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Abstract

Pharmaceutical analysis plays a crucial role in drug manufacturing, allow-

ing the identification and exploration of the physio-chemical properties and

interactions between active pharmaceutical ingredients (API) and excipients

within a formulation. However, conventional microscopy instruments can be

constrained in resolving chemical information below the micron-length scales.

A newly arising nano-analytical technique is the Tip-Enhanced Raman Spec-

troscopy (TERS), which can obtain valuable spatio-chemical information from

the sample of interest, at the length scales of tens of nanometres or less. TERS

application has been reported on numerous carbon-based and biological sam-

ples, however to-date there are no records of TERS application on pharmaceu-

tical formulations.

This thesis evaluates the application of TERS technique on individual phar-

maceutical components or amorphous solid dispersions (ASDs). These include

paracetamol, felodipine, nicotinamide, copovidone, polyvinyl alcohol (PVA) ei-

ther alone or in combination as well as di-phenylalanine tubes. In these studies

two microscopy systems were used to examine the samples of interest. One

is the custom-built combined Atomic Force Microscopy - Confocal Raman Mi-

croscopy (AFM-CRM) system (located at the School of Physics and Astronomy

- Chapter 2), equipped with silicon AFM probes and the second is the TERS

system which is a combined AFM-CRM instrument of similar specifications (lo-

cated at the National Physical Laboratory), equipped with Ag-coated TERS

probes. Under the TERS equipment di-phenylalanine tubes were tested to

evaluate the degree of signal enhancement and spatial resolution which can

be obtained, followed by spectral evaluation of the ASDs, namely paraceta-

mol/copovidone 50% w/w and felodipine/copovidone 50% w/w, in Ag-coated

probe retracted and engaged positions (Chapter 3). With the intense photo-
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luminescence background noise generated from the spectra in engaged probe

position, two further studies were performed to identify the potential causes

in individual pharmaceutical components (Chapters 4 and 5). In Chapter 4,

each tested component was exposed under prolonged laser irradiation, with

the AFM-CRM instrument, finding the threshold of sample photodegradation

alongside with the association of photoluminescence occurrence in temperature

rise. Moreover in Chapter 5, multiple spectra were acquired under the TERS

instrument as a function to apex-to-focal spot distance across the XYZ direc-

tions, recording any changes in the spectra, including signal enhancement and

sample photodegradation. After identifying paracetamol’s properties to with-

stand prolounged laser irradiation and provide adequate signal enhancement,

AFM, CRM and TERS maps were obtained from both systems (Chapter 6).

Specifically, paracetamol/PVA 30% w/w 2D-printed microdot was interrogated

under the probe, detecting nano-meter length inhomogeneities at the sample

surface.

Under the tested bottom-illumination TERS instrument equipped with 532

nm incident light, most pharmaceutical components and formulations showed

low TERS signal enhancement. In all studies, felodipine displayed photodegra-

dation, whereas paracetamol demonstrated small enhancement beneath the

probe apex. With limited signal enhancement, it was feasible to demonstrate

qualitatively ASD inhomogeneity at the surface of the formulation.
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Chapter 1

Introduction

1.1 Oral formulations

1.1.1 Background

Oral drug administration is known to be one of the most popular routes of drug

delivery for the human body. This is based on the ease of use, limited sterility

constraints during manufacturing, cost effectiveness, patient compliance, as well

as flexibility in design of dosage forms [1–3]. To achieve the desired therapeutic

effect, an oral formulation requires to cross a series of biological barriers after

entry to the organism. This journey starts with the dissolution of the formula-

tion in the gastrointestinal fluids, continues with the absorption through the gut

mucosa into the hepatic portal vein and further bypass of the first pass hepatic

metabolism, ending with the transport to the target tissue via systemic cir-

culation [4]. In some instances, the medication may undergo physico-chemical

changes at different stages of the gastrointestinal system which can affect its

performance, especially during its dissolution in the gastric fluids [5, 6]. In

order to obtain a clear view of the oral formulation and behaviour, the Active
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Pharmaceutical Ingredients (APIs) have been classified into 4 groups, accord-

ing to their degree of dissolution and solubilisation in aqueous medium as well

as permeation through the intestinal tissue. For this, the Biopharmaceutical

Classification System (BCS) was designed in 1995, as displayed in Figure 1.1

[7]. In brief, a BCS class 1 drug display high solubility and permeability perfor-

Figure 1.1: The Biopharmaceutical Classification System (BCS).

mance, a class 2 has low solubility and high permeability profile, class 3 shows

high solubility and low permeability and class 4 display both low solubility and

permeability. It is worth noting from the new chemical entities tested for mar-

ket release, only a 5% belong to BCS class 1, making them the most attractive

candidates to be pushed further into clinical trials. Whereas, 90% of the new

entities have been categorised as poorly soluble, accumulating both class II and

class IV substances [8]. Drug candidates, with limited solubility and/or disso-

lution rate can be very troublesome, as the uncontrollable and unpredictable

solubilisation process may result in erratic and low bioavailability after their

uptake.

Few years later, a revised version of the classification system has been published,
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termed as the Developability Classification System (DCS), as displayed on 1.2.

This system gives an emphasis on the addressing issues during drug develop-

ment, rather than as an assurance in drug bio-equivalence. One of the main

points DCS classifies formulations is based on the concept of Solubility Limited

Absorbable Dose (SLAD) [9], where class II drugs have been divided into IIa

(dissolution rate-limited) and IIb (solubility rate-limited). This division has

been based on the concept that solubility and permeability are compensatory.

Crystalline IIa drugs in standard solid oral dosage forms display complete oral

absorption, even if saturation solubility is approached in vivo. This eliminates

the need for complex solubilisation technologies for these types of compounds.

However, their dissolution can be impacted by factors such as formulation par-

ticle size. Specifically, increased particulate size leads in reduction of particle

surface area and further decrease of interaction with the gastrointestinal flu-

ids, hence low dissolution-rate [10]. The opposite can be stated for the IIb

compounds. Crystalline IIb drugs must be prepared in an already solubilised

form, which presents the main challenge in drug formulation, as the crystalline

structure within the formulation cannot solubilise enough. These outcomes

generate great interest both in industry and academia to better understand

the behaviour of crystalline structures, their physico-chemical properties and

how such characteristics behave and interact with other compounds or influ-

ences from their micro-environment. This information will allow scientists to

implement sophisticated formulation techniques that would improve aqueous

solubility of BCS II and IV drugs.

1.1.2 Amorphous solid dispersions

Over the past decades, pharmaceutical industry has been consistently test-

ing and utilising different routes to improve dissolution and oral absorption of
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Figure 1.2: The Developability Classification System (DCS).

poorly-water-soluble drugs [11]. One popular route entails the chemical modifi-

cation of the molecular structure, which involve synthesis of salts and co-crystals

[12, 13]. With alterations to the structure of the drug however, this approach

may lead to altered pharmacokinetic and pharmacodynamic properties [12] end-

ing with unwanted pharmaceutical effects to the patient. Another interesting

route is physical modification of the drug. By, increasing the contact surface

area and decreasing particles size [14] micron to nano-ranged sized crystals are

generated, with improved solubility performance. However, this method is effec-

tive only to particles which solubilise above 50 µg/ml [15]. Despite the chemical

and physical alterations of an API, one very prominent route is the formula-

tion approach. This entails the production of liquid or solid systems based on

surfactant, lipid vehicles and carriers, respectively [16, 17]. Special attention

has been given to polymeric Amorphous Solid Dispersions (ASD). Compared

to crystalline compounds, these formulations gained popularity throughout the

pharmaceutical research community, due to increased wettability, enhanced sol-

ubility, reduced particle size and high porosity [11, 18]. The main characteristic
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feature of ASDs are the amorphous phase of the APIs in the system. They dis-

play an un-ordered intermolecular arrangement lacking their three-dimensional

long-range crystalline structure [10, 19]. Their increased solubility is explained

due to the higher energy state they exhibit compared to the crystalline solids. In

Figure 1.3 [20] the classical free energy-temperature correlation is displayed. For

a crystal when the temperature increases the free energy decreases significantly,

converting spontaneously from solid to liquid state at melting temperature Tm.

From this point there are two possible outcomes to the materials solid-state,

depending on the speed of the cooling process. If the system is cooled at a

slow rate below Tm, there is adequate time for crystal nucleation and growth,

forming both short and long-range molecular ordering of the structure. Else,

by rapidly decreasing the system temperature below Tm, the system enters a

supercooled liquid state, where the molecules are mobile. Further cool-down of

that system, below the glass transition temperature Tg, generates a free-energy

increase in a distinct discontinuity. The system is said to enter a glassy state

of high free energy compared to the crystalline counterpart.

As amorphous API solids exhibit a high energy state, they are also inherently

less stable than crystals, and over time can convert to their thermodynamically

stable crystalline form [10]. Furthermore, due to their increased molecular

mobility to crystals, they demonstrate strong chemical reactivity with other

molecules in their micro-environment, leading to chemical degradation [10]. In

order to retard the crystallization process and prevent mobility, this is where

the polymer molecules of the ASDs can be used. Polymers are structurally com-

posed of repetitive units, known as monomers, forming long, carbon-backboned,

molecular chains. When these chains are blended with the amorphous API

down to a molecular level, crystal nucleation and growth can be hindered with

hydrogen bonds [21–23] and/or by lipophilic attraction [24–26], forming nu-

merous interchain or intra-chain crosslinks. As a result, the amorphous drugs
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Figure 1.3: Temperature and free energy correlation on single-component state.

are entrapped, and hindered in mobility within those inter-molecular networks,

reducing the formation rate of crystalline lattices. Amorphous solid-state sys-

tems contain adequate free energy to easily dissolve and solubilise in aqueous

medium, whilst remaining relatively stable retarding the dissolution process

[14, 27], as visualised in Figure 1.4. For the production of these types of formu-

lations a series of ASD preparation methods have been established commercially

and applied until today [28], such as Hot-Melt Extrusion (HME) [29, 30], spray

drying [31, 32] or freeze-drying [33].

Regardless of the solubility enhancement of ASDs for poorly-soluble APIs pro-

vide, there are certain stability drawbacks to these types of formulation. Tem-

perature, humidity [35], mechanical stress [36], as well as specific preparation

methods [37–39] can affect the extent of matrix polymer mobilisation, drug

crystallisation [34] as well as drug-polymer phase separation [40].

In addition, the API may also form different molecular arrangement of its crys-
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Figure 1.4: The energy pyramid of the crystalline, amorphous solid dispersion
and amorphous form, with µ being the chemical potential (diagram not scal-
able) [34].

talline lattice, known as polymorphs. Different polymorphs of the same drug

molecule, present different physical and chemical properties, with differing sol-

ubility, dissolution and stability effects compared to the desired crystalline form

in a formulation [10]. As a result, changes in drug distribution and formulation

homogeneity leads to variable dissolution rate and consequently to unwanted

molecular bioavailability concentrations.

1.2 Chemical characterisation of formulations

1.2.1 Pharmaceutical analysis

For commercial ASD or even nanotechnology-driven pharmaceutical products

to become released in the market it is vital to identify the causing factors which

affect the stability and performance of these products. To address those issues,
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pharmaceutical analysis plays a crucial role both in quality control as well as

research and development in the field of pharmaceutics. Due to the complexity

of the physico-chemical properties formulations present, multifaceted analyti-

cal methods are required to comprehensively characterise these materials, how

they may interact with each other and how they might behave or perform in

different environmental conditions, including in vivo [41]. Specifically, these

methods are applied to provide answers to certain questions, such as identity of

components, their amount in the formulation of interest, impurities, self life and

more [42]. Depending on the nature of these questions, one must choose one or

multiple suitable analytical techniques which will be able to provide adequate

information to answer these questions. In particular, to physically characterise

a ASD formulation, in terms of particulate dimensions and morphology, light

microscopy [43], scanning electron microscopy [44, 45] or transmission electron

microscopy [46] can be used. For thermometric-associated measurements dif-

ferential scanning calorimetry [47] can be applied. However, these methods are

limited or lack in chemical specificity. To complement with the obtained phys-

ical information, chemometric techniques can be implemented, which mainly

fall under the field of spectroscopy. Spectroscopic methods are based on the

concept of material interaction exposed under electric or magnetic radiation to

a molecular or even atomic level. These range from fluorescence [48], infrared

, near-infrared [49] or nuclear magnetic resonance [50]. Among these spectro-

scopies, one technique which gained great popularity over the recent years is

Raman spectroscopy.

1.2.2 Vibrational spectroscopy

Light can interact with matter in various ways, including absorption, emission

or scattering [51]. Light in the form of electromagnetic waves constitutes of very
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small and discreet energy packages known as photons. These photons interact

with molecules by transferring or gaining vibrational energy or by remaining

intact. Here vibrational spectroscopy measures the transitions between molecu-

lar vibrational energy levels, by recording these changes in the form of recorded

spectra.

1.2.2.1 Infrared spectroscopy

InfraRed (IR) spectroscopy relies on the absorption of the mid-IR (25 µm -

2.5 µm) and near-IR (2.5 µm - 800 nm) spectra range, where the transition

between the molecular vibrational energy levels are recorded [51]. The basis of

these transitions involves the change in dipole moment of the analyte molecule,

by oscillating the distribution of the positive and negative partial charges be-

tween the atoms. Depending on the different functional groups in a molecule

that undergo the transition in dipole moment, the drop in IR intensity, due

to energy absorption, is recorded across the spectrum. This spectrum is then

plotted against the inverse of the wavelength i.e. the wavenumber (cm−1)[52].

IR spectroscopy has been applied in a multitude of pharmaceutical studies.

These were often associated with polymorph identification [53, 54], drug poly-

mer interaction in ASD [55–57], even obtaining information about the content

moisture of compounds such as powders, granules, pellets, tablets and capsules

[58, 59].

1.2.2.2 Raman spectroscopy

The Raman effect was first been observed and reported by Sir C.V. Raman

and Krishnan K.S. in 1928 [60, 61]. This effect is a two-photon inelastic light-

scattering event. As shown in Jablonski’s diagram in Figure 1.5, from the

photon emission of a monochromatic light, a molecule is promoted to a vir-
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tual excited state and further returns to the same or different levels of their

vibrational ground state. In most cases, a photon undergo elastic scattering

(Rayleigh), with no energy transfer to the sample molecule, which returns to its

former ground state. From all the probabilities related to all processes of light-

matter interaction, the Rayleigh scattering event has an approximate chance of

occurrence of ca. 1:105, for every meter of travel. There is also a small probabil-

ity of ca. 1:107 photons to inelastically scatter from the matter and either lose

or obtain energy [62]. This is the Raman scattering phenomenon, in which the

scattering could be red- shifted for the photon (Stokes scattering), returning

the molecule to a higher vibrational ground level (ν=0→ ν=1), or blue-shifted

(Anti-Stokes scattering), with the molecule returning to a lower ground level

(ν=1 → ν=0). These processes are governed by Boltzmann distribution, de-

fined by the relative population of energy states at a given temperature [63].

For a Raman event to occur, it is important to consider the polarisability of

the analyte material. Polarisability refers to the ease of a molecular cloud be-

coming distorted by the electric field of an incoming photon and can be related

to the elasticity of the electron cloud of the molecule. For instance, a C=C

is a strong Raman active system, where the π electron cloud can be distorted

with expansion and compression along the bond’s axis. Raman active molecule

give stronger Raman scattering signal [52]. Therefore, in pharmaceutical for-

mulations analysed through Raman spectroscopy, stronger Raman signals are

often detected from APIs due to the number of π-bonded electrons available

compared to excipients, where mainly σ-bonds are available [64]. This distinc-

tion between APIs and excipients is a great asset in chemometric analysis of

multi-component pharmaceutical products [65].
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Figure 1.5: Jablonskis diagram [63]. Briefly, this illustration depicts the energy
level changes in infrared (IR), Near-InfraRed (NIR) absorption, Raman and
Rayleigh scattering and fluorescence. In Stokes scattering, the molecule gains
energy from the laser photon (green) and thus the scattered photon (red) is at
a lower energy. Whereas, in Anti-Stokes scattering, the photon gains energy
from the molecule and the scattered photon (blue) is at higher energy.

1.2.2.3 Raman microscopy

Raman spectroscopy is often combined with optical microscopy in order to ob-

tain spatially-associated chemical information of the sample of interest. As

displayed on the schematic in Figure 1.6, a Raman microscope is equipped

with an excitation laser of interest, which beam is directed with the help of

set optics onto the sample’s surface through the objective lens to produce Ra-

man scattering [63]. The scattered light is collected through the same objective

and directed to a spectrograph, for its separation into individual wavelengths.

The produced lights are projected onto a Charged-Coupled Device (CCD), with

their intensity being measured in the form of a spectrum. This technique has

many useful applications in pharmaceutical sciences, such as API polymorphism

identification [66], in vivo drug delivery investigation [67, 68], characterisation

of constituent distribution in solid dosage forms [69–73] and counterfeit detec-

tion [74]. It facilitates a non-invasive analysis and limited sample preparation,
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without the need of a dye, like in fluorescence spectroscopy [63]. A wide range

of samples in various physical states can be supported, such as translucent,

opaque, coloured, solid, semi-solid, including dosage forms like creams, suspen-

sions, syrups and solutions and more [75]. The analysis of such components

can be achieved by using glass containers, well plates or even in solubilisation

in aqueous environment [76]. Despite the many advantages of Raman imaging,

spatial resolution is a major limitation in optical-related microscopies. Spatial

resolution in Raman microscopy is defined by the volume of the bulk sample

that is irradiated by the monochromatic light. The dimensions of this volume

are determined by the laser spot size (lateral resolution) and the depth of field

(depth resolution) of the microscope. The lateral and axial resolutions can be

calculated from Abbe’s Equation 1.1 and Equation 1.2, respectively [77].

Abbexy =
λ

2NA
(1.1)

Abbez =
2λ

NA2
(1.2)

The diffraction limited spot size is measured as the wavelength of the incident

light λ, over two times the Numerical Aperture (NA) of the objective. In brief,

NA is a dimensionless number which describes the size of the angle, relative

to the focusing point, at which light is emitted or collected from the objective

lens. The NA can be calculated from equation 1.3,

NA = n ∗ sin θ (1.3)
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where n is the refractive index of air or immersion oil and θ is the half an-

gle of the objective aperture. According to the first equation 1.1 for shorter,

blue-shifted, wavelengths and high NA objectives, the spot size reduces and

the sample spatial resolution improves. For instance, having a green 532 nm

incident wavelength with an oil immersion 100× objective of 1.45 NA, the

diffraction spot size is estimated to be approximately 183 nm.

Figure 1.6: Schematic of a CCD based confocal Raman microscope [63].

1.2.2.3.1 Raman mapping Raman mapping refers to the collection of

Raman spectra of an area or volume of a sample, through a virtual grid of

XYZ-axial coordinate system. The collected data is also referred to as hyper-

spectral data. In a Raman mapping process, there are multiple approaches to

acquire spectra, due to the CCD matrix detectors, possessing pixels in a two-

dimensional array. The most popular method is the point-by-point mapping,

where the laser spot is being translated through the grid system sequentially
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and for each point a full Raman spectrum is acquired [78–81]. There is also

line-scanning, where an irradiating line gathers spectra across multiple points

on a single line of the scanning grid. Another approach is the global imaging,

where every pixel in the matrix detector is used to generate an image of the

irradiated sample. Point-by-point mapping has several advantages over the two

other approaches as it provides a better Signal-to-Noise ratio due to spectral

summing or averaging in the CCD as well as provides a full spectrum per pixel

for chemical analysis [82].

1.2.2.3.2 Data analysis The amount of data that can be obtained with a

Raman microscopy system can be large to the scale of thousands of spectra.

The analytical steps performed are divided into data pre-processing as well as

data exploration and quantification.

1.2.2.3.2.1 Data Pre-processing This stage is a vital step before the in-

terpretation, quantification and projection of the hyperspectral data. An ex-

perimentally recorded Raman spectrum is the product of various contributions

[83]. A Raman spectrum can be corrupted with sharp, high intensity spikes

which originate from high energy cosmic particles hitting the CCD, sample

fluorescence, and CCD thermal noise. For the removal of those sharp peaks,

routine processing can be performed through commercial software, or by ap-

plying an outlier detection algorithm, described in a relevant study [84]. To

remove the spectral background originating from sample fluorescence or ther-

mal fluctuations on the CCD, one can apply background correction procedures

like polynomial fitting on the acquired spectrum [83]. Often-times, Raman

spectra can be affected by the components of the formulation, which present

different Raman scattering coefficients, generating disproportionate signal in-

tensities. In order to eliminate these variations in the scattering efficiency, the
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spectra are normalized by dividing their mean intensity [85].

1.2.2.3.2.2 Data processing The methods whereby pre-processed data

can be analysed and explored are univariate, bivariate and multi-variate anal-

yses. The univariate analytical approach focuses on measuring a Raman band

signal intensity, integral or bandwidth, in order to generate images. This ap-

proach is used to project the spatial distribution of a single component [86–89].

In bivariate analysis the spatial distribution of two components is projected,

by calculating the ratio of the two component band intensities or integrals

[69, 70, 90]. In multivariate analysis, single component values are not utilised.

Instead, the relationships between the intensities of all the data points in the

hyperspectral data cube are calculated and components are generated based on

their variance. Multivariate analysis was applied for generating both quantita-

tive [91] and qualitative [85] Raman images [63].

