identify the

maximum local intensity by computing the respective derivatives’ zeros. In the derivative
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values where the zero is not verified, it was determined the local maximum/minimum of the
region, e.g., the second value of the derivative of 769/41 nm spectrum (Figure 4.9 (a)) is the
maximum of the function. Subsequently, the value of the pixel column referring to half of
the derivative zero’s intensity was registered, as shown in Figure 4.9 (right). Those values,
called pixel numbers, are also presented in Table 5.

Analysing the left side of Figure 4.9 (), it is possible to verify that the two local
maxima of the derivative of 769/41 nm filter image correspond to pixels columns 687 and
734. The relative accumulated intensity of these pixels’ columns is, respectively, 5.2 x 10*
counts and 3.5 x 10* counts. The pixels numbers corresponding to half of this intensity are
on columns 655 and 749, respectively (Figure 4.9 (a) right). Similar analysis can be done to
graphs (b) and (c), which correspond to 750/50 nm and 980 nm filters, respectively.

To compare the pixel number with a reference wavelength, the filters’ theoretical
transmission wavelength values corresponding to 50% of the transmitted signal are
computed, through each filter’s datasheet, and the results are presented in Figure 4.10 and
summarized in Table 5. It is possible to see that the theoretical curves of the three filters

have sharp edges, which will allow a good correlation of the data.
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Figure 4.10 - Theoretical wavelengths values corresponding to 50% of the transmitted signal with the
different filters: 769/41 nm (a), 750/50 nm (b), 980 nm (c).

Table 5 — Correspondence of pixel values and theorical wavelength of 50% of the transmitted filter signals.

Pixel number 793 749 682 655 202
Theorical Wavelength (nm) 1)) o | 74700 | 77232 | 790.57 | 982.89

Alexandra Reis Pereira 69



Initial Development of a Spectrometer

To finish the Coarse Calibration, the linear regression done using the data
resumed in Table 5 is given in Figure 4.11 (left). Consequently, the resulting adjustment of

the spectrum is presented on the right side of Figure 4.11.
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Figure 4.11 - Coarse Calibration Result (left). Linear regression using the data of Table 5 (right). The
equation y=-0.4x+1071.5, where the x-axis and y-axis coordinates are the pixel numbers and the theoretical
reference wavelengths.

The obtained correlation coefficient (R?) value is 0.999, which indicates a very
good correlation. The well-defined delimitation of the area visualized in the prototype’s
spectrum is provided by two characteristics of the filters used: their OD greater than 4, which
results in an efficient blocking of the continuous emission spectrum of the halogen lamp
outside the region of transmission of the signal, as well as the sharped transmission edges
provided by the filters, especially the high-pass 980 nm filter (OD=6), which lets the
transition be almost modulated as a step. However, the number of points used on the
calibration is only five leading to possible errors in the final calibrated spectrum.

In order to improve the calibration results, an upgrade can be performed: adding
more filters, in a wider wavelength range and with high OD, increasing the number of points
used in the correlation. However, the purpose of this calibration is to implement a first

general conversion from pixels to wavelength units, which has been successfully done.

4.3.2. Fine Calibration
A second procedure, more exhaustive, was implemented, called fine calibration.
This calibration establishes a correlation between the spectrum of the same sample (Hg

lamp) in a commercially calibrated spectrometer, the SPEX 1403, and the prototype.
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As seen in Figure 4.12 (a), concerning the images acquired in the prototype, the
spectral bands are only observed in the [245, 795] pixels vertical range. This is in accordance
with the results presented in the previous section. Hence, since this is a more refined
calibration, the data acquired by the prototype is cut vertically to reduce the influence of the
noise from the other pixels. The cropped image is presented in Figure 4.12 (b). The direct
comparison of the binning of the original and cropped images can be seen in the bottom

graph (c), in which the background is reduced especially in the spectrum baseline.
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Figure 4.12 — Reduction of the background noise after image cropping. (a) Original image; (b) Cropped
image; (c) spectra comparison obtained from the original and cropped images.