1.2.2.4 Surface-enhanced Raman spectroscopy

While Raman spectroscopy has great popularity in pharmaceutical analysis,

surface-enhanced Raman scattering acquired a lot of attention and experimen-

tation in the Raman community over the past decades. In 1974, Fleischmann

and his co-workers accidentally identified signal enhancement of the pyridine

molecules over rough silver electrodes in an electrolyte cell [92]. After that

event, two independent groups [93, 94] measured the enhancement in the pyri-

dine signal by a factor of 105-106. This escalated to a series of studies to identify

factors behind this event [95, 96] and applications in various field, such as elec-

trochemistry, biology, medicine, materials science and more [97]. Especially in

pharmaceutical studies, De Bleye et al [98] demonstrated the use of surface en-

hanced Raman chemical imaging for detecting and quantifying 4-aminophenol
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impurities available in paracetamol tablets. This surface enhancement effect

has been repeatedly reported for molecular analytes adsorbed of metallic clus-

ters or roughened surfaces such as silver, gold, aluminium or copper (Figure

1.7 a)) [99–102]. This mechanism of the field enhancement comprises of two

contributions, namely Electromagnetic Field Enhancement (EM) and Chemical

Enhancement (CHEM).

Figure 1.7: Depiction of SERS experimental setup where the incident light
(blue arrow) is amplified at the rough metal substrate, due to localised surface
plasmon resonance, generating and enhancement in both SERS Raman signal
and that of the incident light at the laser spot vicinity.

1.2.2.4.1 Electromagnetic field enhancement This mechanism is ar-

guably the primary cause of the enhancement as the enhancement factor can

vary between 108-1011 [96, 103, 104]. The rise in EF is the result of the exci-

tation of Localised Surface Plasmons (LSP) from the metallic nanoparticles of

the SERS substrate. Specifically, plasma refers to the mobile delocalized va-

lence electrons of metal nanoparticles, forming a dense gas of charged particles

[105, 106]. Whenever an electromagnetic light or electron beam bombards the

plasma, a transient change to the distribution of electrons occurs, first gen-

erating denser electron clouds followed by Coulombic electron repulsion. The

resulting oscillations in electron density are called plasmons. It is important to

note that the SERS nanoparticles used have a typical size of less than 100 nm,

normally smaller in size than the wavelength of the excitation light. This leads

to the distribution of the plasmon oscillation over the whole particle volume,
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resulting in a harmonic electron oscillation driven by the energy resonant light

wave. As seen in Figure 1.8 b) the electron cloud oscillates like a dipole in par-

allel direction to the electric field of the electromagnetic radiation, acting as a

nano-antenna" [107]. With multiple metallic cluster displaying LSP resonance

the local electric field at the vicinity increases, with a range of a few nanometre,

amplifying the Raman signal.

Figure 1.8: Illustration of the dynamics of a metal cluster nanoparticle during
irradiation. The diagram shows a snapshot of a nanoparticle excited by an ap-
plied electric field. The incoming electric field (cyan) excites the nanoparticle,
while the restoring electric field is generated by the out-of-equilibrium surface
charges (green) and the ionic network causes damping (yellow), with the direc-
tion of the arrow assuming that the electrons already move downward in the
diagram). If the external field oscillates at the frequency of the resonant mode
of the particle, both external and restoring fields will sync, greatly enhancing
the total field in and around the particle. If the external field disappears, the
charge oscillation in the particle will continue until dampened by the friction-
like losses [108].

1.2.2.4.2 Chemical enhancement The Chemical Enhancement (CHEM)

refers to the enhancement of Raman scattering due to the transfer of electrons

between the adsorbed molecules and the metallic substrate. This mechanism

is based on Charge-Transfer [97, 109], either transferring charge from the con-

duction band of the metal to unoccupied molecular orbitals or vice-versa. Ac-

cording to the literature, the enhancement factor recorded is about 102-103

[110–112], although some other studies have indicated under certain conditions

these values can be higher [113–116]. As both enhancement mechanisms are

augmenting the Raman scattering events, unexpected chemical enhancements

can lead to quantitative and qualitative misinterpretations of these results [97].
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Therefore, upon data examination one must take serious consideration of cer-

tain aspects of the SERS substrate such as particulate size, shape, adsorption

geometry, relative orientation as well as surface homogeneity [97], before draw-

ing any conclusions.

1.2.2.4.3 SERS drawbacks Despite the potentially high chemical sensi-

tivity of these technique, there are certain drawbacks that need to be addressed

[117–119].

• Under a conventional microscope setup, SERS does not resolve spatial

features below the diffraction limit of light, with the lowest possible limit

approximating at 200 nm.

• SERS experimentations are only limited to rough metallic substrates,

other than smooth which provide only CHEM to the signal.

• As aforementioned both EM and CHEM can be intertwined generating

variable signal enhancement to different Raman bands. Therefore, careful

consideration of the properties of the SERS substrate and studied mate-

rial should be made as well as informed decision of the pre-processing

technique is required before result interpretation.

1.2.3 Super-resolving microscopy techniques

1.2.3.1 Scanning probe microscopy

Scanning Probe Microscopy (SPM) is an umbrella term of a group of micro-

scopies which are based on the interaction between a probe and the sample.

Specifically, the probe is of nanometre size dimension which is used for the de-

tection of local surface properties down to nanometre or even atomic resolution
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[120]. Depending on the method of interaction applied between the probe and

the sample, the type of scanning probe microscopy is determined. Two of the

most popular SPM techniques to date are Scanning Tunnel Microscopy (STM)

as well as Atomic Force Microscopy (AFM).

1.2.3.2 Atomic force microscopy

For the resolution of physical features down to nanometre lengths AFM has

proven to be a powerful nanoscopic tool [120, 121]. The principle of this tech-

nique lies on the forces produced between the apex of a nanometre-sized probe,

originating towards the edge of a flexible cantilever, and the sample surface.

According to Figure 1.9a, there are two different stages of force-associated tip-

sample interaction. (a) At long distances between the probe and the sample

surface there is no force. (b) As the tip approaches the surface there are small

negative forces of attraction. This can be due to electrostatic or van der Waals

forces. After maximum negative force has been reached, thereafter with the

continuous descent of the probe, a drastic increase in repulsive forces occurs.

(a)
(b)

Figure 1.9: a) Force between probe and sample as a function of distance. b)
Schematic of an atomic force microscope [120].

The force involved between the surface and the apex can be measured with the

deflection of a laser beam across the surface of the flat spring, also known as

cantilever, locating at its edge the probe. Based on the cantilever stiffness k
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(spring constant), the Force in nN can be determined according to Hookes Law

(Equation 1.4),

F = kz (1.4)

where F is the spring force, and z is the displacement of the cantilever between

the bent and the relaxed state. In Figure 1.9b a schematic of the operation of an

AFM is displayed. Here the reflected laser from the back of the cantilever hits

the surface of a photodiode. The changes in probe’s movement are detected on

the photodiode surface and with the help of piezo-electric transducers maintain

a constant force between the tip and the sample and a raster scan of the sample’s

surface with free translation to all three directions.

In AFM there are mainly two modes that can be selected for a scan opera-

tion, contact and non-contact mode. The first mode refers to the constant

engagement of the probe to the sample surface, causing the cantilever to de-

flect. While the tip scans the surface, the degree and direction of deflection is

recorded to gain information of the sample topography. This approach offers

high nano-scale resolution, allowing even the visualisation of electronic config-

uration of single atoms [122]. However, by applying strong lateral forces, this

can lead to malformations and damages to the sample surface as well as apex

blunting which affects the recorded image resolution [123]. The non-contact or

intermittent or tapping mode overcomes to a large extent the aforementioned

limitation by minimising the forces applied. In this mode, the cantilever oscil-

lates at a certain frequency, allowing the apex to tap the surface in fractions

of a second. Due to the marginal forces, this method allows the investigation

of very soft samples such as cells, bio-membranes or liposomes [124–128]. It

is worth mentioning that the application of AFM is not limited to morpholog-
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ical identification of the sample in question. This technique can also extract

mechanical information such as elasticity or adhesiveness of the sample. The

frictional forces generated during contact mode as well as the energy damp-

ening by soft materials during tapping mode in flat surfaces can be detected.

These changes in force allow the analysis of different material distribution or

phases within the sample, such as lipid separation [129] or drug distribution

within nanoparticles [130]. AFM also finds application in multiple studies in

the pharmaceutical analysis, including tablet coating [131], crystal dissolution

[132], crystal growth [133] and drug polymorphism [134]. Nonetheless AFM is

only constrained to extracting only the physico-mechanical properties of the

sample.

1.2.3.3 AFM-IR

Another emerging nanoscopic technique for chemical characterisation of sub-

micron sized materials is the AFM-IR or photo-thermal induced resonance IR

[135]. Similarly with IR, this technique is based on the amount of IR light

absorbed in the sample. First developed by Dazzi et al [136], this system com-

prises of an AFM system, a tunable, pulsed laser source as well as the optics to

direct the light towards the apex of the AFM probe. As the IR laser irradiates

the area (≈40 µm in diameter) around the tip, the sample within this space

absorbs and thermally expands in a time-frame close to the laser pulse length

[137, 138]. The resulting surface thermal expansion is less than 1 nm which

can last between sub-nano to few micro seconds, depending on the thickness

and thermal conductivity of the sample [138, 139]. With the rapid expansions

in the sample surface the AFM probes are kicked into oscillation, with changes

in their amplitude being proportional to the sample absorption [137, 138, 140].

The typical ∆T can range between 1 to 10K, since the thermal expansion co-

efficients are very small (from 10−6 to 10−4)[141, 142]. To acquire absorption
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spectra the AFM tip must remain stationary on the sample surface, while sweep-

ing across the laser wavelength. Whereas, to obtain the absorption map, the

laser wavelength must remain fixed as the AFM probe performs a raster scan

across the sample. For the successful execution of this technique, tip–sample

contact dynamics play a critical role for resolving fine nano-particulates in a

scan. Therefore, for different types of samples, the selection of experimental

parameterers, such as AFM probe scan line-speed, probe force setpoint, laser

power, laser frequency must be taken under careful consideration and extensive

evaluation [135]. AFM-IR has found application across multiple fields, includ-

ing polymer science [143–147], photovoltaics [148–151], chemistry [152, 153] or

2D materials [152, 154–157]. This technique has also been demonstrated in a

series of pharmaceutical studies, such as evaluating the degree of drug-polymer

miscibility in a ASD system [158] or influence of solvent properties on the phase

behaviour of ASDs [159]. Regarding drug-polymer miscibility, Li and Taylor

[158] investigated the miscibility of a poorly water- soluble drug telaprevir,

with three different polymers, using the AFM-IR technique. From this study

it was possible to resolve down to 50 nm in domain size of the phase-separated

polymer regions.

1.3 Tip-Enhanced Raman Spectroscopy

1.3.1 TERS concepts

As the concept of enhanced Raman signal were first noted during the 1980s, in

1985 Wessel proposed the idea of the Tip-Enhanced Raman Scattering (TERS)

[160]. This technique combines the concepts of SERS and SPM, allowing the

simultaneous acquisition of physico-chemical information of the sample down

to nano-scale resolution topography [118]. This recommendation cascaded in
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2000 after a series of experiments [161–164] applying metal coated or full-coated

SPM probes to test this concept. Upon laser illumination of the probe, LSP are

generated on the apex giving a large enhancement on the electromagnetic field,

resulting in boosting the Raman scattering of the compounds. Specifically, as

the SPM probe approaches the sample surface, a nanolight-source is generated

within the laser focal spot [117]. When approached, an enhanced Raman signal

is obtained from a tiny volume of the sample by the nanolight-source of the

probe apex. This Raman signal is referred as the near-field signal. At the same

time Raman signal from the focal spot is also generated by the incident light.

This is referred as the far-field signal. Therefore, the collected signal is the

result of both far- and near-field Raman signals. One can deconvolve near-field

from far-field by acquiring Raman signal with the probe retracted away from

the laser spot (far-field) and subtracting it from the combined Raman signals.

TERS can provide an enhancement factor of 103-106 of the Raman signal gen-

erated under the vicinity of the probe apex, with the spatial resolution ranging

between 10 to 80 nm, below the diffraction limit of light [117]. Compared

to the stronger signal enhancement provided with SERS, TERS delivers very

good performance at the nano-scale, reaching even single molecule detection

sensitivity [165, 166]. In a TERS setup the Raman spectrometer can be cou-

pled either with an AFM [161, 163, 164, 167] or an STM [167, 168], able to

circumvent some of the issues encountered in SERS. One of these issues is the

heterogeneous distribution of the metallic clusters, generating Raman scattered

signals of variable enhancement factor, making quantitative analysis difficult.

The second is the diffraction limited resolution of the probed molecules. In

TERS, the single particle or edge feature of the probe works as an antenna to

scan the sample and resolve vibrational signatures at several nanometres.
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1.3.1.1 General principles

The enhancement of the electromagnetic field in the vicinity of the apex is the

result of three contributions [169]:

• Lightning-rod effect: Under a plasmonically active, metal, sharp nanotip

with the influence of laser irradiation, the generated surface charges are

accumulating towards the apex, leading to strong optical resonances and

highly confined electromagnetic field, serving as a lightning rod [170].

• Localised Surface Plasmon Resonance (SPR): Likewise in SERS, the plas-

mons of metallic clusters or metal surface of the probe require to resonate

at the external electric field, by forming oscillating dipoles which alterate

based on the frequency of that field, amplifying the incident light and the

Stokes-scattered light.

• Antenna resonance effect: A single metal cluster operates as the simplest

form of dipole scatterer. Due to its small size (≈10-20 nm) the wavelength

of the scattered light generated from the surface plasmon is weaker com-

pared to the incident one, making the detection of the enhanced signal in

the far-field impossible [171, 172]. By manufacturing a rod or cone-shaped

metallic structure, all of the individual clusters can form synergistically

a bigger dipole scatterer resembling as an antenna. Like in the classical

antenna theory, with the axial length of the tip being related to the in-

teger multiple of the half wavelength of the incident light, the antenna

resonates [169, 172]. This makes possible the detection of the scattered

light in the far-field detector.
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1.3.1.2 Optical geometries

TERS systems can be designed with different illumination and detection ge-

ometries. An illustration of all the possible combinations found in studies is

displayed in Figure 1.10. A bottom illumination or transmission mode setup

is one of the first configurations built in a TERS system [161, 163, 173]. This

design consists of an inverted microscope coupled with either an AFM or STM

and a high numerical aperture objective (> 1.4 NA). The objective lens focuses

the excitation monochromatic light from below through the sample onto the

apex of the probe (Figure 1.10(a)). The backscattered Raman signal is col-

lected through the same lens, further into the Raman spectrometer. High NA

objective lens are often oil-immersion lenses, using coverslips as a substrate due

to their small working distance. These types of objectives have the advantage

of confining the laser down to ≈ 200 nm with less than 1 mW of laser power,

reducing the background noise, generating high Signal-to-Noise spectra as well

as generating strong longitudinal field at the probe, inducing strong plasmon

resonance effects at the apex [173, 174]. The main drawback of this approach

is the limitation in their application to thin (< 1 µm) and transparent samples

as the focal point of the laser has to reach the uppermost surface of the sample,

inducing the signal enhancement mechanism from the probe. To circumvent

this constrain, parabolic mirrors can be set on top of the sample, with a hole to

allow probe movement (Figure 1.10) [175, 176] . The parabolic mirrors (NA ≈

1) both irradiate and collect the Raman signal from the sample. Despite this

advantage, integrating this geometry under an AFM system can be challenging

[177].

Two additional types of TERS geometrical configurations are the top and side

(reflection mode) illuminations. In these optical layouts long distance objec-

tives (NA. 0.28-0.55) are focusing on the sample surface from the top and at
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Figure 1.10: Illustration of the different TERS setup geometries. a) bottom
illumination, b) side illumination with parabolic mirrors, c) side illumination,
d) top illumination [177].

angles between 45◦-70◦, with respect to the tip (Figures 1.10 (b),(c)). In both

illumination settings the same objectives are used for irradiating the sample

and collecting the scattered signal. However, signal loss may occur in both

top and side illuminations due to the shadowing effects of the probe as well as

asymmetric confocality. Therefore, to compensate with the efficiency of signal

collection, laser powers between 5-10 mW are applied. These systems have

been used in a range of samples, such as lipid and protein species [178, 179]as

well as opaque ones [180–182].

1.3.1.3 Polarisation effect

The selection of light’s polarisation in TERS is an important aspect that can

affect the signal enhancement yield, under different geometrical systems. Light

polarisation refers to the way the electric field vector of the incident light prop-

agates in space, relative to the plane of incidence. As presented in Figure

1.11, the electric fields, in the form of classical sinusoidal waves, of an s and

p-polarised light are perpendicular and parallel to the plane of incidence, re-

spectively [183]. It is important to note that the direction of the electric field
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vectors mentioned are constant over the full beam profile. There is also the

case where the vectors of the electric fields are oriented in the radial direction,

pointing towards the centre of the beam centre axis. This effect is also known

as radial polarisation (z-polarised light) [184].

Figure 1.11: Different types of electromagnetic wave polarisation. a) s-
polarisation, b) p-polarisation, c) z-polarisation (radial) [184]

Suitable laser polarisation in TERS, can provide efficient laser illumination

across the axes of the tip [177, 185]. For a side-illumination setup, p-polarisation

delivers high electromagnetic enhancement across the length of the probe.

Whereas for a bottom-illumination a z-polarised light gives the highest en-

hancement, encircling the "spherical" metallic cluster.

1.3.1.4 Probe preparation

In a TERS setting, regardless of the optical setup selected, the most crucial

aspect of signal enhancement, chemical-associated spatial resolution and repro-

ducibility is the probe preparation. There are several factors which can influence

the enhancement factor are well as the spatial resolution, some of them being,

metal material, apex radius, angle or morphology of the probe [186]. For in-

stance, depending of the wavelength of the excitation light, a metal should be

chosen where their surface plasmon of their nanoparticles resonate with that

wavelength. Ag and Au materials are selected for tip fabrication and excitation

under the visible light, whereas Al is applied under the UV or deep UV spectral

regions [187]. Also, the type of SPM instrument used can influence the design
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of tip fabrication. For STM-TERS instruments the most common and repro-

ducible method to produce probes is electrochemical etching of metal wires,

usually Ag and Au [161]. Whereas for AFM-TERS setups, the desired metals

are adsorbed on commercially available silicon or silicon nitride (Si, Si3N4),

via vacuum evaporation or electrodeposition. The produced morphology of

the deposited metal clusters or films change based on the material selected or

evaporation ratio [188, 189]. Furthermore, the plasmonic enhancement of the

tip is heavily influenced by the number of metal grains and their in-between

distances on the probe surface [172, 190]. Also, by decreasing the refractive

index of the probe substrate, i.e. from Si (n=3.48) to SiO2 (n=1.5) of an Ag-

coated tip, it allows the resonance of the localised SRP of the metallic coat with

the green/blue excitation laser wavelength. This example of Silicon oxidation

process can be achieved especially with thermal oxidation process [191].

Despite the method selection of tip fabrication, it is also equally important

to consider the lifetime of the probe. In particular the coating of the tip i.e.

thickness, purity, material as well as mechanical stress determine the stability

and can further influence the duration and quality of a measurement [192].

Gold tips belong to noble metals, meaning they are inert to oxidation but

mechanically soft material compared to silver. Silver coated probes on the

other hand are strong, provide better signal enhancement in the visible region

compared to gold [193]. However, they oxidise up to 24 hours, after fabrication

or if stored properly up to 5 months under inert gas, before their use [194,

195]. Regardless of the probe used instances such as probe contamination or

coat degradation may occur during the experiment, hindering the enhancement

performance of the probe.
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1.3.1.5 Spatial resolution

As aforementioned in a previous section, the spatial resolution in an optical

microscope can be defined through the Abbe criterion Equation 1.1, which

ultimately can reach down to ≈ 200 nm. Under a TERS system the Raman

signal generated originate from the molecules in the nanocavity between the

apex and the sample surface, where the electromagnetic field is stronger and

confined, compared to a conventional microscope. This suggest that the spatial

resolution of TERS is not limited by the diffraction of light, rather than the

geometry of the tip apex [196]. Remarkably in specific cases sub-nanometer

resolution Raman maps were obtained in AFM-TERS under ambient conditions

in DNA sequences as well as amyloid fibrils [197, 198]. However, this cannot be

always the case as biological macromolecules produce weak Raman scattering

and generate low Raman signal enhancement [199–201]. There is also the case of

sample degradation under room temperature, leading to generation of spurious

peaks [202].

1.3.2 TERS applications

Over the past couple of decades, TERS has been applied in a series of studies

across different scientific disciplines, mainly for sample examination, by obtain-

ing nano-scale information of their physico-chemical properties. Like in Raman

spectroscopy, TERS is a label-free technique and capable of retrieving informa-

tion such as chemical composition, reaction mechanisms, molecular orientation,

etc [177].
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1.3.2.1 Carbon and other chemical investigations

TERS has been intensively used for the characterisation of non-biological sam-

ples. Specifically, this technique has been applied to probe 1D wire-like samples

such as the investigation of nanoscale variations in diameter, defects, strain and

chirality of carbon nanotube [203–205] or fraction of crystalline and amorphous

content in Ge nanowires [206]. This application has been extended in 2D ma-

terials, including the characterisation of edges, defects and contamination in

single-layer graphene [207–209] and many other studies on MoS2 [210, 211],

MoSe2 [212], WSe2 [213] materials. This method has also been applied for in

situ or ex situ characterisation of different catalytic systems [214–220] as well

as electrochemical processes [221, 222]. TERS has found application in studies

focusing on multilayer polymer thin films [223], interfaces of phase-separated

domains in polymer-blends [224, 225], local strain in semiconductors [226].

1.3.2.2 Biological investigations

Its application has also found use in life sciences. Unravelling the chemical

composition of bacteria [227], viruses [228] and lipid membranes [229], mapping

nucleic acids such as DNA [230] , RNA [231] and further investigating properties

of amino acids [232], peptides [233] and proteins [234–236]. Special interest

has also been seen in determining the distribution of small molecules within

biological cells [237].

1.3.3 Motivation and aims of the work

As aforementioned, ASD provide many benefits to the solubility enhancement

of poorly-soluble APIs. Often-times, this formulation platform may fail under

certain environmental conditions or during manufacturing, affecting ultimately
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the bioavailability concentration of the drugs in the systemic circulation of the

human body. Many microscopy and especially vibrational spectroscopy tech-

niques namely IR and Raman, have been implemented to address and monitor

the factors which affect the solubility performance of these formulations. How-

ever, most of the conventional techniques have limited performance in resolving

their physico-chemical properties at the nanometre length. For further inves-

tigation and potential optimisation of ASD, in combination with the rise of

nanomedicine-based drug delivery systems, require the screening of pharma-

ceutical components at the sub-micrometer length. Therefore, the adoption

and main-streaming of a more advanced chemo-analytical nanoscopy technique

in pharmaceutical analysis is required.

To fill the gaps in knowledge, in this thesis the TERS technique has been applied

on ASDs to evaluate its performance and suitability for pharmaceutical analysis.

This was attempted by utilising a combined AFM-Raman system to examine

the physico-chemical properties of the samples at a sub-micron scale level and

further compare the information obtained with a TERS system, equipped with

functionalised TERS probes. By examining two-component ASD formulations

under TERS, it would make it possible to evaluate:

• the Raman spectra acquired under the TERS setup, with functionalised

TERS probes. The spectra were compared when the probes were either

retracted or approached (Chapter 3).

• the sensitivity of the components under different powers of laser irradia-

tion. (Chapter 4).

• the correlation between probe-laser spot distance to the signal enhance-

ment of the sample (Chapter 5).

• TERS maps of 2D printed ASD micron-sized dots of known dimensions
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(Chapter 6).

Two APIs were employed, namely paracetamol and felodipine, a co-former

nicotinamide (Vitamin B3) alongside with polymers copovidone and polyvinyl

alcohol, where each component was studied either alone or in combination.

For the evaluation of spatial resolution either under a Raman microscope or

a TERS instrument single-wall carbon nanotubes and di-phenylalanine tubes

were used, respectively, as similarly recorded in the literature [238, 239]. Re-

garding the APIs paracetamol belongs to class 1 of the BCS as highly aqueous

soluble and intestine permeable, whereas felodipine belongs to class 2 with low

solubility and high permeability. Both copovidone and polyvinyl alcohol are

water-soluble polymers which improve the dissolution properties of paraceta-

mol and felodipine. Two drug loadings were studied for paracetamol (50%

w/w copovidone and 30% w/w polyvinyl alcohol) and one for felodipine (50%

w/w copovidone). For the assessment of these samples, two TERS-based sys-

tems were used. Our combined AFM-Raman system was built (Chapter 2)

and utilised (Chapters 2,4,6) for AFM and CRM measurements (Chapter 2).

The second system was applied for TERS experiments (Chapters 3,5,6) where

functionalised TERS probes were supplied for our measurement. To generate

comparable data, our instrument was setup based on the protocol followed for

the second instrument [195]).
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Chapter 2

Instrumentation

2.1 Introduction

In order to study the physico-chemical characteristics of pharmaceutical solid

dispersions and nano-particulates, a detailed description of the component as-

sembly associated with the operation of a co-localised AFM-CRM system, tai-

lored for TERS measurements, will follow in this chapter. In this thesis in order

to compare the results, produced from the AFM-CRM and TERS systems with

minimum scrutinies, we adhered closely to the design of the TERS system,

which instructions has also been published as a reference instrument by Kumar

et al. [195]. For this chapter we included information about the design and

build of the AFM-CRM instrument, followed by software development for syn-

chronous control of components, ending with laser-probe alignment and laser

polarisation and size evaluation.
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2.2 Instrument design

2.2.1 Combined AFM-CRM

For the acquisition of topographical images as well as Raman spectra, a custom-

built AFM-CRM system was built in the School of Physics and Astronomy as

part of this PhD. This microscope was designed based on the bottom illumination-

collection configuration [195, 240]. The system is split into three main compart-

ments, namely an AFM system (Nanowizard II, JPK) mounted on an inverted

optical microscope (IX71, Olympus) and further expanded on a custom-built

optical Raman system, presented in Figure 2.1. A schematic diagram is also

provided in Figure 2.2. The whole system is built on an optical table offering

robust support and reducing vibrations from ambient environment.

(a) (b)

Figure 2.1: a) Side-view of the combined AFM-CRM, displaying the inverted
microscope and the AFM system. b) Back-view of the microscope entailing
the optical cage system, alongside with the spectrometer on the far side of the
optical bench.
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Figure 2.2: Schematic of bottom illumination-collection AFM-CRM. Legend: 1)
Solid-state 532 nm Laser 20 mW, 2) kinematic mirror mount, 3) power attenua-
tor, 4) laser line filter, 5) spatial filter, 6) rotatable radial polarisation converter,
7) dichroic mirror (532 nm reflection), 8) removable 50:50 beam splitter, 9) long
pass edge filter (532 nm cancellation), 10) photodiode for backscattered light
collection, 11) fibre optic linked to spectrometer.

2.2.2 Atomic Force Microscopy (AFM) setup

The AFM system is comprised of four main parts, specifically the AFM head,

stage, sample holder and controller. On the AFM head a cantilever probe can

be fitted, with the capacity of XYZ freedom of movement for the acquisition of

physical-associated topographical images. The Tip-assisted optics™stage (JPK)

setup on the optical microscope is also capable of full XYZ translation of the

sample held in place (Figure 2.3). Both of these component have a translational

limitation of 100 µm across the XY axis and the stage has Z-axis translational

capacity of 10 µm. All samples examined, were deposited on round 24 mm

coverslips (# 1.5), which were secured tightly on a coverslip-holder liquid cell

(BioCell™, JPK). Last, the AFM controller is in command of the operation of

all the different AFM components, which records the produced data within a

Linux operating system. There all the AFM-related topographical experiments

are designed and performed from the pre-installed JPK software.
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Figure 2.3: Schematic diagram of the AFM-CRM setup, in bottom-illumination
mode. While the objective lens remains in static position, both the AFM probe
and the sample holder stage are capable of translating across the XYZ axes.

2.2.3 Confocal Raman microscopy (CRM) setup

The Confocal Raman Microscopy (CRM) setup is designed according to the il-

lustrated diagram Figure 2.2. Raman signal is generated with the application of

a frequency doubled Neodymium-doped Yttrium Aluminium Garnet (Nd:YAG)

Continuous-Wave (CW) laser (Laser2000), emitting green monochromatic laser

light at 532 nm wavelength, at a power of 20 mW (Class 3B). The power level of

the laser can be controlled, by directing the laser through a motorised laser at-

tenuator (PowerXP Maxi Reflection Type, Altechna, Vilnius, Lithuania). From

the attenuated laser any unwanted emission lines of different wavelength become

filtered by a line filter (532 nm MaxLine©, LL01-532-12.5, Semrock). For the

removal of any optical aberrations and faults with the laser, a spatial filter is set

in place. It entails a light condensing aspheric lens with effective focal length

of 25 mm (AL1225M-A, Thorlabs), centred at a pinhole of 5 µm in diameter

(P5K, Thorlabs). Upon exit from the pinhole, the filtered laser is collimated

with a second aspheric lens of 50 mm focal distance (AL2550M-A, Thorlabs).

To further alter the polarisation of the laser beam from a linear to a radial

orientation, the collimated laser passes through a radial polarisation converter
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(RPC-0532-06, S-waveplate, Altechna, Vilnius, Lithuania). After the change

in polarisation a series of mirrors mounted on optical cage-system (Thorlabs),

with the dichroic mirror (RazorEdge Dichroic™, LPD02-532RU-25, Semrock)

are directing the monochromatic light to the back of the microscope into a high

magnification 100×, oil-immersion objective with 1.45 NA (CFI Plan Apochro-

mat λ, Nikon, Japan). Here the collimated light becomes tightly focused on the

sample surface, in order to generate the inelastic scattered light. The generated

backscattered light, both 532 nm and Raman light, is collected back through

the same objective into the cage-system. The dichroic mirror in place reflects

an excessive amount of monochromatic 532 nm laser light and allows the trans-

mission of the inelastic scattered light. After this point, the long-pass edge

filter (532 nm RazorEdge©, LP01-532RU-25, Semrock) serves two purposes.

The first being the complete filtration of the remaining 532 nm laser, allow-

ing the desired Raman scattered light to be transmitted further towards the

spectrometer. The second is the reflection of the weak scattered Rayleigh light

towards a photodiode. The latter approach assists in the process of probe-laser

aligment, which explanation will follow in an upcoming subsection of this chap-

ter. The clean inelastic Raman light becomes focused towards an optic fibre

of 7 µm sized diameter, and further directed into a Czerny-Turner spectrom-

eter (Newport MS260i), where the different wavelengths of light are projected

onto a Charged-Coupled device (Andor CCD iDUS 401) to record the Raman

Spectra.

2.3 Software development

By closer inspection of Figure 2.2 the AFM and Raman systems are operated

under separate computer units. This is due to the different manufacturer spec-

ification to software operation. In particular, the AFM JPK software works
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under the GNU/Linux operating system (Linux Mint 14), whereas the CCD,

spectrometer and laser can operate under the Windows 10 desktop environ-

ment. In order to communicate and synchronise those system for the needs

of our experiments in a quick and easy manner, especially performing Raman

map raster scan, it was vital to develop a software from the Windows desktop

that would meet those requirements.

2.3.1 Software design

The development of this software has been based on Model-View-Controller

(MVC) architecture [241], using Python as the programming language of choice

[242], alongside Qt widget toolkit for the development of software’s graphical

user interface [243–245].

According to the MVC architecture, the software is composed of three sepa-

rate files, each serving the roles of Model, View and Controller. A graphical

abstract of the MVC is presented in Figure 2.4. Briefly the Model file, con-

tains functions which sends commands to the CCD, AFM and Laser interlock,

performing AFM stage and probe movement, switching the laser interlock on

and off as well as acquiring the spectra from the CCD camera. The View file,

consists of all the graphical designs and parameters, such as window size, but-

tons and other widgets, which are frequently updated and displayed for the

end-user. Last, the Controller file is responsible for receiving the instructions

given by the user and coordinate the operations of both Model and View files by

sending the appropriate commands. By having the application functionalities

separated between the different MVC files, this allows easy tracking of errors as

well as better transition to new programming language packages and operating

systems.
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Figure 2.4: Model-View-Controller (MVC) architectural pattern in software
design.

Regarding the development of the application, Python is an Open-Source,

general-purpose programming language [242, 246]. The selection has been based

on ease of code readability, cross-platform support, and a large variety of gen-

eral and scientific packages, which provide the necessary tools for component

operation, inter-system communication and data handling. Specifically, both

the AFM and the CRM instruments are communicating via the TCP/IP pro-

tocol, through an Ethernet cable (Figure 2.2, blue line). Through a series of

commands sent from the Windows to the Linux computer the translation of the

AFM sample holder and probe across the XY axes is possible. For the control

of the CCD camera, a third party package pyLabLib [247] has been imported

into the software’s code for acquiring Raman spectra, setting up the tempera-

ture alongside other acquisition parameters. In terms of spectra visualisation

and projection of Raman images, during and after a raster scan, the package

PyQtGraph [248] provides an extensive interface for quick data interpretation,

which will be briefly explained in the following subsection in this chapter. Last,

an arduino microcontroller (Nano v3.0, Elegoo, Shenzhen, China) connected to

the Windows computer, operates as a digital power switch to the interlock con-

troller of the laser, which is ultimately controlled by the software. All files

and components necessary for the operation of this software are included in the
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supplementary material for information and reference.

2.3.2 Software functionality

In Figure 2.5, a screenshot of the software’s User Interface (UI) is displayed

alongside with an operation schematic. From the user’s point of view it is

possible to:

(a)

(b)

Figure 2.5: a) Screenshot of the software’s User Interface and b) schematic of
the software’s operation

• Connect and disconnect the AFM, CCD and Laser interlock components.

• If the AFM module is connected, the grid parameters can be altered for

performing Raman raster-scans, such as position, grid’s point-to-point

step-size, number of steps per axis, as well as the angle of the grid. In

addition, the manual translation of the sample stage is also feasible, es-

pecially when observed under the optical microscope.
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• When the CCD camera is connected, the temperature and exposure time

can be set. The CCD temperature is also monitored, throughout the

acquisition setup process. Furthermore, to ensure Raman signal can be

obtained from the sample while focusing with the laser, single or contin-

uous spectral snapshots can be recorded and displayed at the UI.

• Connecting to the laser interlock controller provides the option to switch

the laser on and off, whenever this is required.

• After all experimental parameters have been set-up, the user can initiate

the raster-scan as well as abort at any point of time during the measure-

ment. A countdown clock measures the approximated finish time of the

experiment. During a raster-scan experiment, all the spectra collected are

plotted as a 2D image. The image viewer provides the options of selecting

the desired Raman band to be plotted on the 2D plot, set the range of

the minimum and maximum plots, as well as project the coordinates of

a sample’s location of interest, simply by dragging the mouse over that

area.

• With the successful completion of a raster-scan, the acquired data in

stored in an ASCII text file, for further analysis.

2.4 Laser polarisation and laser-probe alignment

For the operation of the AFM-CRM system it is vital to assess the dimensions

and polarisation of the laser spot, in accordance to the followed protocol [195].

Also, to ensure that both the AFM probe and the CRM focal spot are at the

same position, obtaining in situ information from the sample, we demonstrate

different methods which aid and confirm their alignment [195, 249].
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2.4.1 Determining the radial polarisation of the laser spot

As mentioned at the introduction of this thesis, the polarisation of the inci-

dent light is important for improving the signal enhancement generated by the

metallic probe. Depending on the optical geometry of the TERS setup, different

laser polarisations are set. For a bottom illumination microscope, the conver-

sion of a linear polarised CW laser to a radial can be achieved with the use of

a radial polarisation converter. The optical component used in this study has

the property of converting the direction of the incident monochromatic light to

either a radial or azimuthal state [250, 251]. Figure A.1 in Appendix A demon-

strates this effect, according to the optics manufacturer specifications [252].

Following this procedure, similar effects can be observed in Figure 2.6, from

our acquired brightfield images. In particular, after focusing on the surface of a

glass cover slip without the polarisation converter in place, the focal spot (Fig-

ure 2.6(a)) presents an oval-like shape at the region where the incident laser is

confined the most. After introducing the radial converter (Figure 2.6 (b)), the

laser spot obtains a doughnut-like shape, indicating that all the vectors of the

laser’s electric fields are surrounding the centre of the beam centre axis. To

further ensure whether the laser spot is radially or azimuthally polarised, we

introduced a linear polariser between the radial polarisation converter and the

objective lens, as per manufacturer instructions. When the laser is transmitted

through a linear polariser, this polariser blocks the electric field vectors which

are perpendicular to the wire-grid structure of the optic, while allowing only

the parallel ones. By setting the radial polarised at a proper angle, between 0

◦ (Figure 2.6 (c)) and 90◦ (Figure 2.6 (d)), we can observe a dumbbell shape,

that is generated after the linear polarised filter. These outcome concludes the

laser beam presenting a radial polarisation suitable for TERS experiments.
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Figure 2.6: Brightfield images (pseudo-coloured) of the laser spot with different
polarisations. a) Linear (s-)polarisation of the full beam of the laser spot. b)
Radial (z -)polarisation of the full beam of the laser spot. c) Dumbell shape
of the radially polarised beam (b) with the linear polariser being positioned
at a horizontal 0 ◦ orientation, cutting the electric field vectors from left and
right sides of the beam. d) Dumbell shape of the radially polarised beam
(b) with the linear polariser being positioned at a vertical 90 ◦ orientation,
cutting the top and bottom sides of the radial beam. Colour-bar indicates the
normalised intensity of light based on the different colours used in the pseudo-
coloured images, blue being the lowest up to dark red being the highest intensity
obtained.

2.4.2 Laser-probe co-alignment

In order to perform TERS measurements or acquire similar topolographical

images from the AFM and CRM instruments, both the apex of the probe and

the laser spot must be co-localised on the same XY position, in reference to

the sample’s coordinates. Under the currently presented bottom-illumination

microscope, the objective lens alongside with the laser focal point remain always

static. By making use of the free XYZ translation movement of the probe via

the AFM head, it is possible align the AFM tip with the focal spot, through

three approaches.
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2.4.2.1 Apex detection via brightfield video recoding

The first step of probe-laser alignment requires that the apex of the probe is at

close proximity with the laser spot. A coarse alignment can be achieved with

the use of the brightfield camera and by translating the probe cantilever within

the camera field of view, while the laser being powered off. In Figure 2.7 we

can observe the cantilever of the probe from the objective’s lens point of view.

Here the objective is focusing on the uppermost surface of the coverslip, with

the probe being Figure 2.7 a) retracted by 1µm above the surface and Figure

2.7 b) approached on the surface. The apex location can be identified from the

small dark round spot generated when the probe is in contact with the surface.

At this point, as the position of the laser spot is marked and the location of the

apex known, we can accurately align the probe by performing a probe raster-

scan around the laser spot. The probe detection method performed either by

the AFM or the CRM systems can unravel the exact coordinates of the apex’s

location.

(a) (b)

Figure 2.7: a) Tip retracted 1µm above glass coverslip surface, b) tip ap-
proached on glass coverslip surface.

2.4.2.2 Co-alignment via scattered laser light

This approach requires the laser focusing on the apex of the AFM probe, close

to the cover-slip surface, while performing an XY-axial raster scan of the can-
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tilever. All the reflected 532 nm light from the surface of the silicon cantilever

[253, 254] can be obtained through the objective, transferred into the cage-

system and focused on the photo-diode, where the light intensity is recorded

in the form of electric current (mV). Through this measurement, an intensity

based topographical image is recorded. (Figure 2.8). From this Figure, the re-

flected light forms the pyramidal shape of the cantilever, as similarly seen in the

brightfield image (Figure 2.7), with the distinguishable dark spot, resembling

the apex. Identifying the apex’s position, from the graphical user interface pro-

vided by the AFM system the probe can be locked in position above the laser

focal point.

Figure 2.8: Laser back-scattered AFM raster-scan image of silicon probe in
80x80 µm area.

2.4.2.3 Co-alignment via silicon probe Raman raster-scan

Last method of detecting and fine-aligning of the probe with the focal laser

spot is to perform a similar XY raster scan as aforementioned, with the only

difference of acquiring Raman spectra of the silicon apex. Silicon has a single

Raman band signal at 520.7 cm-1 [255]. Therefore, by selecting this band it

is possible to identify the pixel spot with the highest intensity count at that

wavelength (Figure 2.9), note the desired XY-position and fixate the probe to

that location.
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Figure 2.9: a) Raman image intensity at the 520.7 cm1 wavelength, displaying
the apex’s position of the silicon probe when focused with the laser spot. b)
Blue and orange spectra correspond to the annotated positions of image a)
on and away from the apex location, respectively. This raster-scan has been
performed under 500 µW with 1 second spectral acquisition.

2.4.3 Calculation of laser spatial resolution

After ensuring laser probe alignment, it is vital to assess the spatial resolution

of the focal spot for Raman experiments. As the theoretical diffraction limit of

light (Equation 1.1) rounds to 200 nm for the current setup, the actual value

should range between 200-300 nm to ensure the highest achievable spatial reso-

lution with confocal Raman and compatibility with TERS measurements [195].

To evaluate this, a sample with dimensions below the stated diffraction limit

and a strong Raman scatterer is desired. For this Single-Wall Carbon Nano-

Tubes (SWCNT) have been chosen, which meet both of these requirements and

priorly used in the literature as a reference material [195, 239]. For the prepara-

tion of the sample similar protocol are followed with Kumar et al [195]. Briefly,

salinated coverslips have been prepared and 1% w/v of probe-sonicated aqueous

SWCNT solution were drop casted on the coverslip, left to dry overnight and

examined
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2.4.3.1 Results and Discussion

2.4.3.1.1 AFM measurements Figure 2.10 a) displays the height topog-

raphy of the SWCNT sample over a 20×20 µm2 region. The height of the

presented features span up to approximately 80 nm. As SWCNT are highly

hydrophobic and tend to aggregate easily [256], it is vital to scan areas which

have isolated or fewer tubes for the spatial resolution assessment. Further to

this map, a zoomed region has been selected, annotated with the green layout.

This area corresponds to Figure 2.10b) with a 2×2 µm2 size. Here, by applying

a cross-section of the tube’s profile vertically, it is possible to assess the width

and height dimension of these tubes. To measure this a 1st order polynomial

background line alongside with a Lorentzian curve were fitted. The data indi-

cates that the dimension of this tube, has an approximate height of 4 nm with

a width of 182 nm. This difference could be due to the degree of sharpness of

the probe being able to resolve the fine details or the small amount of the col-

lected data points that determine the height of the sample. Nonetheless, these

findings indicate that the sample of interest has dimension below the diffraction

limit of light, allowing the examination of the focal laser spot diameter with

the CRM.