The data acquired with the Hg lamp using the prototype is presented in Figure
4.13. Similarly to the halogen lamp, four spectra were acquired with the combination

between the lamp and the transmission filters.
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Figure 4.13- Spectra of a Hg lamp with (a) no filter, (b) 769/41 nm filter, (c) 750/50 nm filter, and (d) 980nm
filter.
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By analysing Figure 4.14, it is possible to see the superposition of the entire
prototype’s spectrum of the Hg lamp represented without filters (dark blue line), with the
769/41 nm bandpass filter (light blue line), the 750/50 nm bandpass filter (green line) and
the 980 nm high pass filter (purple line). However, the SPEX 1403 upper spectral
delimitation wavelength is close to 750 nm. This makes the wavelength’s ROI to be only

between 515 and 750 nm, as represented by dashed vertical lines in Figure 4.14.
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Figure 4.14 — Spectrum of Hg bands in the prototype without filter (dark blue), with 769/41 nm filter (light
blue), with the 750/50 nm filter (green), and with 980 nm filter (purple). It is also represented the wavelength
ROI used in this calibration [515;750] nm.

Consequently, the prototype data used to determine the correlation points in this
calibration is the spectrum of the Hg lamp without filters (Figure 4.13 (a)). The spectrum of
the Hg lamp with the filter of 750 nm (Figure 4.13 (c)) is used to confirm the calibration,
since its transmission is from 725 nm.

Figure 4.15 presents the spectrum acquired in the SPEX 1403, in which the x-
axis was converted from the acquisition unit, Raman Shift (cm™), to wavelength (nm), using
equation 2.1. For this acquisition, the analysed range was set to [18, 6103] cm™, which
corresponds to [515, 750] nm, with an integration time of 1 s and an increment of 0.5 cm™.
The y-axis is on a logarithmic scale to better visualize the less intense Hg bands.

The overlap of the two spectra can be seen in Figure 4.16, top. In this graph, it
is possible to verify that the prototype’s spectrum is wavelength-shifted in reference to the
SPEX’s spectrum, showing that although the R? obtained in the coarse calibration was close

to 1, the spectrum is not perfectly aligned.
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Figure 4.15 — Spectrum of Hg lamp using the SPEX 1403. The spectrum corresponds to the Raman shift
converted in wavelength (nm) vs. the logarithmic scale of the intensity of the counts registered.

Table 6 — Linear calibration of the spectrum

Prototype (nm) 567.12 695.40 700.40
SPEX (nm) 545.98 690.62 696.41
After linear 545.97 690.62 696.41
calibration (nm)

Residuals (nm) 0.0030 -0.0787 0.0758

Therefore, a new linear regression, using only unequivocal single bands in the
two spectrometers was made using the values of the prototype and the reference spectra
summarized in Table 6. The linear regression results in the equation y = 1.1282x —
93.8558. Also, point values of the prototype’s spectrum, after the regression, and respective
residuals of the correlation can be also found in Table 6.

The final shifted spectrum of the prototype is presented in Figure 4.16 (b), and
the residuals underneath (c) The R? value of the linear regression is 1, connotating this
recalibration with a good performance, as also proved by the minor quantities of the residual
values. Additionally, the observation of the final spectrum allows us to conclude that the fine
calibration is successful because the bands 545 nm, 690 nm, and 696 nm are coincident in
the two spectra and the other two bands, not included in the regression, the 576 to 580 nm,
match the large band in the prototype’s spectrum.

However, by making use of the same lamp, it is expected that the equivalent
bands would be seen in the two spectrometers. This is reasonable since it is certain that the
element ions present in the lamp, and, subsequently, spectra, would be equal. Nevertheless,

some bands in the prototype’s spectrum, especially in the middle field of view (625 nm), are
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missing. This can be justified by a misalignment between the camera and the diffraction
grating. Moreover, the overlap of the bands above 725 nm isn’t well defined. It was expected
that a single intense band in the prototype’s spectrum would be present, reflecting the four
close bands that emerge on the SPEX spectrum. This lack of signal could not be justified.
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Figure 4.16 — Overlap of SPEX 1403 spectrum (red), the spectrum acquired with prototype without filters
(blue) and with the 750/50 nm filter (green) of the same Hg lamp, before the fine calibration, in (a), — where
the initial points of the correlation are represented - and after the fine calibration, in (b). Also, in (b), the
bands with a black * are the ones used in the linear regression and, those with a grey * are the bands that
confirm the correlation. A logarithmic scale is used in the y-axis of graphs (a) and (b). At the bottom, in (c),
is represented the residuals of the linear regression.