2.4.3.1.2 CRM measurements A Raman raster-scan of the same region

as shown in Figure 2.10 b) was performed. From the hyperspectral data ac-

quired, the intensity of the 1591 cm−1 band was selected, based on the literature

[195] and plotted in Figure 2.11. Figure 2.11 a) indicates the presence of the

Raman band originating from the tube, by selecting two positions on the feature

(blue cross-mark) and away from it (orange cross-mark), with their correspond-

ing spectra of the same colour shown in the below graph. After confirming the

presence of a narrow SWCNT, the next step involved the measurement of the

laser spot diameter. In Figure 2.11 b) a cross-section (red dashed line) of the
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Figure 2.10: AFM topography scan of SWCNT based on their height. The scans
were acquired with the probe being in contact mode. a) 20x20 µm2 raster scan,
with the highest point reaching almost 80 nm. The green rectangle contains
the region of interest, further displayed in subfigure (b). b) 2x2 µm2 raster scan
displaying a narrow SWCNT, with the green line corresponding to the height
profile of the sample, displayed on the graph below, alongside with a fitted 1st
polynomial line representing the background (purple) and a Lorentzian curve
(green), for the measurement of the tubes dimensions, such as height and width.

tube’s was made perpendicularly to obtain the Raman band intensity profile.

From this by fitting a Gaussian line (grey profile), it is possible to measure the

Full Width Half Maximum (FWHM) of that profile, ultimately gaining the laser

beam waist length. The resulting FWHM is 229 nm which is in accordance to

the protocol followed, and indicates the spatial resolution of the CRM system.

2.5 Summary

To study the physico-chemical characteristics of pharmaceutical solid disper-

sions and nano-particulates, the development and assessment of a combined

AFM-CRM system was required, which should fit the criteria of a TERS in-

strument based on the literature [195]. Here, the schematics of all the different

components of the system were presented, namely AFM and CRM. In addition,
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Figure 2.11: Raman raster scan of the same region (2x2 µm2), displayed in
Figure 2.10 b). The laser was set at 300 µW with the camera acquiring spectra
for 1 second acquisition time. The scanning grid rises to 100x100 pixels with 20
nm step-size from pixel to pixel. a) displays a 2D image of the obtained scan
based on the signal intensity originating from the SWCNT Raman band at 1591
cm−1. Two annotated cross-marks with the respective colours of the spectra
presented, between 1200 cm−1 and 2000 cm−1 at the bottom of the image are
displayed. b) shows the same image, with the exception of a red dashed line
cross-sectioning the drawn tube perpendicularly, indicating the intensity profile
taken from that region and displayed at the bottom graph in red line. The grey
line represent the Gaussian fit of the tube, measuring the Full-Width Half-
Maximum amounting to 229 nm.
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the design and operation of a custom-made software has also been shown, capa-

ble of synchronising the various parts of this system and being user-friendly in

experimental parametrisation and quick data visualisation. Additional require-

ments of the instrument setup is the validation of laser polarisation, dimension

as well as validating methods of co-aligning the probe with the laser spot. In this

chapter, the focal spot under linear and radial polarisation has been displayed,

including the generated dumbbell shapes after introducing a linear polariser to

confirm the actual vector orientation of the incident electromagnetic field. Re-

garding probe-laser alignment, one coarse and two fine approaches have been

demonstrated for validation. The first can be performed, by observing the

brightfield camera, after the contact of the probe with the surface of a glass

cover-slip. From the latter two, the raster-scan the probe over a close vicinity

with the focused laser spot is required, where the only difference lies in the

recording of the signal. This signal can be either from Rayleigh back-scattered

light, which is detected by the photodiode of the AFM instrument or Raman

back-scattered light, detecting the Silicon band of the apex at 520.7 cm-1. After

aligning the probe with the laser, it was then feasible to perform raster-scan

of SWCNT both with AFM and CRM. This task was performed in order to

measure the spatial resolution of the CRM by confirming the physical dimen-

sions of a narrow tube with AFM and measuring the FWHM of the SWCNT

profile, based on its Raman band intensity. Overall, this chapter concludes the

feasibility of this instrument to generate AFM and Raman data comparable to

a TERS instrument or even operate as one, being almost identical to the ones

stated by the protocol [195].
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Chapter 3

TERS spatial resolution and signal

enhancement evaluation on

L,L-Diphenylalanine tubes and

ASDs

3.1 Introduction

As discussed in Chapter 1, despite the recent applications of TERS on carbon-

based and biological samples, there is to-date no record of its application on

pharmaceutical formulations. Obtaining chemical information at the nano-scale

resolution could deem valuable in improving drug stability and therapeutic

performance. In this chapter, to make these studies more relevant to phar-

maceutical assessment, it is vital to take under careful consideration certain

complexities of this technique. For example, these could be sample and/or

tip stability to degradation, lateral resolution as well as tip-sample interaction

[196, 257]. In order to allow better data interpretation and instrument evalua-
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tion, sample selection has been made on single and two-component materials,

of biopharmaceutical interest.

For single component analysis L,L-DiPhenylalanine (Phe-Phe) nanotubes were

used. These core recognition motif of Alzheimer’s β-amyloid peptide structures

have proven very versatile self-assembling building blocks. Their application

span from electronics [258] and sensors [259] to biomedical materials and drug-

delivery systems [260–262]. In addition, Phe-Phe nanofibres are small, easy to

prepare [263] and well documented in previous Raman studies [238, 264]. Given

their nano-scale tubular shape, small toxicity compared to SWCNT [265] and

prior characterisation from the literature, it is possible to examine the signal

enhancement and spatial resolution with the TERS system provided.

For a two-component system, paracetamol or felodipine in copovidone VA64 at

a 50 %w/w drug loading were investigated in the form of spin-coated films of

ASDs. These API in polymer blends were formulated to aid in the solubilisation

and/or dissolution rates and further improve bioavailability in the body admin-

istered. However, due to their high drug loading, these systems can be prone

to phase separations, leading to formation of a drug-rich and a polymer-rich

phases and further compromise any solubility and dissolution rate enhance-

ments in the formulation [266]. To understand the change in this behaviour for

API-polymer blends, it is important to investigate the intermolecular interac-

tions, conformations as well as miscibility of these components.

The aim of this work was to examine Raman spectra of the aforementioned

samples with a Ag-coated TERS probe and evaluate their signal enhancement.

Assessment of the achievable nano-scale spatial resolution was specifically ob-

tained from Phe-Phe tubes.
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3.2 Material and Methods

For Phe-Phe nanofibres, similar preparation protocol was followed elsewhere

[267]. Briefly a co-solvent of 70 %v/v Acetonitrile in H2O was brought at 95

◦C hotplate and Di-phenylalanine was further dissolved, constituting a total of

2 mg/ml concentration. The solution was left for 4 minutes at high heat until

a transparent solution was yielded and left to cool overnight. After cooling

down, the solution was used by drop-casting 50 µl droplets on microscope cover-

glass # 1.5 (Scientific Laboratory Supplies, Nottingham, United Kingdom).

Regarding the preparation of amorphous solid drug dispersions a similar spin-

coating method was followed by Mugheirbi et al [268], where powder blends of

paracetamol in copovidone (KollidonTM VA64 Fine) (50 %w/w) and felodipine

in copovidone (KollidonTM VA64 Fine) (50 %w/w) (AstraZeneca, Macclesfield,

United Kingdom) were dissolved in Ethanol. Afterwards, from each solution,

a 50 µl droplet was applied on a microscope cover glass # 1.5 and spin-coated.

The samples were spun at the first stage of the spin coating process at 500 rpm

for 3 seconds and further 2000 rpm for 30 seconds at the second stage (Ossila

Ltd., Sheffield, United Kingdom).

3.2.1 Instrumentation & Measurements

The bottom illumination TERS setup (National Physical Laboratory) was used

in this set of experiments. The instrument consists of an AFM (AIST-NT Inc.,

Novato, USA) coupled with a CRM attached with an oil-immersion objective

(100×, NA=1.49) [195]. The exciting laser wavelength was 532 nm (frequency

doubled Nd:YAG) and the power output irradiating the sample ranged between

78-548 µW. Spectra were acquired between 400 cm−1 and 3600 cm−1, unless

otherwise stated. For this instrument, the theoretical diffraction limit of light
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according to Abbe’s equation of lateral resolution (Equation 1.1), approximates

at 200 nm. AFM silicon probes were oxidized in a tube furnace at 1000 °C

for 45 minutes, allowing afterwards to cool down at room temperature. To

remove organic contaminants from the oxidised surface of the probe, UV-O3

cleaning was performed for 60 minutes followed by an additional cool down

(60 minutes) before being transferred to metal deposition thermal evaporator

inside of a glovebox. A 100 nm-thick layer of silver was deposited on the surface

of the apexes and left overnight before TERS experimentation [195]. For the

individual probes of this study, the apex diameters were not measured. Two

types of Raman spectra have been recorded in this study. The first ones involve

spectra being obtained with the AFM probe retracted at ≥ 1 µm distance from

the sample surface and the second with the probe approached on the surface in

contact-mode at a 33 nN setpoint.

In addition to measure the performance of the Ag-coated (TERS-active) silicon

probe, the Enhancement Contrast (EC) was also calculated. EC provides an

indication of the probe’s likely performance to enhance the sample Raman signal

during a TERS experiment. It contrasts the intensity of a Raman band when

the probe is engaged on the sample surface, inside the irradiating laser spot, and

retracted away from the surface [223, 269]. By selecting the strongest Raman

band for each material, the following formula in Equation 3.1 was applied:

EC =
IEngaged

IRetracted
− 1 (3.1)

where, IEngaged corresponds to the intensity of Raman band at the engaged

probe position at the laser spot, whereas IRetracted corresponds to the intensity

of Raman band at retracted probe position. A contrast value ≥ 1 indicates

sufficient sensitivity for TERS-based signal enhancement [195].
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3.3 Results and Discussion

3.3.1 Phe-Phe measurements

3.3.1.1 AFM topography of Phe-Phe nanofibre

In order to evaluate the chemical spatial resolution at and below the diffraction

limit of light, it was vital first to obtain the physical dimensions of the sample

in question. Under the optical microscope, the thinnest fibre was selected and

scanned under the AFM for height topography. A height map is displayed in

Figure 3.1 a), where the tube approximates at 150 nm in height and 300 nm

in FWHM. It is also visible from Figure 3.1 b) that the tube is not completely

cylindrical, rather has steep edge from the right-hand side and a gradually de-

clining flat surface on the left. According to the aforementioned preparation

protocol [267], the width of the formed nanofibres should range between 50

and 300 nm. In addition, the formation of flat surfaces and asymmetric dimen-

sions can be explained through the hexagonal structure created by the Phe-Phe

molecules, as previously reported in AFM [264] and X-Ray diffraction studies

[270, 271].

3.3.1.2 Raman Spectra of Phe-Phe tube – TERS-active probe re-

tracted

Raman spectrum of the sample was recorded while the TERS-active probe was

retracted. The spectrum is shown in Figure 3.2 a). Bands from both the Phe-

Phe tube and the substrate are visible and comply with previously published

studies (Appendix B - B.1) [264, 272] . The Raman bands at 997 cm−1, 1026

cm−1 and 1600 cm−1 are assigned to the phenyl ring vibrations of Phe-Phe,

whereas the two broad bands at 490.8 cm−1 and 927.3 cm−1 ranging between
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Figure 3.1: a) AFM height map of Phe-Phe tube, obtained under contact-mode.
b) Height profile of Phe-Phe tube, from green line cross-section of Figure (a).

400 cm−1 to 1200 cm−1 of the lower Raman shift, originate from the cover-glass,

which constitutes of borosilicate material. In the same figure, additional bands

at longer wavelengths associated with –CH stretching are also present at 2931

cm−1 and 3046 cm−1.

3.3.1.3 Raman Spectra of Phe-Phe tube – TERS-active probe ap-

proached

After approaching the TERS-active probe on the surface of Phe-Phe, the Ra-

man spectrum acquired is presented in Figure 3.2 b). Some bands from the
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Figure 3.2: a) Tip-retracted spectrum of the Phe-Phe tube imaged in Figure
3.1. Acquisition parameters: 60s exposure time, 117 µW of laser power, cropped
at fingerprint region and CH stretching region. b) Raman Spectra of Phe-Phe
tube when probe is approached. Acquisition parameters, with 60 s exposure
time at 117 µW of laser power, cropped at fingerprint region and CH stretching
region. The enhancement contrast for the 997 cm−1 for both tip-retracted and
approached Raman spectra is 2.

tube remained visible, specifically at the 997 cm−1 and 2931 cm−1 and 3046

cm−1 at the CH stretch region, while the bands at 1026 cm−1 and 1600 cm−1

were not present. The silicon peak from the probe also appeared at 514.5

cm−1 , instead at 520.7 cm−1. This change was likely caused from the strain

of probe’s silicon substrate during contact with the sample [273]. It further

indicated that both the laser focal point and probe were co-aligned at the same

XY coordinates of the sample stage [249, 274] and in contact with the sample.

The broad background noise, with gradual decline towards longer wavenumbers

region occurred, likely due to the photoluminescence produced by the metallic

Ag coat of the probe[275, 276]. Specifically, photoluminescence is the result

of spontaneous light emission from an electronically excited material occurring

after absorption of shorter-wavelength radiation (higher-energy photons) [277].
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In addition, the enhancement contrast measured at 997 cm−1 from both tip-

retracted and approached Raman spectra was 2, indicating TERS-associated

signal enhancement. This is due to the near-field confinement of strong electro-

magnetic field generated from the laser and further causing enhanced Raman

scattering under the probe apex [278, 279]. The fact that no silver sulphite

(Ag2SO3) and silver sulfate (Ag2SO4) bands around 960-970 cm−1 [280], or

carbonaceous species at 1350 cm−1 (D band) and 1580 cm−1 [168, 281] were

present, we concluded that no detectable probe degradation or inactivation by

these components took place.

3.3.1.4 Phe-Phe tube sensitivity to laser irradiation– TERS-active

probe retracted

As the TERS probe at the near-field can increase the electromagnetic field under

its apex, it was important to imitate this condition. Therefore, the endurance

of the sample under high power of laser irradiation was assessed. The Phe-Phe

tube was exposed under the highest laser power available (548 µW) over 10

minutes, with the probe retracted to avoid any contamination on the apex. In

Figure 3.3 a), two Raman spectra are shown before (blue line) and after (red

line) 10 minutes of continuous illumination. After 10 minutes of irradiation no

discernible bands could be detected from the tube, with a rise in spectral noise.

A brightfield image after 10 minutes of laser exposure was also recorded and

presented in Figure 3.3 b). At the focal spot, where the two Raman spectra

were obtained we observed a dark spot, suggesting photo-degradation of the

sample at this particular location. No further test, with different laser powers

were performed to identify the sample’s burning threshold. These findings led

to reduction of the laser power to one-fifth (117 µW) of the initial setting

in order to prevent gradual sample degradation, while providing reasonable

Raman spectra in both far- and near-field conditions. For comparison between
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the Raman spectra after 10 min laser exposure under retracted probe and 1

min exposure with probe approached, Figure B.2 is provided, under Appendix

C.

(a)

(b)

Figure 3.3: a) far-field spectrum of Phe-Phe sample before (blue line) and after
10 min (red-line) of irradiation, with 10 s exposure time at 548 µW of laser
power. b) brightfield image of the interrogated Phe-Phe sample after 10 min of
irradiation.

3.3.1.5 Line Intensity profiling of Phe-Phe tubes - TERS probe re-

tracted & approached

After establishing optimal laser power (117 µW), Raman line scan measurement

was performed on the same area selected from the AFM image (Figure 3.1).

Figure 3.4 a) presents the Raman band 997 cm−1 intensity, while scanning

the Phe-Phe tube through the confocal laser spot with the TERS-active probe

being retracted (far-field). The Raman spectra were also subtracted from the

baseline, with Asymmetric Least Squares (ALS) algorithm applied [282]. The

scan included 100 steps (step size 10 nm at the X-axis) with an acquisition

time of 2 s for each Raman spectrum. The raw Raman spectra at the selected

positions of the X-axis are presented in Figure 3.4 b), with their respective

fitted baselines. Here, the intensity of the phenyl band rises between 0.4-0.8

µm position in the X-Axis (Figure 3.4 a)), with the highest signal being located

to 0.61 µm, suggesting the presence of the tube. Figure 3.4 c) displays the
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Figure 3.4: 100×1 pixels of 10 nm step size Raman map of Phe-Phe tube
with tip retracted with 2 s exposure time at 117 µW laser power. a) intensity
line map at the phenyl band 997 cm−1, across the X axis, with ALS baseline
subtracted. b) spectra at three different locations of the map at the X-axis,
with their respective fitted ALS for background subtraction. c) the intensity
of 997 cm−1 band, displayed in blue line, across the X-Axis. Cyan represents
the fitted Gaussian profile of the right hand side of the tube and purple is the
residuals of the blue line after subtracting it with the fitted Gaussian.

line profile, based on the intensity value of the 997 cm−1 Raman band, from

the fitted baseline, across the Phe-Phe sample on the X-axis (blue line). As

the diameter of the Phe-Phe tube (≈ 300 nm) was larger than the theoretical

diffraction limit of light (≈ 200 nm), the spatial resolution was calculated by the

‘step-edge’ method [283]. Briefly, by fitting a Gaussian curve on the sharpest

edge of the Raman intensity profile of a sample, the resulting FWHM represents
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the ‘waist’ of the laser spot. By observing the line profile displayed in 3.4 c),

the preferred edge is located at the right-hand side of the profile, which can be

confirmed from the AFM height profile, shown in 3.1 b). Thus, by applying a

Gaussian fit at that region, the resulting FWHM of the curve spans to 228 nm in

diameter (cyan line), with no significant residuals remaining after the fit (purple

line), which confirms with the theoretical value of the diffraction limit of the

confocal laser spot, obtained from equation 1.1. Spatial resolution measurement

could also have been simpler if Gaussian fits were applied at narrower nanofibres

of less than 200 nm, as previously demonstrated in Chapter 2 with Single-Wall

Carbon Nanotubes (SWCNT). The laser spot could not resolve the edges of the

tube, below the diffraction limit of light, hence the width of a Raman band’s

intensity line profile would be similar to the spot’s diameter. A higher yield

of these nano-structures could be obtained if L-Diphenylalanine crystals were

dissolved in ≥ 99% w/w acetonitrile concentration [267].

Moreover, the Raman scan across the same Phe-Phe tube was repeated, this

time at the near-field with the probe engaged and position-locked within the

focal laser spot. Figure 3.5 a) presents the intensity profile of the phenyl 997

cm−1 Raman band, from the spectra baselines (ALS applied [282]). This map-

ping was set at 100 steps, with 15 nm step-size on the X-axis and an acquisition

time of 10 s per step. Selected positions of three spectra across the X-axis of

the map are displayed in Figure 3.5 b), with their respective baselines. The

phenyl band (997 cm−1) was only shown at the position where the map from

Figure 3.5 a) was most intense. Thus, the tube was located between 0.2 µm

and 0.8 µm X-Axis µm positions. Figure 3.5 c) demonstrates the line profile

of 997 cm−1 band intensity across the Phe-Phe sample on the X-axis (orange

line). It is important to note that performing a single curve fitting as previously

demonstrated (Figure 3.4 c) did not resolve the near-field laser spot diameter

of several of nanometres. Considering the fact that a near-field intensity profile
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Figure 3.5: 100×1 pixels of 15 nm step size Raman map of Phe-Phe tube, while
tip is approached with 10 s Exposure time at 117 µW laser power. a) shows
an intensity map at the phenyl band 997 cm−1, across the X axis, with ALS
baseline subtracted. b) shows spectra at three different locations of the map
at the X-axis, with their respective fitted ALS baselines. c) displays the area
intensity profile of the 997 cm−1 band across the X-axis as the orange line.
The cyan line is the Gaussian profile which is constrained at 228 nm FWHM,
corresponding to the far-field illumination and being fitted at the right-hand
side of the tube. Similarly the olive line is the second Gaussian, corresponding
to the near-field illumination and fitted at the same position as the far-field.
The pink line is the sum of the two Gaussians and the purple line represents
the residuals from the fitted Gaussians.

of a band, is a contribution of both far-field and near-field Raman scattered

light, two Gaussian fits were applied, which correspond the laser beam profiles

of the near- and far-field, respectively [284], at the sharp-edge of the sample.
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By keeping the FWHM of the far-field profile constant at 228 nm (3.4 c)), the

FWHM of the olive coloured Gaussian line shown in Figure 3.5 c), representing

the near-field laser spot, approximated at 32 nm. The Enhancement Factor

(EF) contributed by the engaged probe [284] was measured by the following

equation 3.2 ,where:

EF =
IE/WE

IR/WR

(3.2)

where, IE , IR are the Raman intensities with the tip-engaged and retracted,

respectively and WE, WR are the FWHM of the fitted Gaussian profiles, as-

sociated with tip on and away from the sample, respectively. This equation

calculates the near and far-field band intensities per unit length of the sample

mapped and according to our data the generated EF is 4.48. It should be

considered, that the type of EF values reported in this study are different to

the ones obtained from the literature, which vary from 103 to 106 [117]. Roy

et al. 2009 [284] demonstrated the incomparability between studies with simi-

lar experimental setups, by producing over-estimations of their calculated EF,

taking into account the reflection of light from the TERS probe. They further

implemented the equation 3.2 in previously reported data, only on SWCNT.