In Figure 4.16 is also observed that the prototype has a resolution inferior to the

SPEX 1403. This was expected and can be justified by the grating’s characteristics, the
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imaging sensor’s sensitivity being less than the required to resolve some of the close bands,
as seen for example in the 576 to 580 nm region. This could be originated by the imaging
sensor’s lens not having a sufficient magnification factor to allow each detector’s pixel to
distinguish only one spectral band. Another cause can be that the Hg bands with high
intensities saturate pixels, leaking the signal to the surrounding pixels and so contributing to
large bands, and ultimately, to the overlap of close bands, such as the ones discussed.
Nonetheless, some improvements must be done to increase resolution, such as, (i) increasing
the focal length of the focusing lens on the detector system, or (ii) setting the detector further
from the grating. Also, (iii) substituting the detector system used by one with higher quantum
efficiency or (iv) smaller pixel’s size, consequently improving the system’s spectral
resolution. Also, (v) improving the prototype’s alignment obtained or (vi) changing the
aperture size by substituting the entrance slit used will have a major implication on the
resolution of the spectrometer. Moreover, (vii) kinematic mounts could be used in order to
allow more precise positioning and alignment of the optical components in the setup, and
consequently, a higher resolution can be achieved.

Analysing Figure 4.17, it is possible to verify that the prototype resolution is less

than 3 nm, by calculating the value of FWHM of the highest band (in the 545 nm).
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Figure 4.17 — Total Spectrum of Hg lamp after the calibration with the value of FWHM of the highest band.

This calibration is only validated to a limited spectral range (515 to 750 nm).
Consequently, the resulting shift of the prototype’s spectrum for longer wavelengths than
750 nm cannot be guaranteed. In order to solve this issue, a commercial reference

spectrometer with a higher spectral range could be used. This strategy would allow to
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increase the number of correlation points (spectral bands) and possibly, allow that the full
prototype’s spectrum could have correlation points.

Moreover, the prototype’s field of view is large [487-1114] nm, and so, each
pixel covers a 0.49 nm wavelength range, resulting in a low chromatic resolution, which
means that one or more spectral bands could be detected in the same pixel, which will
ultimately result in a wider band, instead of detecting narrower bands. However, adding a

DMD after the grating to select a restricted region of the spectrum could solve this problem.

4.4. Complex Sample Analysis

The last test done in this project was obtaining a cyclohexane’s Raman spectrum
in the HWVN region. Cyclohexane has well defined bands in this region, as seen in Figure
3.8 of Chapter 3 — Materials and Methods.

Cyclohexane’s significant bands in the HWVN, in wavenumbers, are [2664.4;
2852,9; 2923,8; 2938,3] cm™. Using equation 2.1, the laser’s excitation wavelengths and
those cyclohexane reference wavenumbers, the corresponding cyclohexane’s wavelengths
(nm) of interest in the HWVN are: [761.42; 772.51; 776.76; 777.64] nm for the 632.8 nm
laser, [771.52; 782.96; 787.31; 788.23] nm for the laser of 640 nm, and, finally, [1317.3;
1352.6; 1365.7; 1368.4 nm] for the 976 nm laser.

To obtain this spectrum, it is important to reject light outside the HWVN region,
which is in a different region for the infrared and the two red lasers. So, different filters were
used: the 769/41 nm bandpass filter while using the red lasers (632.8 nm and 640 nm) and
the 980 high pass filter combined with the infrared laser (976 nm).

However, since the HWVN cyclohexane Raman spectrum using the 976 nm
laser is expected to be between 1317.3 nm and 1368.4 nm, and the detection system cannot
detect above 1100 nm, the combination of this light source and the imaging sensor was not
suitable. Hence, only the two red lasers were used.