Their approach has shown consistent deviations in the EF, ranging between

4-7. Therefore, by comparing these results to ours, good enhancement factor

on Phe-Phe tubes was achieved, alongside with the record of 32 nm in lateral

resolution.
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3.3.2 Paracetamol/copovidone 50% w/w spin-coated film

3.3.2.1 Raman Spectra of paracetamol/copovidone sample – AFM

Probe retracted

Raman spectra of the individual components and the combined blend were

recorded at the far-field, with the Ag-coated (TERS-active) probe retracted

and displayed in Figure 3.6. Raman signal from paracetamol can be seen both

in fingerprint and CH stretch regions (Figure 3.6 a)), with most intense bands

being located at 854.4 cm−1, 1316.3 cm−1, 1614 cm−1, and 2931.3 cm−1, which

agree with the Raman spectra of the pure material (Figure 3.6 b); green line)

and the literature [285, 286](Appendix B - Figure B.4). Also, an intense 2931

cm−1 CH band assigned to copovidone was also evident in Figure 3.6 a) (purple

line), which agree with the overlapped Raman spectra of the pure materials in

Figure 3.6 b) and the study-related [73] reference Raman spectra (Appendix

B - Figure B.5). By closer inspection of Figure 3.6 b) we can also notice an

overlap of the CH band from the pure components.

3.3.2.2 Paracetamol/copovidone film sensitivity to laser irradiation-

TERS-active probe retracted

By approaching the TERS probe on the sample surface, the electromagnetic

field under its apex could rise dramatically, affecting the sample’s integrity.

In order to assess the lifespan of the sample under high laser power (548 µW),

time series of four successive spectra at 60 s exposure were acquired. The probe

was retracted in order to avoid any contamination and inactivation of the Ag

coating. In Figure 3.7 a), the four spectra are displayed at different time points,

namely after 60 s (olive line), 120 s (brown line), 180 s (pink line) and 240 s

(grey line) of laser exposure. We notice across all four spectra a rise in photon
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Figure 3.6: a) Spectra of 50 %w/w paracetamol/copovidone film, while probe
is retracted, with 60 seconds exposure at 548 µW, of cropped fingerprint region
and CH stretch region. b) Mean-centred and variance-scaled overlapped refer-
ence spectra of pure paracetamol (green line) and pure copovidone (Kollidon
VA64™) (purple line) samples, displayed in cropped fingerprint and CH stretch
regions.

counts and a reduction of signal-to-noise ratio as time progresses, indicating

photo-degradation at the focal spot after prolonged laser exposure. Also, after

4 minutes of continuous exposure, only one paracetamol band at the 854.4 cm−1

remained discernible. In addition, a brightfield image after the end of the set

of these measurements was also recorded and presented in Figure 3.7 b). At

the focal spot, where the four Raman spectra have been obtained we observe a

dark spot, indicating photo-degradation at that location after prolonged laser

exposure. This outcome led to lowering the laser power to 78 µW in order to

prevent gradual sample damage, while providing visible bands in the Raman

spectra.
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(a)

(b)

Figure 3.7: a) Four consequent far-field spectra of paracetamol/copovidone of
60 s exposure, at 548 µW of laser power, obtained after 60 s (olive line), 120
s (brown line), 180 s (pink line) and 240 s (grey line). b) brightfield image of
the interrogated paracetamol/copovidone sample after the termination of laser
irradiation. Spectra in (a) were obtained where dark spot is located in (b).

3.3.2.3 Raman Spectra of paracetamol/copovidone sample -AFM

Probe approached

Raman spectra obtained at retracted and approached probe positions, are pre-

sented in Figure 3.8. Figure 3.8 b) shows that there is a rise at both the baseline

and noise in the near-field spectra, with some Raman bands located at 854.4

cm−1, 1316.3 cm−1, 1614 cm−1 and 2931 cm−1 being visible in both near- and

far-field spectra. From the tip-approached spectrum, the 1316.3 cm−1 band

shows an EC of 1.1. This demonstrates a marginal signal enhancement at the

near-field, as mentioned in the Materials and Methods section of this study.

Also, the presence of the 514 cm−1 band in the near-field indicates the Raman

scattering from the probe silicon substrate [249]. The near-field spectrum is

almost comparable to the grey spectrum displayed from Figure 3.7 a), which

confirms the intense laser exposure and damage of the irradiated sample. The

small signal enhancement, in combination with the low signal-to-noise poten-

tially suggested sample photo-damage at the near-field [257]. In addition, even

if the sample was not impacted by degradation, the possibility to spatially re-

solve the distribution of the two components can be very difficult due to the
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poor signal-to-noise ratio, obtained from the near-field spectra. Therefore, the

experimental conditions for this sample are not suitable for TERS-based Ra-

man mapping, as further laser power optimisations are required. No further

repeats of Raman spectra, at the two probe positions, were acquired at the

point of measurements.

Figure 3.8: Raman spectra of 50%w/w paracetamol/copovidone film, at the a)
far-field (blue) and b) near-field (orange), with 10 seconds exposure at 78 µW,
at cropped fingerprint and CH stretch regions. The enhancement contrast for
the 1316.3 cm−1 between the tip-retracted and approached Raman spectra is
1.1.

3.3.3 Felodipine/copovidone 50% w/w spin-coated film

3.3.3.1 Raman Spectra of felodipine/copovidone sample – AFM Probe

retracted

Raman spectra of the sample was recorded, alongside with its individual com-

ponents, while the Ag-coated (TERS-active) silicon probe was retracted (far-
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field). The spectra mentioned are shown in Figure 3.9. In Figure 3.9 a), bands

between 1406-1525 cm−1, 1644 cm−1 at the fingerprint region and 2931 cm−1

at longer wavelengths comply with previously published study [73] (Appendix

B - Figure B.3) and in Figure 3.9 b), assigned as a combination of felodipine

and copovidone components. Specifically, the bands at 1479 cm−1 and 1644

cm−1 correspond to felodipine, whereas the 1425 cm−1 represents copovidone.

In addition a combination of both components are also present at the –CH

stretch region (Figure 3.9), with the polymer being more intense compared to

the drug.

Figure 3.9: a) Spectra of 50% w/w felodipine/copovidone film while probe is re-
tracted, with 10 seconds exposure at 78 µW of laser power, displayed at cropped
fingerprint and CH stretch regions. b) Mean-centred and variance-scaled over-
lapped reference spectra of pure felodipine (green line) and copovidone (purple
line) at the fingerprint and CH stretch region of the spectrum.
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3.3.3.2 Raman Spectra of felodipine/copovidone sample – AFM Probe

approached

After engaging the TERS-active probe on top of the spin-coated film (near-

field), the Raman spectrum recorded is displayed in Figure 3.10. In comparison

to Figure 3.9 b), only the band associated to the -CH stretch is clearly visible,

at 2931 cm−1. Specifically, this band shows a 5.8 EC indicating great signal

enhancement compared to the confocal spectra. However, the baseline at the

fingerprint region (Figure 3.10) is increased with prevalent noise, compared to

the far-field spectrum acquired (Figure 3.9 b)). Also, a new band located at 514

cm−1 appears, originating from silicon strains of the probe substrate, suggesting

the presence of the probe within the laser spot [249, 274]. The observed noise

may be a combination of sample photo-damage and probe photoluminescence.

The intensity of the laser power, the volume of the sample irradiated as well

as the acquisition time are of crucial considerations, when performing these

types measurements. Over the course of these experiments sample degradation

was observed visually by setting different acquisition times under a minute and

power levels that approximate at 78 µW, although no data was recorded. We

concluded that the experimental parameters for felodipine/copovidone sample

were unfit for performing TERS-based Raman mapping measurements. No

further repeats of Raman spectra, at the two probe positions, were acquired at

the point of measurements.

3.4 Conclusion

In this work, Phe-Phe tubes were used in order to measure the near-field spa-

tial resolution of the TERS instrument. After obtaining the tube’s physical

dimensions with AFM, the acquired Raman data was evaluated and the spatial
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Figure 3.10: a) Spectra of 50 % w/w felodipine/copovidone film while probe
is retracted (blue line), with 10 seconds exposure at 78 µW of laser power,
displayed at cropped fingerprint and CH stretch regions.b) Spectra of 50 %w/w
felodipine/copovidone film, while probe is approached (orange line), with 60
seconds exposure at 78 µW of laser power, displayed at the cropped fingerprint
region and CH stretch region. The enhancement contrast for the 2931 cm−1

between the tip-retracted and approached Raman spectra is 5.8.

resolution calculated, at the two different height positions of the TERS-active

probe. For the amorphous dispersions tested, paracetamol/copovidone 50%

w/w and felodipine/copovidone 50% w/w, Raman spectra were obtained both

in the near- and far-field and further evaluated. For the peptide structure,

our findings demonstrate the presence of the probe in close proximity with the

focal point, with an Enhancement Factor of 4.48 at the apex. In addition,

the focal spot of the laser at the near-field was calculated at 32 nm in diame-

ter, indicating the measurement of nanometre-scale chemical maps, below the

diffraction limit of light. Although the present Phe-Phe tube sample had a di-

ameter larger than the diffraction limit, a thinner sample would be more ideal

to perform these measurements. Regarding the measurements performed on the

ASD, both films were potentially prone to photo-degradation either under high
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irradiation or at the probe being in contact with the sample surface, while irra-

diated by the monochromatic light, leading to poor signal-to-noise ratio in the

Raman spectra. These finds led to discontinuing our investigation on TERS-

mapping analysis on the spin-coated films. Currently there is no clear evidence

on which of the components and to what extent might have been affected from

both the laser and the engaged probe. Testing each component to different

levels of laser power, could provide us information about their degree of sen-

sitivity to the laser. Szczerbinski et al [287] demonstrated the impact of laser

power intensity on protein structures under the plasmonic hot spot, revealing

some bands which would with > 78 µW laser intensity be undetected. Also,

by recording their local temperature, we could evaluate if glass-transition or

melting point temperatures have been reached for each material. For this case,

simultaneous recording of the Stokes and Anti-Stokes spectral intensities of the

probed sample near-field temperature as well as certain plasmon resonance pa-

rameters can be recorded [288]. This information could allow the optimisation

of experimental conditions of the TERS measurements on pharmaceutical sam-

ples as well as optimise the laser power. In addition, TERS experimentations

of pure pharmaceutical components, based on the hotspot-to-sample distances,

across the XYZ-axes, could potentially provide us a clearer understanding of

their sensitivity under the TERS-active probe.
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Chapter 4

Laser sensitivity and Raman

thermometry assessment of

pharmaceutical components

4.1 Introduction

In Chapter 3, we evaluated the Raman spectra obtained from a TERS sys-

tem. The samples examined were thin spin-coated solid-dispersions of felodip-

ine/copovidone 50 % w/w and paracetamol/copovidone 50% w/w, under en-

gaged and retracted tip positions relative to the height from the sample surface.

Results indicated both samples were prone to degradation and rise in recorded

photoluminescence (PL), either under continuous laser irradiation (<548 µW,

with 1.49 NA objective) or probe contact with the sample. However, it is not

clear whether the probe or the prolonged irradiation may had led to changes in

the sample’s properties and to what extent these properties alter.

To better understand this outcome, it is important to examine the contributions
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of CRM and TERS towards the samples integrity. In CRM, the NA of a

microscope objective lens can determine the diameter of a laser focal spot [85].

As aforementioned in the Introduction, NA is the dimensionless number which

describes the size of the angle relative to the focal spot, at which light is emitted

or gathered, resolving fine specimen detail at a fixed object distance. According

to Abbe’s Equation 1.1, the lateral dimension of the laser spot is depended on

the wavelength (λ) of the incident light and the NA of the objective. This

indicates that under a specific wavelength, higher NA values generate shorter

focal point diameters.

The focal spot size is also connected to the irradiance on the sample surface,

measured in watts per square centimetre (W/cm2)[289]. If a constant laser

power in (W) is applied on a sample, higher NA objectives generate greater

amounts of irradiance. This narrowing of laser focal spot can result in an

increase of the collected Raman signal. However, it may also lead to an elevated

risk of igniting the sample, by absorbing a significant amount of incident laser

light. In addition, there is a chance of an applied incident green laser (500-

570 nm) to fluoresce the irradiated sample followed by burning. These events

in return generate fluorescence background noise which can mask entirely a

Raman spectrum [85].

In TERS, a plasmonically active probe under the laser irradiation, serves as a

lightning rod which enhances and highly confines strong electromagnetic fields

above the adsorbed sample molecules [278, 279, 281]. Due to the nanometre

confinement of the near-field laser spot, it may lead to the decomposition of

the interrogated sample molecules. To provide an indicative example from the

literature [168], a continuous-wave laser beam of 1 mW, irradiating a spot of

1 µm radius, generates a irradiance of approximately 32 kW/cm2. When the

metallic apex of the probe of 10 nm radius is in close proximity to the target

molecule, the density rises to 32 MW/cm2. In addition, if the incident light en-
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hancement is 10-100 fold higher, as often reported in studies [117, 168] the final

irradiance may arise close to 3200 MW/cm2 on several molecules. Other than

decomposition, sample may also undergo plasmon-driven photocatalysis, gen-

erating reaction products under the irradiated field and making more complex

the evaluation and interpretation of TERS spectra [219, 287].

Under these circumstances, one should seek balance in the laser power applied,

to prevent sample transformation as well as in the parameters of Raman signal

acquisition. It is understood that parameters such as the time, power as well as

the size of the laser spot, are key in investigating and sustaining the integrity

of the target sample during both CRM and TERS measurements. Also given

the complexity of the TERS spectra, displaying events of photo-degradation or

photo-catalysis [219], it is important to narrow down and examine the factors

which affect the stability of the samples. By examining pure components i.e.

paracetamol, felodipine and copovidone separately under the CRM, at differ-

ent power levels and magnification lenses would provide more clarity to the

correlation between area, powers and time-threshold to laser exposure.

In addition, obtaining the sample’s temperature during irradiation could also

unravel the case of sample undergoing through the glass transition, and melting

point temperatures. Under these circumstances Raman thermometry can be

applied, by calculating from a Stokes Raman band its shift, line-width as well as

the intensity ratio with the corresponding symmetric bands at the anti-Stokes

region [290–292]. The latter can be used to directly calculate the temperature

based on a Boltzmann distribution of the ground and excited population of

molecules [290].

Aim of this chapter was to identify the power threshold to trigger sample degra-

dation over prolonged laser exposure, at different laser powers and NA objec-

tive lenses. In addition Raman thermometry was performed to investigate the
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changes in sample temperature. Pure materials, shown in Chapter 3, were ex-

amined separately, under two Raman instrument with different laser intensities

(532 nm) and magnification lenses.

4.2 Material and Methods

4.2.1 Materials & Preparation method

Crystalline felodipine, paracetamol and copovidone (Kollidon™ VA64 Fine) were

provided by AstraZeneca (Macclesfield, United Kingdom). Pure films of crys-

talline drugs and polymer were prepared through spin-coating method, accord-

ing to the method reported previously, in Chapter 3. Briefly, each component

was dissolved in ethanol (1 mg/ml) and 50 µL aliquot was deposited and spun

on top of coverslips. The spin-coating process was initiated at 500 rpm for 3

seconds and further increased to 2000 rpm for 30 seconds.

4.2.2 Instrumentation & Raman Measurements

For this set of experiments two CRM instruments were used. These are the

AFM-CRM instrument, demonstrated in Chapter 2 and Horiba LabRAM HR

(Paris, France).

4.2.2.1 AFM-CRM

For this set of measurements, the AFM-CRM setup was modified with a 532

nm centred notch filter (StopLine® - NF01-532U, Semrock, New York, USA)

and 532 nm dichroic notch beam splitter (StopLine® - NFD01-532, New York,

USA), in order to record Raman signal at both Stokes and Anti-Stokes regions.
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4.2.2.2 Horiba LabRAM

The Horiba system was equipped with an Ultra-low frequency module to record

the Stokes and Anti-stokes regions using two air-immersion objectives (Olympus

LMPlanFL N, 100×, NA=0.80 & Leica HC PL FLUOTAR, 50×, NA=0.55).

The power intensity of the excitation laser was controlled with neutral density

filters.

4.2.2.3 Irradiance investigation

In order to examine and evaluate the sample-laser sensitivity, irradiance was

calculated based on the laser power applied (kW) over the irradiated area (cm2),

as seen in Equation 4.1:

Irradiance =
Power (kW)

Area (cm2)
(4.1)

With the power known, it is important to measure the beam area for the differ-

ent objectives used. For a Gaussian beam, its waist is defined as the location

where the irradiance is 1/e2 (13.5%) from its maximum value [293, 294]. Acquir-

ing images of focused laser beams, for the different objectives and instruments,

it was possible to measure the beam areas. For example, as shown in Figure 4.1,

the red region corresponds to the laser beam, with the green and red line cross-

sectioning the beam’s profile and acquiring the waists. In addition the area

of the beams were slightly elliptical. Therefore, the beam area was calculated

from the following Equation 4.2:

Area = π
BD1 ∗BD2

4
(cm2) (4.2)
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Figure 4.1: Image of Laser spot, acquired with the 100× magnification, 1.45
NA objective. The green and red plotted lines are cross sections of the laser
spot, with the laser profile being displayed to the uppermost and right hand-
side of the image, respectively. In each laser profile a Gaussian curve was fitted
(dashed blue lines) and the effective beam waist (1/e2) was calculated.

where BD1 and BD2 are the beam width diameters of the perpendicular axes

of the cross-section of the Gaussian beam, respectively. The laser beam waist

measurement was performed by acquiring an image of the confocal laser spot

under the microscope camera and further processing it with the ImageJ’s plug-

in, Open Beam Profiler [295, 296]. From both Raman instruments the range

of laser powers applied, alongside with the corresponding objectives used, their

beam area as well as irradiance are displayed in table 4.1.

In order to investigate the laser sensitivity for all the samples, each sample was

brought to a focus and irradiated, across different laser powers, over 2 minutes.

During that time a series of consecutive single spectra were acquired, each ob-

tained at 2 seconds of exposure (2 seconds × 61 spectra = 122 seconds). For

every consecutive run, the laser spot was relocated and focused on a different
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Table 4.1: Series of Laser power intensities (mW) applied on the different sam-
ples with their corresponding beam diameters (µm × µm), areas (µm2) and
irradiance values (kW/cm2), for the 1.45, 0.8 and 0.55 NA objective lenses
used in the AFM-CRM and LabRAM CRM equipments.

Instruments Objectives Beam Diameters Area beam Power intensity Irradiance
(NA | Power Coefficient for 532 nm) (µm × µm) (cm2) (mW) (kW/cm2)

AFM-CRM 100× Nikon (1.45 | 0.88) 0.442 × 0.382 0.13∗10-8

0.03 19.91
0.3 199.08
0.75 497.7
1.5 995.4
3 1990.8

Horiba LabRAM

100× Olympus (0.8 | 0.9) 1.822 × 1.648 2.36∗10-8

2.5 95.41
6.25 238.52
12.5 477.04
25 954.08

50× Carl Zeiss (0.55 | 0.88) 3.878 × 3.802 11.58∗10-8

2.5 19.12
6.25 47.81
12.5 95.62
25 191.23

XY position on the sample surface with distance >10 µm from the initial loca-

tion. This was performed in order to avoid any areas where the sample might

have been affected under any irradiation and prevent any discrepancies in the

acquired spectra. The Raman shifts are displayed within range of -1500 cm−1

and 1500 cm−1, unless else stated.

4.2.2.4 Thermometry investigation

Regarding the thermometry measurements, the shift, and line-width of a Ra-

man Stokes band, alongside with the ratio of symmetric Raman bands located

in the Stokes and Anti-Stokes regions, were calculated. From the time-cascade

spectra obtained, a combined non-linear curve comprising of a Lorentzian curve

and a 1st polynomial line were fitted across all time-spectra, on the symmetric

bands of interest. Specifically, the Lorentzian curve corresponds to the shape

of the produced Raman bands, whereas a 1st order polynomial line under the

curve represents the baseline of that band under a selected range of wavelengths

[109].

From the fitted curve models the height, centre position as well as FWHM
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values, were acquired. The anti-Stokes/Stokes ratio of symmetric bands was

measured after summing the height of the fitted Lorentzian curve with the

height of the line. The extrapolation of temperature from the band ratio was

acquired through the following equation 4.3 [297]

IAS

IS
=

(Vl + Vv)
3

(Vl − Vv)3
exp

−hvv
kT


(4.3)

where IS and IAS are the Stokes and Anti-Stokes Raman scattering strengths,

based on the photon count signal from the CCD camera. Vl is the frequency of

the laser (s−1), Vv is the frequency of the vibrational mode (s−1) (Raman band

position), h is Planck’s constant (J ∗ s), k is Boltzmann’s constant (J ∗K−1) and

T is the temperature (K), generated at the laser focal spot. All measurements

undertaken were performed under ambient-air conditions (≈ 20 °C). Numerical

codes for statistical analysis and figure plotting were written under the open-

source Python language and relevant packages [298]. All numerical routines

and raw data are included in the supplementary material for information and

reference.

4.3 Results and Discussion

4.3.1 Laser sensitivity of Paracetamol

Reference Raman spectra of pure paracetamol film were obtained from the

AFM-CRM and LabRAM instruments, displayed in Figure 4.2. Figure 4.2

a) shows raw paracetamol spectra obtained with the 1.45 NA (blue line), 0.8

NA (orange line) and 0.55 NA (green line) objectives, respectively. The same
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spectra were also mean centred and variance scaled as presented in Figure 4.2 b).