To reduce the background noise caused by direct light reflections, two linear
polarizers, with a 90° rotation relative to each other, were included in the setup, one placed
after the laser and the other before the detection system. Because the sample scattered light
does not have a preferable polarization direction, the second polarizer was used to reject the
light directly reflected by the laser and allow the other polarization directions to pass

through.
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Furthermore, all the frames were collected using the previous calibration, and
so, the ROI is still implemented to minimize noise. Also, this reduces the influence of “hot”

pixels in the acquisitions, which is caused by the increment of the exposure time.

4.4.1. Cyclohexane

The results of the acquisitions using the 632.8 nm laser are presented below. The
binning of the spectra of only 1 frame - Figure 4.18 (a) -, then, stacking using 10 frames,
1000 frames and lastly 2000 frames, to maximize the signal acquired, are shown in Figure
4.18 (b), (c) and (d) respectively. However, it is noticeable that the spectrometer cannot
distinguish the weak Raman signal from noise (Figure 4.18, dark blue line).

To try to solve this issue, several strategies are used to minimize noise from the
cyclohexane signal. Firstly, the dark current noise of the signal is removed (Figure 4.18 - red
line). Secondly, the background noise of the signal is removed (Figure 4.18 — light blue line).
The dark current noise is the inherent current that exists while no incident light is collected
by the detector. Hence, it is obtained when the laser is turned off (while no sample is placed)
and is the same for the two red lasers used (632.8 nm and 640 nm) (Figure 4.19 (a)). The
background noise is the stray light of the system (e.g., potential reflections in the optic cages,
excitation laser light) and it also includes dark current noise. It is obtained by removing the
sample but keeping the laser on (Figure 4.19 (b)). This noise is dependent on the laser used,
but the results were not significantly different, so only the background noise obtained with
the laser 632.8 nm is represented in Figure 4.19 (b).

Hence, for one frame acquisition of cyclohexane spectra (Figure 4.18 (a) and
4.20 (a)), since noise is of random nature, an average of 5 distinct frames of the respective
noises is subtracted (represent in Figure 4.19 blue lines). For the remaining data with the
acquisition of more frames, the final spectra result from the stacking of the cyclohexane
signal subtracted by the background and dark current noises, also obtained after the stacking
of the same number of frames (respectively, light blue and red lines of Figure 4.18 and 4.20
(b), (c) and (d)).

In Figures 4.18 and 4.20, the filter bandwidth region, [749 — 790] nm, where the
presence of the HWVN region of cyclohexane’s spectrum is expected, is highlighted by two

vertical dashed black lines. Observing Figure 4.18, the bands presented in this region are as
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intense as the ones seen outside of it, which indicates that the Raman signal is masked by
noise (dark blue line), even when the subtraction of noise is present (light blue and red lines).

The subtraction of two values of the noise of two distinct acquisitions can lead
to negative spectral points, or even the full spectrum under the zero line, which is caused if
the noise in the signal is more intense than the noise registered in the first acquisition. This
can be justified by the fact that noise is of random nature, and it is affected by several aspects
(e.g.,
spectral points are more likely to happen with smaller number of frames used. So, in

room temperature, ambient lighting variations, etc.). Furthermore, those negative

cyclohexane spectra which intensity was below the zero line, it was subtracted the minimum

of the spectra.
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Figure 4.18 — Stacking, using laser 632.8 nm, with 1, 10, 1000, 2000 frames ((a) to (d), respectively), of
cyclohexane (blue line), without dark current (red line) and background noise (light blue line).
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As mentioned, Figure 4.19 represents the acquisitions of dark current (a) and
background (b) noises with one frame (orange line). The average of 5 distinct frames is also

computed and represented in the same figure (blue line).
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Figure 4.19 — Dark current noise (a) and background noise (b) spectra, using 632.8 nm laser of one frame
(orange) and the average of five distinct frames (blue) of each noise. The same spectra of dark current noise
and similar spectra of background noise were obtained with the 640 nm.