By closer inspection of Figure 4.2 a), the higher the NA objective used provided

more intense Raman signal. In addition, higher NA objective produced better

Signal-to-Noise (SN) ratio in the Raman spectra, as seen in Figure 4.2 B).

Furthermore, according to Figure 4.2 b), several Raman bands were visible in

the fingerprint region specifically at 874.4 cm−1, 1168.5 cm−1, the bands within

the 1200-1400 cm−1 Raman shift , with 1323.9 cm−1 being the most prevalent

cm−1 and the bands around 1628 cm−1. According to the literature [299],

the studied paracetamol sample resemble the crystalline form I and III,for the

spectra obtained with the LabRAM and AFM-CRM, respectively. From the 0.8

NA and 0.55 NA objectives used, we observed higher intensities for the 874.4

cm−1 and 1648.4 cm−1, compared to the 1.45 NA. The reference spectra from

the literature can be viewed under Appendix E in Figure E.1.

4.3.1.1 AFM-CRM measurements for paracetamol

Time series of Raman spectra on paracetamol spin-coated film were recorded

with the AFM-CRM instrument. The results are displayed in figure 4.3 ob-

tained with the 1.45 NA objective. This figure displays the spectra in the form

of heat-map versus time (1st column), three spectra at different time-points (2nd

column) and mean intensity of spectra across time (3rd column), at different

irradiance kW/cm2 per row.

On the first Figure (4.3), where the lowest irradiance was applied (19.91 kW/cm2),

both the heat-map and mean spectral intensity graphs show the intensity of ev-

ery spectrum remained constant throughout the whole experiment. The SN ra-

tio was low, with no discernible Raman bands of the paracetamol sample. The

same effects on the sample were observed when the applied irradiance ranges

between 199.08 and 497.7 kW/cm2, with the only exception of improvement
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Figure 4.2: Reference Raman spectra of pure paracetamol sample. Blue line
spectrum was acquired with the 1.45 NA objective under the AFM-CRM in-
strument, with 2 seconds of laser exposure and 3 mW of laser power. Green
and orange lines spectra were acquired under the LabRAM instrument with the
0.8 NA and 0.55 NA objectives, respectively. These spectra were recorded with
2 seconds of laser exposure at 25 mW of laser power. (a) Shows raw spectra,
whereas (b) presents mean centred and variance scaled spectra. The Raman
shift of the spectra acquired range between 300-2000 cm−1 at the fingerprint
region.

in SN ratio, where Raman peaks were visible. After further increase of the

irradiance to 995.4 kW/cm2, under 100 seconds of prolonged irradiation the

sample remained stable. After that point, a rise in PL background became de-

tectable, as seen at the heat-map and the mean trend line of the Figure 4.3 and

the green spectra after 122 seconds of exposure. At the maximum irradiance

applied (1990.8 kW/cm2), we observe similar events as previously mentioned,

only that they occur after 70 seconds of laser exposure.
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Figure 4.3: Time series of Raman spectra on Paracetamol with 2 seconds expo-
sure, on the AFM-CRM CRM using the 1.45 NA objective. Each row displays
measurements of increasing irradiance(19.91 kW/cm2, 199.08 kW/cm2, 497.7
kW/cm2, 995.4 kW/cm2, 1990.8 kW/cm2). The left column show heat-maps
of spectra for each measurement as a function of time (seconds) on the left
Y-axis. The middle column presents the three time-points of single spectra,
at the beginning (blue),before spectral change (orange) and at the end (green)
of each measurement. The right column demonstrates the mean value of each
spectra as a function of time (seconds). Each vertical colour line represent the
time point of the spectra from the second column graphs.

4.3.1.2 Horiba - LabRAM measurements for paracetamol

Time series of Raman spectra on paracetamol spin-coated film were acquired

from the LabRAM CRM instrument. The data acquired with the 0.8 and 0.55

NA objectives, are presented in Figures 4.4 and C.1 in the same graphical layout

previously shown with the 1.45 NA objective. On Figure 4.4, laser intensities

ranging between 2.5 and 25 mW have been applied on the sample, using the

0.8 NA objective. With irradiance applied up to 477.04 kW/cm2, the sample
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appeared to be stable with good signal acquisition where paracetamol bands

in the Stokes region are visible and no PL was present. After applying 954.08

kW/cm2 of laser power, an exponential increase in PL became prevalent after

100 seconds of continuous laser exposure.

Figure 4.4: Time series of Raman spectra on Paracetamol with 2 seconds ex-
posure, on the LabRAM CRM using the 0.8 NA objective. Each row displays
measurements of increasing irradiance(95.41 kW/cm2, 238.52 kW/cm2, 477.04
kW/cm2, 954.08 kW/cm2). Each column from left to right presents heat-maps
of spectra for each measurement, the time points of single spectra and the mean
value of each spectra as a function of time (seconds). Each vertical colour line
represent the time point of the spectra from the second column graphs.

On the last figure (C.1), provided in Appendix C, the spectra acquired with the

0.55 NA objective on paracetamol sample, showed no rise of a PL background

across the different irradiance applied, between 19.12 and 47.81 kW/cm2. The

SN ratio of the Raman signal is also comparably lower to the the spectra ac-

quired with the 0.8 NA objective, on the same system.

According to the data acquired and summarised in Table 4.2, with the rise of

irradiance the occurrence of the sample starting to photoluminesce rose. By
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using the 1.45 and 0.8 NA objectives an approximation of the sample sensitivity

threshold can be identified. Specifically, when the irradiance applied approxi-

mates at 954 kW/cm2, after 1 minute and 40 seconds of continuous exposure

the sample exhibited PL.

Table 4.2: Series of laser power intensities (mW) and irradiance (kW/cm2)
applied on paracetamol using the 1.45, 0.8 and 0.55 NA objective lenses used
on the AFM-CRM and LabRAM CRM systems. The red coloured cells indicate
the time-series which present a rise in PL after prolonged laser irradiation.

Instruments Objectives Power intensity Irradiance
(NA) (mW) (kW/cm2)

AFM-CRM 100× Nikon (1.45)

0.03 19.91
0.3 199.08
0.75 497.7
1.5 995.4
3 1990.8

Horiba - LabRAM

100× Olympus (0.8)

2.5 95.41
6.25 238.52
12.5 477.04
25 954.08

50× Carl Zeiss (0.55)

2.5 19.12
6.25 47.81
12.5 95.62
25 191.23

4.3.2 Laser sensitivity of Felodipine

Reference Raman spectra of pure felodipine film were obtained from the AFM-

CRM and LabRAM instrument, presented in Figure 4.5. Figure 4.5 a) shows

raw felodipine spectra obtained with the 1.45 NA (blue line), 0.8 NA (orange

line) and 0.55 NA (green line) objectives, respectively. The same spectra were

also mean centred and variance scaled, as displayed in Figure 4.5 b). According

to Figure 4.2 a), the spectra acquired by the 1.45 NA objective produced better

SN ratio, compared to 0.8 NA, which in turn shows better results in relation

to 0.55 NA. Also, in Figure 4.2 b) all the reference spectra presented are in
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agreement with each other as well as to the literature with the most prevalent

band being detected at 1644 cm−1 [73] (Appendix C - B.3).

Figure 4.5: Reference Raman spectra of pure felodipine. Blue line spectrum
was acquired with the 1.45 NA objective under the AFM-CRM instrument,
with 2 seconds of laser exposure and 3 mW of laser power. Green and orange
lines spectra were acquired under the LabRAM instrument with the 0.8 NA and
0.55 NA objectives, respectively. These spectra were recorded with 2 seconds
of laser exposure at 25 mW of laser power. (a) Shows raw spectra, whereas (b)
presents mean centred and variance scaled spectra. The Raman shift of the
spectra acquired range between 300-2000 cm−1 at the fingerprint region.

4.3.2.1 AFM-CRM measurements for felodipine

Time series of Raman spectra acquired from spin-coated felodipine film were

recorded with the 1.45 NA objective on the AFM-CRM instrument. The ac-

quired results are displayed in Figure 4.6. In Figure 4.6, irradiating the sample

with 19.91 kW/cm2 using the 1.45 NA objective, a decline on the spectral mean

intensity was observed at the start of the measurement. This intensity was sta-

bilised after 44 seconds have passed, indicating sample quenching. When the
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irradiance applied was 199.08 kW/cm2 a steady fall in PL occurred after 60

seconds of prolonged exposure. At 497.7 kW/cm2, the stability of the sample

spectra endured below 12 seconds, whereafter the mean intensity of the spectra

spiked and further dropped down in intensity. Under higher irradiance val-

ues; i.e. 995.4 kW/cm2, 1990.8 kW/cm2; the felodipine burned instantaneously

showing a rapid increase in mean intensity, further followed camera saturation

and termination of the experiments.

Figure 4.6: Time series of Raman spectra on felodipine with 2 seconds exposure,
on the home confocal Raman microscope using the 1.45 NA objective. Each row
displays measurements of increasing irradiance(19.91 kW/cm2, 199.08 kW/cm2,
497.7 kW/cm2, 995.4 kW/cm2, 1990.8 kW/cm2). The left column show heat-
maps of spectra for each measurement. The middle column presents the time
points of single spectra. The right column demonstrates the mean value of each
spectra as a function of time (seconds). Each vertical colour line represent the
time point of the spectra from the second column graphs.
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4.3.2.2 Horiba - LabRAM measurements for felodipine

Time series of Raman spectra were also obtained with the LabRAM instrument,

using the 0.8 NA and 0.55 NA. The data from the Felodipine spin-coated sam-

ple are displayed in Figures 4.7 and 4.8. Under the 0.8 NA objective (Figure

4.7), at 95.41 kW/cm2 the felodipine spectra remained stable over time, with

good SN ratio across the time-length of the experiment. Raising the irradiance

to 238.52 kW/cm2 the Raman signal remained consistent until 50 seconds have

passed, where afterwards a steady raise of sample PL became prevalent. By

further increase of the irradiance value to 477.04 and 954.08 kW/cm2 the PL

noise appeared after 30 seconds and 6 seconds of prolonged irradiation, respec-

tively. Intense spikes in the mean spectral intensity were also available, as seen

previously with the 1.45 NA objective.

After setting the 0.55 NA objective, similar effects with the 0.8 NA were also

observed with a lower SN ratio across all the different time-series spectra. Based

on Figure 4.8 the PL rose when 47.81 kW/cm2 irradiance or higher was applied.

In particular, under 47.81, 95.62, 191.23 kW/cm2, the rise of the spectral back-

ground was detected at time-points of 100, 50 and 10 seconds, respectively.

Based on the results obtained for felodipine, it is prevalent that the sample is

very sensitive under continuous laser irradiation. By closer inspection of Table

4.3, regardless of the objective chosen in each experiment, at irradiance 47.81

kW/cm2 or higher, felodipine exhibited to spectral changes upon extended laser

irradiation.
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4.3.3 Laser sensitivity of Copovidone

Reference Raman spectra of pure copovidone film were obtained from the AFM-

CRM and LabRAM instruments, displayed in Figure 4.9. Figure 4.9 a) shows

raw spectra obtained with the 1.45 NA (blue line), 0.8 NA (orange line) and 0.55

NA (green line) objectives, respectively. The same spectra were mean centred

and variance scaled, which are further presented in Figure 4.9 b). According to

Figure 4.9 a), the spectra acquired by the 1.45 NA objective produced better

SN ratio, compared to 0.8 NA, which in turn shows better results in relation

to 0.55 NA. Also, in Figure 4.9 b) all the reference spectra presented are in

agreement with each other as well as to the literature with visible bands being

detected at 746.6 cm−1, 933 cm−1 and 1425 cm−1 [73] (Appendix C - B.3).

Figure 4.7: Time series of Raman spectra on Felodipine with 2 seconds expo-
sure, on the LabRAM CRM using the 0.8 NA objective. Each row displays
measurements of increasing irradiance(95.41 kW/cm2, 238.52 kW/cm2, 477.04
kW/cm2, 954.08 kW/cm2). Each column from left to right presents heat-maps
of spectra for each measurement, the time points of single spectra and the mean
value of each spectra as a function of time (seconds). Each vertical colour line
represent the time point of the spectra from the second column graphs.
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Figure 4.8: Time series of Raman spectra on felodipine with 2 seconds expo-
sure, on the LabRAM CRM using the 0.55 NA objective. Each row displays
measurements of increasing irradiance(19.12 kW/cm2, 47.81 kW/cm2, 95.62
kW/cm2, 191.23 kW/cm2). Each column from left to right shows heat-maps of
spectra for each measurement, the time points of single spectra and the mean
value of each spectra as a function of time (seconds). Each vertical colour line
represent the time point of the spectra from the second column graphs.

4.3.3.1 AFM-CRM measurements for copovidone

Time-series of Raman spectra were acquired from copovidone spin-coated film,

using the AFM-CRM system, equipped with the 1.45 NA objective. The rel-

evant spectra are presented in Figures 4.10. According to Figure 4.10, the

trends of mean spectral intensity are identical across all the different irradi-

ance. Specifically, a negative exponential curve is presented, beginning with

a rise in PL background, which gradually decreased towards the end of each

measurement.
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Table 4.3: Series of laser power intensities (mW) and irradiance (kW/cm2)
applied on felodipine using the 1.45, 0.8 and 0.55 NA objective lenses used on
the AFM-CRM and LabRAM CRM systems. The red coloured cells indicate
the time-series which present a rise in PL after prolonged laser irradiation.

Instruments Objectives Power intensity Irradiance
(NA) (mW) (kW/cm2)

AFM-CRM 100× Nikon (1.45)

0.03 19.91
0.3 199.08
0.75 497.7
1.5 995.4
3 1990.8

Horiba - LabRAM

100× Olympus (0.8)

2.5 95.41
6.25 238.52
12.5 477.04
25 954.08

50× Carl Zeiss (0.55)

2.5 19.12
6.25 47.81
12.5 95.62
25 191.23

4.3.3.2 Horiba - LabRAM measurements for copovidone

Spectra were also obtained with the LabRAM instrument using the 0.8 NA and

0.55 NA objective. Their respective data are shown in Figures 4.11 as well as

C.2, in Appendix C. In Figure 4.11, we observe similar gradual decline in trend,

in respect to their mean intensity. The characteristic trend is observed in all

the different levels of irradiance applied. Similar outcomes is also observed with

the 0.55 NA objective, across all the different irradiance (Figure C.2).

In comparison to the APIs, the polymeric material responds differently to laser

exposure. At the start of every measurement, a high background PL is prevalent

and over the course of time it exponentially decays until the spectra stabilise

and the Raman bands of copovidone become visible. This drop is an indica-

tion of the sample being photo quenched rather than photodamaged after laser

exposure prolongation (Table 4.4). This effect is present in all the different

objectives and intensities applied.
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Figure 4.9: Reference Raman spectra of pure copovidone. Blue line spectrum
was acquired with the 1.45 NA objective under the AFM-CRM instrument,
with 2 seconds of laser exposure and 3 mW of laser power. Green and orange
lines spectra were acquired under the LabRAM instrument with the 0.8 NA and
0.55 NA objectives, respectively. These spectra were recorded with 2 seconds
of laser exposure at 25 mW of laser power. (a) Shows raw spectra, whereas (b)
presents mean centred and variance scaled spectra. The Raman shift of the
spectra acquired range between 300-2000 cm−1 at the fingerprint region.

In table 4.5, we concatenated all the data from tables 4.2, 4.3, 4.4, to com-

pare their onset of PL rise as a function of irradiance applied. Between the

API’s studied, felodipine is more sensitive to paracetamol under prolonged laser

exposure, with the sample burning after 47.81 kW/cm2 applied compared to

995.4kW/cm2 seen in paracetamol, which is more stable. Copovidone on the

other hand, displays no sensitivity to different laser powers and objective, as it

is quite robust across the tests performed.

91



4.3. RESULTS AND DISCUSSION

Figure 4.10: Time series of Raman spectra on Copovidone with 2 seconds
exposure, on the home confocal Raman microscope using the 1.45 NA objective.
Each row displays measurements of increasing irradiance(19.91 kW/cm2, 199.08
kW/cm2, 497.7 kW/cm2, 995.4 kW/cm2, 1990.8 kW/cm2). The left column
show heat-maps of spectra for each measurement. The middle column presents
the time points of single spectra. The right column demonstrates the mean
value of each spectra as a function of time (sec). Each vertical colour line
represent the time point of the spectra from the second column graphs.

4.3.4 Sample Temperature Evaluation

To examine the sample temperature from the obtained measurements shown

previously, the selection of data was based on two requirements. One being

the rise in background PL during each experimental run and second being the

visibility of symmetric Raman bands, both at the Stokes and anti-Stokes re-

gions. These criteria were met with the spectra obtained from paracetamol, at

3 mW and 1.5 mW laser power, using the 1.45 NA objective as well as parac-

etamol at 25 mW, applying the 0.8 NA objective. These spectra are displayed
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Figure 4.11: Time series of Raman spectra on Copovidone with 2 seconds
exposure, on the LabRAM CRM using the 0.8 NA objective. Each row displays
measurements of increasing irradiance(95.41 kW/cm2, 238.52 kW/cm2, 477.04
kW/cm2, 954.08 kW/cm2). Each column from left to right presents heat-maps
of spectra for each measurement, the time points of single spectra and the mean
value of each spectra as a function of time (seconds). Each vertical colour line
represent the time point of the spectra from the second column graphs.

in Figure 4.12, with the annotated regions, corresponding to the Raman bands

of interest. From the Figure presented, all the spectra are in agreement and

almost identical intensities, specifically at the stokes fingerprint region above

750 cm−1. For the spectrum recorded with the 0.8 NA objective (green), the

symmetric bands at 89.4 cm−1 and 214.9 cm−1 have been analysed. Likewise,

for the spectrum acquired with the 1.45 NA objective (blue and orange), the

symmetric bands at 797 cm1 and 857.9 cm1 have been examined.

4.3.4.1 Sample Thermometry with AFM-CRM Raman instrument

From the spectra shown in Figure 4.3, thermometry measurements on parac-

etamol data were performed, with 3 mW laser exposure (1990.8 kW/cm2) on
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Table 4.4: Series of laser power intensities (mW) and irradiance (kW/cm2)
applied on copovidone using the 1.45, 0.8 and 0.55 NA objective lenses used on
the AFM-CRM and LabRAM CRM systems.

Instruments Objectives Power intensity Irradiance
(NA) (mW) (kW/cm2)

AFM-CRM 100× Nikon (1.45)

0.03 19.91
0.3 199.08
0.75 497.7
1.5 995.4
3 1990.8

Horiba - LabRAM

100× Olympus (0.8)

2.5 95.41
6.25 238.52
12.5 477.04
25 954.08

50× Carl Zeiss (0.55)

2.5 19.12
6.25 47.81
12.5 95.62
25 191.23

Table 4.5: Series of laser power intensities (mW) and irradiance (kW/cm2)
applied on copovidone using the 1.45, 0.8 and 0.55 NA objective lenses used on
the AFM-CRM and LabRAM CRM systems.

Sample Paracetamol Felodipine Copovidone

Numerical 1.45 0.8 0.55 1.45 0.8 0.55 1.45 0.8 0.55Aperture
19.91 - - 19.91 - - 19.91 - -
199.08 95.41 19.12 199.08 95.41 19.12 199.08 95.41 19.12

Irradiance (kW/cm2) 497.7 238.52 47.81 497.7 238.52 47.81 497.7 238.52 47.81
995.4 477.04 95.62 995.4 477.04 95.62 995.4 477.04 95.62
1990.8 954.08 191.23 1990.8 954.08 191.23 1990.8 954.08 191.23

the 797 cm−1 bands in both Stokes and Anti-Stokes regions. The results are

shown in Figure 4.13. Figure 4.13 a) displays the two Raman shift regions,

where combined Lorentzian and 1st order polynomial curves were fitted upon

the bands at time points 2 seconds, 100 seconds and 122 seconds. For each time

point the temperature (°C) was calculated based on Equation 4.3 and plotted as

cyan coloured dots as presented in Figure 4.13 b). Figure 4.13 c) demonstrates

the changes of the band waist, at the Stokes region, across the different time

points of the spectra acquired (purple points). Figure 4.13 d) presents the shift
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Figure 4.12: Reference Raman spectra of paracetamol sample obtained with
the 1.45 NA (blue and orange line) and 0.8 NA (green line) objectives. All
spectra were recorded after 2 seconds of exposure. The blue Raman spectrum
was acquired under 3 mW of laser power, the orange under 1.5 mW of and the
orange under 25 mW of laser power. The Raman shift displayed, covers both
Stokes and Anti-Stokes regions between -1000 to 1000 cm−1. The highlighted
coloured areas, cover pairs of symmetric bands used to perform thermometric
analysis. These are the 89.4 cm−1 (red) and 214.9 cm−1 (purple), 797 cm1

brown and 857.9 cm1 pink.

in band position of the Stokes region, as a function of time (brown dots). In

Figures (b-d), the red line indicates the mean spectral intensity as a function

of time, whereas the coloured vertical lines (blue, yellow, green) demonstrate

the different time-points, where the spectra in Figure 4.13 a) are shown.