The same data processing is done for the acquisitions with the 640 nm laser.
Figure 4.20 represents the stacking of the cyclohexane signal (blue line) using 640 nm laser,
for 1, 10, 1000, and 2000 frames — Figure 4.20 (a), (b), (c) and (d)

noise (red line), and without background noise (light blue line). The subtraction of the dark

-, without dark current

current noise (average of 5 frames) was the same as the subtracted array from the data
acquired with the 632.8 nm laser since it is independent of the laser used (Figure 4.19 (a)
blue line). The background noise subtracted is similar as the represented in Figure 4.19 (b),
blue line, but substituting the laser used, in this case, 640 nm laser. The result is similar and
considered not relevant to be represented.

Analysing each of the rows of both Figure 4.18 and 4.20, i.e., spectra with the
same number of frames, it is expected that the dark blue line spectrum without removal of
noise would have higher intensity (number of counts) when compared to the red line
spectrum with the removal of dark current noise. Also, since background noise includes dark
current noise, it is expected that the light blue line spectrum with the removal of background
noise will have an even lower intensity compared to the red line spectrum. This agrees with
the results represented in Figures 4.18 and 4.20.

When the background noise is subtracted, it is expected that the baseline of the

spectrum decreases, which has occurred in all spectra of Figures 4.18 and 4.20. However,
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the Raman signal can still not be observed. This proves that the Raman signal SNR is too
low and the designed system or some of its components were not able to detect it. Therefore,

the detector should be replaced by one with higher quantum efficiency and sensitivity.
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Figure 4.20 - Stacking, using laser 640 nm, with 1, 10, 1000, 2000 frames ((a) to (d), respectively), of
cyclohexane (blue line) without dark current (red line) and background noise (light blue line).

Observing Figures 4.18 and 4.20, it can be concluded that the stacking method
results in an increment of the intensity of the spectra, however, the noise is also amplified.
Consequently, the cyclohexane Raman spectra, being a signal of low intensity, are not
detected using the two red lasers. Furthermore, when the number of frames was increased to
5000, the spectrometer was still not able to distinguish the Raman spectrum of cyclohexane

from background noise.
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5. CONCLUSIONS AND FUTURE WORK

In chapter 5, the work developed in this dissertation project will be resumed, from
the starting point to the work carried out until its completion. The main conclusions will be
reviewed, in 5.1, and future developments will be proposed for the continuation of the
project, in 5.2.

5.1. Final Remarks

The main goal of this dissertation was to develop an initial Raman spectrometer
operating in the HWVN region of the spectrum with low tolerance to variations of position,
and evaluation of its performance. To do so, first, the choice of the components with
mathematical validation was completed, then the simulation of the setup was performed.
Afterwards, the prototype was assembled in the optical table with the elaboration of
alignment protocols and calibration procedures, and finally, as the ultimate goal, detection
of HWVN Raman signals was tested.

Regarding the choice of components and respective simulation, it was concluded
that, although the theoretical mathematical calculations for the lenses chosen were according
to the requirements for melanoma applications, during the simulation, the spot size obtained
was two orders of magnitude larger than the obtained theoretically. This can be justified by
the software not having all the components used in the real setting. However, this software
is still in development, so in the future, these issues could be solved. Nevertheless, the
expanded beam values of simulation and physical setup were in accordance with the
theoretical matrixial method.

It was also concluded that the main filter, 980 nm high-pass filter, was inefficient
to reject laser light when implemented at an angle of 45°. Consequently, the setup assembled
has a transmission configuration (0°), which is not suitable for in vivo biomedical
applications.

Concerning the prototype setup, several mechanical parts were designed to
minimize alignment variations. It was concluded that these 3D objects, i.e., the sample

holder, the camera fixation 3D parts, as well as the laser’s supports, help to maintain the
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position of the prototype components. In particular, the sample holder created allowed to
place several sample formats, without the need for moving the optical components.

Regarding calibration procedures, both coarse and fine calibrations obtained a
high value of R? (0.9993 and 1, respectively), which means that the correlation between the
regression data was good. The coarse calibration resulted in a well-defined delimitation of
the area visualized by the detector system, converting successfully the x-axis from pixel to
wavelength units. The fine calibration, which compared the spectrum of the same material,
Hg lamp, acquired in the prototype and a calibrated spectrometer, SPEX 1403, despite
having a high R? value, had some issues: some bands in the prototype spectrum were missing.
However, other bands after the calibration have correctly matched with the reference
spectrum, for instance, all the bands used in the regression, and moreover other two bands,
not included in the correlation. A possible explanation for the issue is a misalignment
between the camera and the diffraction grating. Furthermore, this calibration is only valid in
a small spectral range, [515-750] nm, giving no information about the rest of the prototype’s
wavelength range. Also, the prototype’s resolution was inferior to the SPEX 1403, which
can be justified by the imaging sensor’s sensitivity being less than the required to resolve
some of the close bands. This could be originated by the imaging sensor’s lens not having a
sufficient magnification factor to allow each detector’s pixel to detect only one spectral band
or insufficient distance between the grating and the detector.

Concerning the ultimate goal of this dissertation, the detection system available
could not detect signals above 1100 nm, so the main laser was substituted by red lasers,
making the HWVN region of the Raman spectrum detectable by the imaging sensor.
Therefore, acquisitions using 1, 10, 1000 and 2000 frames (stacking) of cyclohexane Raman
spectrum in the HWVN region, with background and dark current noise removal, were
obtained with the prototype. However, the Raman signal was not successfully differentiated
from noise with any of the lasers and/or the number of frames used. This can be justified by
the low efficiency of the detector used. It was also concluded that the stacking method results
in an increment of the intensity of the spectra, however, the noise is also amplified.
Consequently, the Raman signal, due to having low intensity, was not detected even with
5000 frames’ stacking.

In conclusion, despite the main goal of detecting Raman signal not being

achieved, the prototype has effectively acquired spectra of several lamps, obtaining a
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spectral resolution of less than 3 nm using the Hg lamp and has a field of view from 487 to
1114 nm. So, this leads us to believe that by substituting the detection system used with a

more sensitive one, the prototype will achieve the expected results.

5.2. Future Work

The main goal of this project was to build a Raman Compressive Spectrometer
that detects signals in the HWVN region of pigmented lesions, avoiding tissue
autofluorescence and providing a fast, non-invasive and easy to perform diagnosis of early
melanoma lesions. To accomplish this goal, in the continuity of this project, some
improvements and alterations must be implemented to the initial Raman spectrometer
developed in this dissertation:

1. Changing the configuration of the spectrometer from the transmission (0°) to
reflective (90°) geometry in order to apply this technology to in vivo biological
samples. To do so, a dichroic filter with high OD and that could effectively reject
laser stray-light placed at an angle of 45° is needed. In this manner, the optical
configuration would be simple and easy to reproduce, as already simulated in
3DOptix software, presented in Appendix D.

2. Also, an InGaAs detector should replace the one available to use in this
dissertation project. This is of great importance since the region of interest to
distinguish melanoma from BML is between 1300 to 1550 nm of the HWVN
spectral region, which is only detected by this type of detector.

3. Finally, a DMD must be added to select the specific wavelength of interest and
to reduce the measurements acquisition time, making this technology suitable for

clinical setting use.
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APPENDIX A

APPENDIX A - DEVELOPMENT AND DESIGN OF
THE 3D OBIJECTS

In the work, several mechanical parts were developed to allow an alignment with
low tolerances for positional variations and the minimum number of degrees of freedom
required. The 3D objects created were: the Universal Sample Cage (USC) System (already
presented in chapter 3 — Materials and Methods, section 3.3.1), the Detector Fixation System
(DFS) and the lasers and lamp supports, which will be addressed in this Appendix.

The mechanical parts were designed in the Autodesk Inventor Professional 2021
software. Then, the files were edited into the Ultimaker Cura 4.8.0 software, associated with
the A 3D printer Ultimaker 2+ where they were made. In this software is it possible to
choose some properties related to the specified printing, such as the profile, the material
used, the speed, among others. The material used to imprint all the parts was Polylactic acid
(PLA) material.

A.1.Laser’s Supports

A collimated beam is obtained when the initial laser position is fixed, and the
laser projection angle is zero. However, sometimes, this angle can be slightly deviated, and
therefore it is important to compensate it so that the final beam is the most constant in size
and height throughout the entire assembled system. With this in mind, bases were designed

for each laser used.