According to figure 4.13 b) both mean intensity and temperature display sim-

ilar trends across time. At the early seconds of the measurement both graphs

remained stable across time, until PL in the spectra occurred (right hand side

of orange line). In addition, the average measured temperature over the first

40 seconds of laser irradiation was 24 ± 152.8 °C. With the rise in PL there was
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Figure 4.13: Thermometry of paracetamol, with time-series spectra acquired
on the custom-made CRM instrument using the 1.45 NA objective (as shown
in Figure 4.3), irradiated with 3 mW laser power (1990.8 kW/cm2). Symmetric
bands at 797 cm−1, in both Stokes and anti-Stokes region were selected (a) and
analysed. b), c) and d) display the mean value of spectra (red line) alongside
the calculated temperature (cyan dots) from the IAS/IS, the change in FWHM
(purple dots) as well as the shift of the Raman bands (brown dots), respectively,
as a function of time. Orange vertical line indicates the time threshold, where
PL background is first observed.

an rise in both temperature and mean spectral intensity, as the temperature in-

creased beyond 1000 °C. Moreover in Figure 4.13 c), the line-width of the band

remained constant prior to sample PL, whereafter, there was an inconsistent

distorted rise in the values (12 < ∆cm−1). Similar effects were demonstrated in

the literature [300], where increasing temperature showed an increase in band

line-width. In Figure 4.13 d), the position of the band remained constant, un-

til PL occurred where the Raman band shifts to lower wavelengths (≈ 1-1.5

∆cm−1). This event was proven in literature [300] to be an indication of tem-

perature increase. Overall, these outcomes demonstrated temperature increase

on the paracetamol sample after prolonged irradiation. Although, the mean

initial temperature indicated room temperature recording, which agreed with

the experimental conditions available at the time of measurements, the stan-
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dard deviation errors were large. This could potentially be due to the small

acquisition times of the spectra recorded [291]. Same procedure was repeated

for the band 857.9 cm−1 at the same laser power, as shown in Figure C.4 in Ap-

pendix C, demonstrating similar outcomes to Figure 4.13. For both symmetric

bands 797 cm−1 and 857.9 cm−1, their fitted intensity, estimated standard de-

viation (ESD) errors, R2 and root mean square errors are displayed in Figures

C.3 and C.5, respectively, under Appendix C.

From the acquired spectra displayed in Figure 4.3, thermometry measure-

ments on paracetamol data were performed, with 1.5 mW laser exposure (995.4

kW/cm2) on the 797 cm−1 bands in both Stokes and Anti-Stokes regions. The

results are shown in Figure 4.14. Figure 4.14 a) displays the two Raman shift

regions, where combined Lorentzian and 1st order polynomial curves were fitted

on the Raman bands recorded at 2, 62 and 122 seconds. For each time point

the temperature (°C) was calculated based on Equation 4.3 and plotted as cyan

coloured dots as presented in Figure 4.14 b). Figure 4.14 c) demonstrates the

changes of the band waist, at the Stokes region, across the different time points

of the spectra acquired (purple points). Figure 4.14 d) presents the shift in

band position of the Stokes region, as a function of time (brown dots). In Fig-

ures (b-d), the red line indicates the mean spectral intensity as a function of

time, whereas the coloured vertical lines (blue, yellow, green) demonstrate the

different time-points, where the spectra in Figure 4.14 a) are shown.

Based on Figure 4.14 b) both mean intensity and temperature display similar

trends across time, as similarly shown in previous Figure 4.14. At the early

seconds of the measurement both graphs remained stable across time, until

PL in the spectra occurred (right hand side of orange line). In addition, the

average measured temperature over the first 40 seconds of laser irradiation was

16.8 ± 27.8 °C. The mean initial temperature indicated room temperature

recording, which agreed with the experimental conditions available at the time
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Figure 4.14: Thermometry of paracetamol, with time-series spectra acquired
on the custom-made CRM instrument using the 1.45 NA objective (as shown in
Figure 4.3), irradiated with 1.5 mW laser power (995.4 kW/cm2). Symmetric
bands at 797 cm−1, in both Stokes and anti-Stokes region were selected (a) and
analysed. b), c) and d) display the mean value of spectra (red line) alongside
the calculated temperature (cyan dots) from the IAS/IS, the change in FWHM
(purple dots) as well as the shift of the Raman bands (brown dots), respectively,
as a function of time. Orange vertical line indicates the time threshold, where
PL background is first observed.

of measurements. With the rise in PL there was an increase in both temperature

and mean spectral intensity 4.14, as the temperature reached beyond 400 °C.

Moreover in Figure 4.14 c), the line-width of the band remained distorted prior

to sample PL, with a slight trend upwards (11 < ∆cm−1). In Figure 4.14 d),

the band position remained constant, until PL occurs where the Raman band

shifts to lower wavelengths (≈ 1 ∆cm−1). Same procedure was repeated for the

band 857.9 cm−1 at the same laser power, as shown in Figure C.7 in Appendix

C, demonstrating similar outcomes to Figure 4.14. For both symmetric bands

797 cm−1 and 857.9 cm−1, their fitted intensity, estimated standard deviation

(ESD) errors, R2 and root mean square errors are displayed in Figures C.6 and

C.8, respectively, under Appendix C.
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4.3.4.2 Sample Thermometry with LabRAM Raman instrument

From the acquired spectra displayed in Figure 4.4, thermometry measurements

on paracetamol data were performed, with 25 mW laser irradiation (954.08

kW/cm2) on the 214.9 cm−1 bands in both Stokes and Anti-Stokes regions.

The results are shown in Figure 4.15. Figure 4.15 a) displays the two Raman

shift regions, where combined Lorentzian and 1st order polynomial curves were

fitted on the Raman bands recorded at 2, 104 and 122 seconds. For each time

point the temperature (°C) was calculated based on Equation 4.3 and plotted as

cyan coloured dots as presented in Figure 4.15 b). Figure 4.15 c) demonstrates

the changes of the band waist, at the Stokes region, across the different time

points of the spectra acquired (purple points). Figure 4.15 d) presents the shift

in band position of the Stokes region, as a function of time (brown dots). In

Figures (b-d), the red line indicates the mean spectral intensity as a function

of time, whereas the coloured vertical lines (blue, yellow, green) demonstrate

the different time-points, where the spectra in Figure 4.15 a) are shown.

Based on Figure 4.15 b) both mean intensity and temperature display similar

trends across time. At the early seconds of the measurement both graphs

remained stable across time, until PL in the spectra occurred (right hand side

of orange line). In addition, the average measured temperature over the first 40

seconds of laser irradiation was 195.5 ± 52.2°C. This result does not resemble

the ambient conditions where the experiments were undertaken. With the rise

in PL there was an increase in both temperature and mean spectral intensity

4.15, as the temperature reached up to 800 °C. Moreover, Figures 4.15 (c-

d) presenting the line-width and position of the band display no changes as a

function of time, other than fluctuations. Same procedure were repeated for the

band 89.4 cm−1 at the same laser power, as shown in Figure C.10 in Appendix

C, demonstrating similar outcomes to Figure 4.14. For both symmetric bands
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Figure 4.15: Thermometry of paracetamol, with time-series spectra acquired on
the LabRAM CRM instrument using the 0.8 NA objective (as shown in Figure
4.4), irradiated with 25 mW laser power (954.08 kW/cm2). Symmetric bands
at 214.9 cm−1, in both Stokes and anti-Stokes region were selected (a) and
analysed. b), c) and d) display the mean value of spectra (red line) alongside
the calculated temperature (cyan dots) from the IAS/IS, the change in FWHM
(purple dots) as well as the shift of the Raman bands (brown), respectively, as
a function of time. Orange vertical line indicates the time threshold, where PL
background is first observed.

214.9 cm−1 and 89.4 cm−1, their fitted intensity, estimated standard deviation

(ESD) errors, R2 and root mean square errors are displayed in Figures C.9 and

C.11, respectively, under Appendix C.

4.4 Conclusion

In this set of experiments, we obtained spectra from crystalline spin-coated

paracetamol, felodipine and polymeric copovidone samples, wherein we eval-

uated the sensitivity of each sample over prolonged laser exposures, by using

different laser irradiances and objective lenses. Both felodipine and paraceta-

mol, were prone to alteration in their spectra, with raise in PL over the course
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of time, under the two Raman systems. In the data presented in this chapter

we showed that the irradiance threshold for paracetamol photodegradation is

approximately 954 kW/cm2, whereas for felodipine it is 47.81 kW/cm2, under

different points in time. In contrast to crystalline drugs, copovidone shown an

opposite response to laser exposure. At the highest laser power output and

across all objectives, the sample did not show any sign of spectral change to-

wards the finish of every measurement. Instead, most of the PL produced was

prevalent at the start of each set, with an intensity decay later on.

Alongside the spectral evaluations, temperature measurements have also been

performed on spin-coated paracetamol sample, where PL in the background

spectra occurred. Thermometry calculations have been based on the obtained

IAS/IS ratio, as well as the Stokes line-width and shift. Across most measure-

ments at the point of PL, there was an increase of the sample temperature.

By comparing the IAS/IS ratio or the band dimensions with the mean spectral

trend across time, the ratio displays better correlation compared to the FWHM

and shift values. This confirms, with the rise in PL, rise in sample temperature

also takes place. It is also worth mentioning that the melting point of parac-

etamol lies between 169-170°C [301]. By closer inspection of Figures 4.13 b),

4.14 b) and 4.15 b), the recorded temperatures surpassed the stated melting

point. For future studies, it is important to acquire spectra with higher acqui-

sition times, in order to obtain more stable temperature measurements but also

keeping a note of the sample onset of photodegradation.

Nevertheless, understanding the sensitivity of the pharmaceutical materials and

evaluating their laser sensitivity threshold, is a valuable asset to examine and

rectify the quality of the spectra acquired under TERS experimental conditions,

in current and future studies. This information may also prove useful under a

CRM setup, using 100× magnification objectives.
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Chapter 5

Sample integrity and signal

enhancement evaluation based on

focal point-to-probe distance

5.1 Introduction

In Chapter 3 , we identified spectral changes of spin-coated ASDs under ap-

proached TERS probe and prolonged laser exposure, with the probe retracted.

Further in Chapter 4, we tested two different CRM systems to detect any

changes in the spectra, associated to the sample integrity. Based on the re-

sults obtained, a gradual rise in background Photoluminescence (PL) becomes

prevalent for the pure API samples. Depending on the sample, the rise in

background occurs at specific irradiance levels and certain time points of con-

tinuous exposure to the irradiation. The opposite is observed for the polymeric

copovidone, by remaining stable across all experiments over time. Thermome-

try measurements were also performed on paracetamol, with rise in temperature

being associated with time of prolonged laser irradiation.

102



5.1. INTRODUCTION

By recognising sample degradation under a CRM instrument, it is possible

to further discern spectral changed occurring under a TERS system. In par-

ticular, a distinguishable broadband PL background can be generated from

an irradiated metallic substrate, not related to sample burning. Enhanced

plasmon-dependent PL noise can rise from the rough metal surface [302, 303],

as similarly shown in Figure D.4 under Appendix D. Regarding, sample-derived

fluorescence it is expected to quench through the electronic coupling of the

metal probe, therefore not considered in the observed broad background signal

[304].

Another aspect that requires careful consideration, when obtaining TERS-based

spectra is the degree of the signal enhancement recorded. In these types of

experiments, the enhancement factor in the spectra could be subject to insta-

bilities in the tip-to-sample distance [281]. One plausible cause of enhancement

drop is the lateral thermal drift across the XY-axis of a acquired TERS map.

Under ambient conditions, the probe of an AFM equipment can drift in the

range of 0.1-0.01 nm/second, which may ultimately rise between 36-360 nm

in total, during an hour-long experiment [269]. A second cause to the tip-

sample separation can occur on the axial direction (Z-axis). According to the

literature, when the tip-sample distance rise above 20 nm, no near-field TERS

contribution can be observed. Whereas shortening this distance, the Raman

signal could rise exponentially [305, 306].

Therefore, studying spectra across the lateral and axial directions, from the ap-

proached TERS probe position, deemed valuable to detect any inconsistencies

in probe-to-sample distance. This investigation would allow the identification

of any potential enhancement in the Raman signal at any probe-to-focal spot

position, onset of sample photodegradation as well as spurious Raman spectra

that could occur during a TERS measurement [168, 281]. This approach was

achieved by raster-scanning the surface of a pharmaceutical material through
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small steps-sizes, as the functionalised tip came in closer proximity with the

focal laser spot. Aim of this chapter was to examine any spectral changes, such

as signal enhancement and/or sample degradation, on pure pharmaceutical ma-

terials, as a function to apex-to-focal spot distances across the XYZ directions.

In Chapter 4 pure samples were tested in order to assess their integrity. Adding

to the prior knowledge, pure pharmaceutical components were also used in this

study, under engaged TERS probe. Each sample was examined separately, in

the form of thin molten-quenched films. These types of films were produced

to avoid any potential entrapment of solvents with the spin-casting method,

executed in Chapters 3,4.

5.2 Material and Methods

Paracetamol, nicotinamide, Polyvinyl Alcohol (PVA) were purchased from Sigma

Aldrich, (St. Louis, MO). Felodipine was kindly contributed by AstraZeneca

(Macclesfield UK).

For the preparation of thin sample films, each material in powder form was

weighted at 100 µg and pressed between two round 24 mm diameter microscope

coverslips (# 1.5). These samples were transferred into a hot-stage (THMS600;

Linkam; Tadworth; UK) and heated to 10 °C above their respective melting

point. Afterwards, the molten films were cooled to room temperature at a

nominal rate of 30 °C per minute. To ensure the samples were completely

molten, brightfield images were acquired, as displayed in Figures D.1, D.2 and

D.3 under Appendix D (PVA images not presented in this study). Before

initiating a TERS measurement for each sample, the sandwiched cover-slips

were separated and the exposed clean films from the deposited face of each

glass were tested under the instrument, facing upwards towards the apex.
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The same TERS instrument discussed in Chapter 3 (National Physical Labo-

ratory ) was used. The exciting laser power ranged between 0.097 and 0.782

mW. Spectra were acquired between 400 cm−1 and 3600 cm−1, unless otherwise

stated.

5.2.1 XY-Coordinate experimental setup

For evaluating the acquired spectra on the basis of focal point-probe distance

evaluation, probe-laser co-alignments were performed. These entail lateral (XY)

raster-scans of the TERS probe, by translating the laser focal point. With

the probe in static position approached on the sample surface, the objective

lens moved across the XY-Axes, to detect the probe hotspot location. This

experimental procedure is demonstrated in Figure 5.1. The acquisition times

ranged between 3 to 5 seconds with applied laser power of 0.246 mW. The size

of these raster-scans acquired were 1 x 1 µm, unless otherwise stated. Each run

was performed at a different location on the sample surface.

Figure 5.1: Schematic diagram of the TERS setup, in bottom-illumination
mode. While the probe and the sample remain in static position, the objective
lens performs a raster-scan across the XY-axes.

From these measurements the signal Enhancement Contrast (EC ) was also cal-

culated. EC provides an indication of the probe’s likely performance to enhance
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the Raman signal during a TERS experiment, by comparing the intensity of a

Raman band at the hotspot and away from it [223]. By selecting the strongest

Raman band for each material, the following formula in Equation 5.1 was ap-

plied:

EC =
IHotspot

IConfocal
− 1 (5.1)

where, IHotspot corresponds to the intensity of Raman band at the hotspot region,

where the probe is within the laser spot and IConfocal, which intensity is acquired

away from the hotspot. A contrast value ≥ 1 indicates sufficient sensitivity for

TERS-based signal enhancement [195].

5.2.2 Z-Coordinate experimental setup

The acquisition of multiple spectra along the Z-axis with nano-scaled step-sizes

were also obtained. To perform this task under the AFM-TERS instrument,

either the probe or objective required to translate the Z-axis, with the sample

stage being held in fixed position throughout the whole measurement. Choos-

ing the first scenario, where the microscope objective stays in focus with the

sample surface and the probe approaches it incrementally, there was concern of

inconsistency to the probe translation. Specifically, as the distance between the

probe and focal point shortens, van der Waals or electrostatic forces from the

sample surface could be generated by attracting or repulsing the Ag nanopar-

ticles of the probe’s apex. This further causes the probe to vibrate, producing

fluctuations and uncertainties to the recorded distance on the AFM instrument

[120]. Alternatively, by approaching and stabilizing the probe on the sample,

it was feasible to perform a objective lens raster-scan across the XZ axis with

the current instrument. This is due to the objective being fitted on a XYZ
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translational piezo stage (AIST-NT, Novato, USA).

Another aspect which requires careful consideration is the size of the laser spot

along the Z-axis, also known as axial or depth resolution. Having an estimation

of the spot dimension, this allowed the determination of the spatial limits of

these measurements capturing both confocal and tip-enhanced Raman spectra.

An estimation of the axial resolution was determined from Abbe’s following

equation (1.2) [77], Based on the known parameters of the instrumental setup

used in our experiments, according to equation 1.2 the resulting depth resolu-

tion amounted to≈ 500 nm. To cover the whole range of spectra acquired across

the sample height, Z-axis raster-scans were limited to 1 µm. This experimental

procedure is demonstrated in Figure 5.2. After co-aligning the probe with the

Figure 5.2: Schematic diagram of the TERS setup, in bottom-illumination
mode. While the probe and the sample remain in static position, the objective
lens performs a raster-scan across the XZ-axes.

laser on the XY-Axis, the probe was first approached and held static on the

sample surface. Afterwards, the microscope lens was shifted approximately 0.7

µm focusing below the surface and apex Z-Axis position. This was performed

to obtain all the spectra below, on and above the probe apex. The XZ raster-

scans were performed at 0.246 mW laser with 5 seconds spectral acquisition.
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The step-sizes selected were 10 and 20 nm at both directions. The regions of

the spectra displayed were cropped at the fingerprint region (252-1750 cm−1)

and the –CH stretch region (2800-3200 cm−1). In order to ensure scanning

region was not affected by photodegradation, the sample was shifted to a dif-

ferent location prior recording. EC values from the Raman bands of interest

were also recorded. From the aforementioned equation 5.1, the intensity of the

confocal Raman band (IConfocal), was selected as the lower-most position of the

Z-Axis scan. This is where the objective lens is out of focus with the apex of

the TERS probe. For every other position the intensity of the Raman band

of interest was picked as the IHotspot and the EC was measured for each of the

recorded positions. Reason behind this approach is to evaluate the change in

EC value as a function of distance across the Z-Axis direction. All numerical

data analysis routines and raw data are included in the supplementary material

for information and reference.

5.3 Results and Discussion

5.3.1 Paracetamol measurements

Reference Raman spectrum from pure paracetamol film was obtained, with the

probe retracted from the film surface. The result is displayed in Figure 5.3.

According to the Figure four Raman bands are prevalent in the fingerprint re-

gion, namely at 864 cm−1, 1168.5 cm−1, 1323.9 cm−1 and 1628 cm−1. From the

intensity of these bands, the pure paracetamol studied was in crystalline form

III, according to the literature [299] as shown in Figure E.1 under Appendix E.

Hotspot and Z-scan Raman maps were obtained from pure paracetamol film,

while the TERS probe was approached on the sample surface and the objec-
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Figure 5.3: Reference Raman spectrum of pure paracetamol sample. Spectrum
was acquired under 5 seconds of laser exposure, with 0.246 mW of laser power.

tive was raster-scanning across the XY and Z, respectively. These results are

displayed in Figures 5.4 and 5.5.

Figure 5.4: a) Hotspot Raman map of paracetamol film, acquired at 0.246 mW
of laser power at 5 seconds acquisition time, with dimensions 0.9 x 0.6 µm and
100 nm pixel-size. b) Respective spectra (blue, orange, green) of the annotated
pixels on the hotspot map (a).

In Figure 5.4 a), each pixel on the hotspot map indicates the mean intensity of

the spectrum used to generate the hotspot Raman map. The coloured anno-

tated crosses on this map correspond to the spectra of similar colour shown in

Figure 5.4 b). Within the region of 0.9 x 0.6 µm2 a rise in the mean spectral

intensity was detected at the centre of this image (Figure 5.4 a)). By comparing

the spectra within and away from the hotspot (Figure 5.4 b)), we observed a

rise in the PL background around the central region of this map. The gen-
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Figure 5.5: Z-scan measurement of paracetamol film was obtained at 10 nm
step-sizes. From the raw data acquired, with dimensions 1 x 0.03 µm across the
ZX axes, the spectra across the X-axis were averaged. a) displays a heatmap
of these spectra across the Z-axis. b) and c) project overlapped and cascaded
spectra across the Z-axis, respectively, at 100 nm intervals including the position
at which the Hotspot becomes detected. Each spectrum shown in c) was mean
centred and variance scaled. For each spectrum the EC from the band of
interest (1323.9 cm−1) was also measured against the the spectrum at Z=0.

erated luminescent background is characteristic of the PL obtained from the

Ag-coated probes [269]. Specifically, a gradually declining slope in the PL signal

was observed as the wavelength increases. Furthermore, the paracetamol band

at 1323.9 cm−1 remains clearly visible across all spectra displayed. Through-

out the entire acquisition process, no sample degradation was observed, due to

visibility of the paracetamol Raman bands across all pixels. To assess the per-

formance of the TERS probe we evaluated the EC, based on equation 5.1. The

EC values were measured from the Raman band 1323.9 cm−1 for the spectra

at X:0.4 - Y:0.4 (orange line) and X:0.3 - Y:0.3 (green line) coordinates within

the hotspot region, against the spectrum at X:0.9 - Y:0, which is away from

it. At the hotspot the EC rose up to 1.2, indicating good TERS performance

generated from the probe.
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After acquiring the hotspot image, a Z-Axis raster-scan was performed and

displayed in Figure 5.5. On Figure 5.5 a), the spectra were averaged across

the X-Axis and further plotted as a heatmap towards the Z direction in a 1-

Dimensional line. The length of this map across the Z-Axis reached up to 1 µm.