A.2.1. - JDS Uniphase Helium Neon Gas Laser
The base created to support the red laser of excitation wavelength of 632.8 nm
(JDS Uniphase) was designed in order to verify some prerequisites:
- a rail that allowed to efficiently fit a screw with a nut to fix it.

- two stable bases with a thread each, so that both can be connected to a BE1

Thorlabs Adapter ring. This ring was fixed to the optical table with a CF175 Thorlabs table
clamping fork, which allows the laser to be independent of the horizontal alignment in the

optical table.
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The result of the designed part for this laser is presented in Figure A.1.

(a) (©)

Figure A.1 — Design of the base for JDS Uniphase laser. Front view (a) and top view (b), where the rail and
the two bases with treads can be seen. Photo of the laser with the printed base with the ring adapter and table
clamping forks to immobilize the system (c).

A.2.2. - Bioray Coherent Laser Diode
The base design to fix the red laser of excitation wavelength of 640 nm is an
adapter to an original connector of the laser fixation system. The 3D object is attached to the
laser connector with 4 mm screws in the extremity’s holes designed in the superior face of
the base (Figure A.2).

] s S ki =l ta A ® o
Figure A.2 — Design of the Bioray Coherent laser diode base (left). Assembly of the imprinted object in the
optical table, with a compatible post holder (right).
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The main feature of this base is the possibility to adjust the height of the laser
through the lifting of the post in the compatible post holder. Furthermore, it allows the
horizontal rotation of the laser in order to improve the final collimation of the exit laser

beam.

A.2.Detection Fixation System (DFS)

Due to the need to immobilize the detection system, a camera position correction
system was designed to allocate the camera, eliminating its degrees of freedom, and thus not
allowing the camera’s field of view to vary, as represented in Figure A.3 (c). Hence, the so
called Detection Fixation System (DFS) is composed of three individual parts: two side
pieces —as shown in Figure A.3 (a) - to cancel the rotation angle and a lower piece to fix the

camera to a post - represented in Figure A.3 (b) - to obtain a camera’s constant height.

(@) (c)

(b)

]

Figure A.3 — Detector Fixation system (DFS) included two lateral parts, in (a), and a base to attach the
camera to a post and post holder, in (b). DFS implemented in the prototype assembly, in (c).
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A.3.Halogen Lamp Post

In addition to the parts seen before, a final part was also designed in order to
place the halogen lamp (Figure A.4). This adapter immobilizes the lamp, as well as
functioning as its post, being inserted in the sample post holder. However, since the halogen

lamp is only used in the Coarse alignment it will be not needed further and will be substituted

by the USC system.
\ /‘/, -4 i’/ | /i\ ‘ ‘ '-

Figure A.4 — Halogen Lamp mount adapter.
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APPENDIX B - POWER METER DEVICE

To measure the signal power of the laser or through the several optical elements
in the setup, a power meter was built. Thereby, setup optimization and the minimization of
signal losses within the optical system elements was possible.

The power meter is composed of a photodiode power sensor (S130C, Thorlabs),
which delivers a current, dependent on the wavelength and input power according to
equation B.1, connected to a transimpedance amplifier circuit, present in Figure B.1, to
convert the input current source into an output voltage, and finally, an Arduino that reads the
analogue value and converts it to a meaningful value of power, which the operator can read

and interpret.

I . . :
Responsivity (1) = pd/ p» With I,,; equals to photodiodes’ photocurrent (in  (B.1)
this sensor: 4.117mA) and P the incident light power.

Transimpedance amplifier: This circuit is composed of an operational amplifier

(Op-amp) coupled in negative feedback to a resistor (R, = 1.2kQ) and a capacitor (C; =
220nF) connected in parallel between the amplifier negative input and the output side of the
Op-amp (Vout). The circuit is fed by a current source (Photodiode) in the positive pin of the
Op-amp (Figure B.1). To stabilize the circuit bandwidth the capacitor value is given by the

following equation:

C; < m , where f, ¢ is the required bandwidth frequency. (B.2)
G
| |
I 1
Ry
—Qvout

|

Figure B.1 - Transimpedance Amplifier Circuit. Capacitor (C1), Resistance (R1), Photodiode (I,n) Output
voltage (Vou).
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Arduino: Firstly, the serial communication at 9600 bits per second is initiated,
and then an infinite loop is started. The centre pin of the potentiometer is attached to pin A0
of Arduino Nano, and the outside pin is on +5V and ground pins. The analogue input
(voltage), K, is continuously read on pin 0 and converted to a number between 0 and 1023,
which is proportional to the voltage applied to the pin. Then, this value is transformed by the
analogRead() function delivering a voltage, from 0 to 4.8V, in order to avoid saturation
(Voltage = K * 4.8/1023).

Then, since the photodiode sensor is wavelength dependent, the power value is

computed, using equation B.3, and printed on the serial monitor of the Arduino software. To
do so, the manufacturer supplied a datasheet with the calibrated values of responsivity vs.
wavelengths. Consequently, according to the excitation wavelength of the laser used, the
responsivity value should be written in the Arduino console.

Voltage/R, (B.3)
Responsivity (1)

Power =

The result of the built-in power meter is represented in Figure B.2.

- . ®
Figure B.2 — Developed power-meter instrument.
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APPENDIX C— OPTICAL FIBRE SYSTEM

A Fibre Optic System (OFS) was assembled in order to simulate a sample that
emits visible light (red in this case), to facilitate the alignment of the optical system
components of the transmission branch and the spectrograph of the prototype developed in
this dissertation.

The OFS, represented by the letter “m” in Figure C.1, was composed of three 30
mm? cages with @ 25.4 mm of diameter, which incorporates: 1% cage - a red laser of 635nm
(Bioray Coherent laser diode, PN: 0221-700-01); 2™ cage - an 11 mm focal length lens
(C220TME-C Thorlabs) was incorporated to focus the laser light into the optical fibre; 3™
cage - an optical fibre of 62.5+2.5 um core diameter with FC/PC connectors attached in the
endings of the fibre (M31L03, Thorlabs). Additionally, each ending of the optical fibre had
a cylindrical metallic adapter of @ 11 mm of diameter coupled with the FC/PC connector.

Therefore, to undertake a system with high movement stability two cylindric
adapters, described in section 3.3.1.1 from the optical fibre (represented by letter ‘f* in the
figure), were designed to connect to the OFS system (letter ‘m” in the figure) and another

adapter to place the fibre in the sample cage holder (USC) (letter ‘s’ in the figure).

A"'IIIZI

Figure C.1 — Optical Fibre System, OFS, (‘m’) with the optical fibre (‘f*), and fibre-coupled into the sample
mount (‘s’).
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APPENDIX D — COMPRESSIVE RAMAN SYSTEM

A compressive SWIR-Raman spectrometer is the ultimate goal of this project,
in order to apply it to early melanoma diagnosis in the clinical setting avoiding tissue-
autofluorescence. This configuration is simpler, allows fast acquisitions, as well as being
inexpensive.

Minor differences are needed to change the already developed Raman
spectrometer into a compressive SWIR-Raman spectrometer, as represented in Figure D.1
(left side), which are:

(i) changing the configuration from transmission geometry to reflection to apply
RS to biological applications, as already simulated in the software 3DOptix and, also,
implemented in the optical table as represented in Figure D.1 (right side);

(i) and, substituting the detector system for a DMD and an InGaAs photodiode
(represented by (3) in Figure D.1). The DMD will permit subsampling of the spectra of
lesions and so fast acquisition times, hence will make the device applicable for clinical
setting diagnosis. The NIR-laser and the HWVN are extremely important to avoid tissue
autofluorescence. Therefore, a detector with a detection range above 1100 nm is needed,
such as InGaAs photodiode, due to having a wider detection range (up to 2500 nm). This
will allow the detection of the HWVN spectral region, for instance, 1300 to 1550 nm, i.e.,

the ROI for differentiating melanoma and benign melanocytic lesions, using a NIR-laser.

@ it _ ®
<,\Filter Grating
20 . ~mals AN
N ——_—
T —
Sample ) —"
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— 4 |
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Figure D.1 — (left) Simplified schematics of the compressive Raman instrument configuration. (right)
Physical setup of a reflection configuration.
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