In the second subplot of this Figure (5.5 b)) the overlapped spectra from subplot

a) are presented. On Figure 5.5 c), the same spectra were normalised and set

in cascaded order from 0 to 0.9 µm from the lowest to the uppermost spectrum.

The accompanied labels indicate the position of each spectrum acquired on the

Z-scan, alongside with the calculated EC for Z > 0.1 µm against Z = 0.

According to Figure 5.5 a), as the objective comes in focus with the probe and

the sample surface, a sharp intensity rise is observed at 0.67 µm, originating

from the hotspot of the probe. At this position we observe in Figure 5.5 b) a rise

at the PL background signal. The Raman band of 1323.9 cm−1 band remains

also visible across the different locations in the map. The EC calculated at the

hotspot location reached to 1.2 (Z: 0.67 µm, grey line), which is in agreement

with the hotspot map presented in Figure 5.4.

Based on the results observed in Figures 5.4 and 5.5, paracetamol film remained

stable throughout both processes, at 0.246 mW of laser exposure. This finding

confirms the sample stability tested under prolonged laser exposure seen Chap-

ter 4, Table 4.2. The EC acquired was also above 1.2 in both measurement,

indicating strong plasmonic enhancement was generated from the TERS probe

apex.

5.3.2 Felodipine measurements

Reference Raman spectrum from pure felodipine film was obtained, with the

probe retracted from the film surface. The spectrum is displayed in Figure 5.6.
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Based on the Figure shown, the most prevalent Raman band was located at

1644 cm−1 of the fingerprint region of the Raman shift. This band was picked

to investigate the signal band enhancement in the TERS measurements. This

spectrum also confirms with the literature as seen in Figure B.3 under Appendix

B.

Figure 5.6: Reference Raman spectrum of pure felodipine sample. Spectrum
was acquired under 5 seconds of laser exposure, with 0.246 mW of laser power.

Hotspot and Z-scan Raman maps were obtained from pure felodipine film,

with the TERS probe being in engaged position on the sample surface while

the objective was performing raster-scan translations across the XY and Z

coordinates. These results are displayed in Figures 5.7 and 5.8, respectively.

Figure 5.7: a) Hotspot Raman map of felodipine film, acquired at 0.095 mW
of laser power at 3s acquisition time, with dimensions 1 x 1 µm and 100 nm
pixel-size. b) Coloured spectra (blue, orange, green) representing the annotated
pixels marked on the hotspot map (a).
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Figure 5.8: Z-scan measurement of felodipine film obtained with 0.246 mW
laser power at 5 seconds exposure time and 20 nm step-size. From the raw data
acquired, with dimensions 1 x 0.06 µm across the ZX axes, the spectra across
the X-axis were averaged. a) displays a heatmap of these spectra across the
Z-axis. b) and c) project overlapped and cascaded spectra across the Z-axis,
respectively, at 200 nm intervals including the position at which the Hotspot
becomes detected. Each spectrum shown in c) was mean centred and variance
scaled.

In Figure 5.7 a), each pixel on the hotspot map shows the mean intensity of the

spectrum used to display the hotspot Raman map. The coloured crosshairs cor-

respond to similarly coloured spectra in Figure 5.8 b). In Figure 5.7 a), within

the region of 1 x 1 µm2, a rise in the mean spectral intensity is detected close

to the centre of this image. By comparing the spectra within and away from

the hotspot (Figure 5.7 b)), we observe an intense rise in the PL background

around the central region of this map, alongside with an increase of silicon band

of the probe located at 520.7 cm−1. In comparison to Figure 5.4 of paracetamol

hotspot, the PL is not gradually declining in intensity at longer wavelengths.

Instead, according to the spectra obtained at the hotspot region (Figure 5.7 b)

orange and green) the highest points of the PL is observed around 1500 to 2000
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cm−1. This has been similarly been observed in chapter 3,4, where felodipine

had been rapidly undergoing photodegradation. Brightfield images of the ir-

radiated spot are also displayed in Appendix D, Figure D.5. Due to sample

degradation, the EC was not calculated.

After performing probe-laser co-alignment at the XY-Axis, a Z-Axis raster-

scan was executed at a different location on the sample surface and displayed

in Figure 5.8. On the first subplot (5.8 a)), the spectra were averaged across

the X-Axis and plotted as a line image towards the Z direction, within the

range of 1 µm. In the second subplot of this Figure (5.8 b)) the spectra from

subplot a) were shown overlapped. On the third subplot (5.8 c)), the spectra

were normalised and set in cascaded order from 0 to 0.9 µm, from the lowest

to the uppermost spectrum. The labels indicate the position of each spectrum

acquired on the Z-scan.

In accordance with Figure 5.8 a), as the focal point of the lens came at closer

proximity to the apex location, we observed a rapid photodegradation of felodip-

ine while the objective was still defocused from the sample. First spectra to

observe this effect can be seen on Figure 5.8 c) (Z = 0.2µm), where all felodipine

bands disappear and wide PL background is prevalent. This suggest that the

sample was already damaged, while the objective was below and out-of-focus

from the sample.

5.3.3 Nicotinamide measurements

Reference Raman spectrum of pure nicotinamide film was obtained, with the

probe retracted from the film surface. The result is displayed in Figure 5.9.

From the Figure presented, one strong Raman band is visible at 1047.7 cm−1 of

the fingerprint region. This band was selected to evaluate the signal enhance-
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ment in the TERS measurements. In addition this spectrum complies with

published data shown in Figure D.6 under Appendix D.

Figure 5.9: Reference Raman spectrum of pure nicotinamide sample. Spectrum
was acquired under 5 seconds of laser exposure, with 0.246 mW of laser power.

Hotspot and Z-scan Raman maps were recorded from pure nicotinamide film.

These results were displayed in Figures 5.10 and 5.11. Based on Figure 5.10

Figure 5.10: a) Hotspot Raman map of nicotinamide film, acquired at 0.246
mW of laser power at 5 seconds acquisition time, with dimensions 1 x 1 µm and
100 nm pixel-size. b) Coloured spectra (blue, orange, green) correspond to the
annotated pixels marked on the hotspot map (a).

a), the hotspot Raman map displays the mean spectral intensity per pixel. The

annotated crosshairs correspond to the spectra shown in Figure 5.11 b). Within

the region of 1 x 1 µm2 of Figure 5.10 a) a rise in the mean spectral intensity

was detected at the centre of this image. Through comparison of the spectra at

and away of the hotspot region (Figure 5.10 b)), we observed an intense rise in
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Figure 5.11: Z-scan measurement of nicotinamide film was obtained at 20 nm
step-size. From the raw data acquired, with dimensions 1 x 0.06 µm across the
ZX axis, the spectra across the X-axis were averaged. a) displays a heatmap
of these spectra across the Z-axis. b) and c) project overlapped and cascaded
spectra across the Z-axis, respectively, at 200 nm intervals including the position
at which the Hotspot becomes detected. Each spectrum shown in c) was mean
centered and variance scaled. For each spectrum the EC from the band of
interest (1047.7 cm−1) was also measured against the the spectrum at Z=0.

the PL background around the central region of this map (green line). Added

to that, an intense signal of the nicotinamide Raman bands was detected at

the coordinates X: 0.3 µm - Y: 0.4 µm. To further confirm this enhancement

the EC was calculated, for band 1047.7 cm−1. For the same position the EC

value reached up to 9.2, indicating intense signal enhancement. This was not

the same for the position X: 0.5 µm - Y: 0.5 µm, where the EC reached up to

0.8 which is below the indicated value [195]. In order to ensure the maximum

signal was acquired at this region, an additional hotspot map of 0.1 x 0.1 µm2

was performed to locate this signal enhancement (Appendix D - Figure D.7).

The produced map showed no spectra originating from Nicotinamide at any

position, indicating that the signal enhancement was lost.
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Figure 5.11 displays a Z-Axis Raman map alongside with its respective spectra.

On the first subplot (5.11 a)), the spectra were averaged across the X-Axis and

plotted as a 1-Dimensional line map across the Z-Axis, within the range of 1 µm

distance. In the second subplot of this Figure (5.11 b)) the spectra from subplot

a) are shown overlapped. On the third subplot (5.11 c)), the normalised spectra

of Figure 5.11 b) are projected in cascaded order from 0 to 0.9 µm, from the

bottom to the uppermost spectrum. The labels indicate the position of each

spectrum acquired from the Z-Axis raster scan. EC values were also acquired

with positions at Z > 0.1 µm being measured against Z = 0, based on the

equation 5.1, for the nicotinamide band 1047.7 cm−1.

Based on Figure 5.11 a) as the focal point comes at close proximity to the apex

location, the spectral intensity gradually rises until maximised at 0.96 µm in

height. At this level we observe in Figure 5.11 b) a rise at the PL background

signal. The EC acquired across the different positions reached up to 0.9, at the

Z: 0.4 µm position, which is just below the required value.

Through inspection of Figures 5.10 and 5.11, nicotinamide remained stable

throughout both Hotspot and Z-scan raster scans, at 0.246 mW of laser expo-

sure, with consistent EC values of 0.8-0.9. Also instabilities in TERS Raman

spectra can be recorded around the hotspot, as seen in Figure 5.10.

5.3.4 PVA measurements

Reference Raman spectrum from pure PVA film was obtained, with the probe

retracted from the film surface. The result is displayed in Figure 5.12. Accord-

ing to the Figure, one strong Raman band is visible at 2928 cm−1, at the –CH

stretch region. This band was selected to evaluate the signal enhancement in

the TERS measurements. In addition this spectrum complies with published
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data shown in Figure D.8 under Appendix D.

Figure 5.12: Reference Raman spectrum of pure PVA sample. Spectrum was
acquired under 30 seconds of laser exposure, with 0.167 mW of laser power.

Last, hotspot and Z-scan Raman maps were collected from pure PVA film.

These results are shown in Figures 5.13 and 5.14.

Figure 5.13: a) Hotspot Raman map of PVA film, acquired at 0.246 mW of laser
power at 5s acquisition time, with dimensions 0.5 x 0.5 µm and 100 nm pixel-
size. b) Coloured spectra (blue, orange, green) correspond to the annotated
pixels marked on the hotspot map (a).

In Figure 5.13 a), each pixel on the image shows the mean spectral intensity

acquired to project the hotspot Raman map. The annotated crosses correspond

to similarly coloured spectra shown in Figure 5.13 b). Within the region of 0.5 x

0.5 µm2 a rise in the mean spectral intensity is observed on the right bottom side

of this image (Figure 5.13 a)). By comparing the spectra within and away from

the hotspot region (Figure 5.13 b)), a rise in the PL background, originated
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Figure 5.14: Z-scan measurement of PVA film was obtained at 10 nm step-size.
From the raw data acquired, with dimensions 1 x 0.05 µm across the ZX axis,
the spectra across the X-axis were averaged. a) displays a heatmap of these
spectra across the Z-axis. b) and c) project overlapped and cascaded spectra
across the Z-axis, respectively, at 100 nm intervals including the position at
which the Hotspot becomes detected. Each spectrum shown in c) was mean
centered and variance scaled. For each spectrum the EC from the band of
interest (2928 cm−1) was also measured against the the spectrum at Z=0.

from the TERS probe, becomes prevalent (orange and green lines). Also, the

Raman band at 520.7 cm−1 can be observed from the silicon substrate of the

probe. To evaluate the probe’s performance the EC was calculated, where the

PL values were assessed on and away from the hotspot location. The maximum

EC measured was 0.8 at X: 0.35 µm - Y: 0.15 µm. This indicates weak signal

enhancement was acquired.

After the XY-Axis probe-laser co-alignment, a Z-Axis raster-scan was obtained

and displayed in Figure 5.14. On the first subplot (5.14 a)), the spectra were

averaged across the X-Axis and plotted as 1-Dimensional heatmap towards the

Z direction, within the range of 1 µm. In the second subplot (Figure 5.14 b))

the spectra from subplot a) are presented as overlapped. On the third subplot
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(Figure 5.14 c)), the spectra were normalised and set in cascaded order from 0

to 0.9 µm, from the bottom to the uppermost spectrum. The labels indicate the

position of each spectrum acquired on the Z-scan, alongside with their recorded

EC values for band 2928 cm−1.

Based on Figure 5.14 a) as the focal point comes at close proximity to the

apex location, the spectral intensity gradually rises until maximised at 0.54 µm

in height. At this level we observe in Figure 5.14 b) a small rise at the PL

background signal, originating from the Ag-coating. The silicon band of the

probe is also visible at 520.7 cm−1. EC also reached up to 0.4, indicating weak

signal enhancement acquired from the band of interest.

After the inspection of Figures 5.14 and 5.14, PVA showed no instabilities

throughout the hotspot and Z-scan measurements, with the laser being set at

0.246 mW. Furthermore, the signal enhancement acquired in both Figures was

EC < 1, indicating weak enhancement.

5.4 Conclusion

In this chapter, we obtained spectra as a function to apex-to-focal spot dis-

tances across the XY and Z axes, using with pure pharmaceutical materials

and keeping the exposure time and laser power constant. These materials were

molten-quenched paracetamol, felodipine, nicotinamide and PVA films. From

the hotspot and Z-scan maps acquired, a rise in PL signal was observed as the

laser spot was approaching the apex of the probe. This was due to the plasmon-

dependent photoluminescence noise rising from the rough metal Ag surface.

Regarding the Enhancement Contrast of the samples measured, paracetamol

demonstrated EC > 1 at the 1323.9 cm−1, whereas nicotinamide and PVA were

< 1, for the 1047.7 cm−1 and 2928 cm−1, respectively, indicated weaker signal
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enhancement. This was not the case for felodipine as early photodegradation

was detected at longer distances from the apex hotspot site. The produced PL

was a combination of both plasmon-driven and photodegradation of the sample,

therefore no EC could be evaluated.

With these findings we understand how these samples perform under a function-

alised TERS probe and what information we can obtain for further tests. With

the exception of felodipine, the rest of the samples remained stable throughout

these experiments. However, for every intact material our analysis is limited

to single characteristic band with small signal enhancement. Due to the poor

signal-to-noise ratio of the TERS spectra presented in this study, investigating

the TERS maps of amorphous solid dispersions for nano-scale inhomogeneities

requires careful analysis and evaluation of the outcomes. Therefore for parac-

etamol material with EC > 1, qualitative evaluation of the chemical-associated

spatial information was performed under the TERS setup.
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Chapter 6

AFM-CRM-TERS measurement

on 2D-printed microdot ASD

6.1 Introduction

Following chapters 3,4,5 and 6, we acquired a better understanding of the

performance of pharmaceutical components under intense laser irradiation or

during a TERS experimentation. For each material there is a certain laser

power threshold which each material can withstand. In addition, the pho-

toluminescence background noise generated can be discriminated either from

sample degradation or TERS probe plasmon effect. From the stable materials

investigated i.e paracetamol under TERS, a small signal enhancement has been

identified (EC > 1). In addition, due to the low SN ratio one to two charac-

teristic Raman bands could be discernible from the spectra acquired, allowing

further analysis and interpretation of the results.

Under the current TERS instrument, pharmaceutical materials do not display

strong signal enhancement under an Ag-coated TERS probe. Interestingly,
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biological macromolecules such as single-strand DNA sequences [197] as well

as insulin amyloid fibrils [198], have been studied under similar AFM-TERS

setups, despite their classification as weak Raman scatterers [199].

Herein, we will evaluate the feasibility of obtaining nanometre-scaled spatially

resolved chemical information of ASDs. The first step will involve the physico-

chemical characterisation of ASD in the form of 2D inject printed micron-

sized micro-arrays, also known as microdots [307]. Each microdot size and

drug-polymer composition can be tunable, compared to spin-coated or molten-

quenched samples, allowing efficient formulation screening in drug stability as-

sessment of the produced ASDs. To assess the properties, selected microdot

was interrogated under the AFM and CRM instruments, in order to detect

inhomogeneities on its surface. Specifically the regions of interest would either

be boundaries between an API and a polymer, or a location of physically-

associated topographical interest were a certain component may have been ac-

cumulated over the other. Afterwards, these same regions will be investigated

to extract nano-scale spatio-chemical information.

6.2 Material and Methods

Paracetamol, polyvinyl alcohol (PVA) and triethoxy(octyl)silane were purchased

from Sigma Aldrich, (St. Louis, MO, USA). Toluene was purchased from Fisher

Scientific (Loughborough, UK).

6.2.1 Coverslip and sample preparation

For the preparation of microdots, salinised coverslips were prepared. For this,

plasma surface treatment machine (Zepto, Diener electronic, Germany) was
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applied. The coverslips were treated with both Oxygen and Nitrogen gases

under 0.06 mbar for 5 minutes, at 1 kW of power. Afterwards, the plasma-

cleaned coverslips were stored in a glass vessel, filled with 500 ml of toluene

and 10 ml of triethoxy(octly)silane and further heated to 50°C on a hot-plate

(ADS-HP-NT, Asynt, UK). To remove the excess of liquids, coverslips were

blown with Argon and further left to dry for 22 hours. After this step, any

settled dirt was removed with acetone. Last, coverslips were dried inside a

vacuum oven before use (Heraeus, Thermo Scientific).

Paracetamol was weighed out (Metler Toledo balance) into a scintillation vial,

dissolved in DMSO (10 mg/ml) and further agitated until homogenous as a clear

solution. Solutions were prepared on the same day of 2D-printing microdot

formulation.

6.2.2 2D inject printing

A piezo electric 2D inkjet printer (Scienion AG Sciflexarrayer S5) was used for

microdot assay preparation, using a piezo dispensing capillary (PDC 70 - type

2 coating). 30-40 µL of the drug solutions were pipetted in each well of a well

plate (Costar 96). The filled well plate was further inserted into a designated

station. Afterwards, the functionalised borosilicate cover slips were set on top

of a microscope slide at the slide-holder section of the printer. The array layout

as well as droplet volume were designed through the Scienion Software™. After

printing, the microdot arrays were left for 48 hours to dry-out and allow the

ASD to collapse.
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6.2.3 AFM-Raman measurements

To extract the physico-chemical information of the sample in question at the

micrometre length scale, the AFM-CRM instrument was applied (Chapter 2).

The Raman shift of the spectra acquired range between 600-3000 cm−1, unless

otherwise stated.

For the recording of topographical AFM maps, non-conductive silicon nitride

probes (DNP-S10, Bruker, MA, USA), were used. For the acquisition of height

and friction maps, these probes were raster-scanning each sample surface in

contact mode, with ≈ 2.3 nN force applied at 0.1 Hz scan rate. Friction maps

are associated with the torsion of the probe cantilever arising from the lateral

forces generated on the sample surface during a scan. Adhesion map was also

generated from force scan mapping, with 0.4 µm length of engaged cantilever de-

flection, at a setpoint of 1.5 nN and over the duration of 0.2 seconds. This map

represents the forces of attraction generated after the probe is retracted from

the surface, followed by approach. Both friction and adhesion maps allowed

the investigation of sample inhomogeneities based on the materials’ mechanical

properties.

6.2.4 TERS measurements

The same TERS instrument discussed in Chapters 3 and 5 was used to extract

the nanometre spatio-chemical information of the sample of interest. The ex-

citing laser power ranged between 0.097 and 0.782 mW. Spectra were acquired

between 400 cm−1 and 3600 cm−1, unless otherwise stated.
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6.2.5 Computational preprocessing and analysis of data

In order to interpret the data acquired from AFM, CRM and TERS instruments

a series of computational processes and techniques were applied. For the AFM

data, routine pre-processing tasks were performed (i.e. plane levelling), by using

the open-source Gwyddion ™. For the Raman and TERS data obtained, all

spectra obtained were normalised through mean centring and variance scaling

of the data points. This was performed to reduce any drifts from the baseline

of the spectra due to scattering or fluorescence events, occurring during the

experimental analysis [308].

For measuring the intensity of Raman bands, a combination of linear and

Lorentzian curves were fitted on the bands of interest. The Lorentzian curve

corresponds to the shape of a produced signal, whereas a 1st order polynomial

line under the curve represents the baseline of the spectra [109], under a se-

lected range of wavelengths. After fitting the combined curve onto every band

on the dataset, the height of the Lorentzian curves were extracted, alongside

with their Estimated Standard Deviations (ESDs). During fitting procedure,

some outlying intensities and ESD values were generated, which did not corre-

spond to the expected band intensity. Therefore, for ESD values ranging below

0 and more than 1, their respective intensities were classified as Not a Number

(NaN). Furthermore, to ensure that the curves were fitted on the bands of in-

terest, the centre position of the curve remained constrained at 4 ∆cm−1. All

numerical routines and raw data are included in the supplementary material

for information and reference.
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6.3 Results and Discussion

6.3.1 AFM-CRM Instrument

6.3.1.1 AFM measurements

For the acquisition of AFM topographical images, the edge of a round 2D-

printed microdot was selected, consisting of 30 % w/w Paracetamol and PVA

materials, as observed in Figure 6.1. The rationale behind this selection was

based on the resemblance of this concentration with marketed solid dispersion

formulations [40]. Also, compared to lower ASD drug concentration, there is

a high probability of phase separation between the two components to occur

[40]. This would allow the formation as well as detection of rich and poor API

or polymer domains, to study their inhomogeneity down the nanoscale lengths.

Figure 6.1: Brightfield image of Paracetamol PVA 30 % w/w in the form of a
2D-printed microdot. Scale bar: 5 µm

AFM topography maps were acquired by raster-scanning a region of 80 × 80

µm on the edge of the sample. These maps are shown in Figure 6.2 and 6.3.

Figure 6.2 a) displays the height topography, whereas Figure 6.2 b) shows the
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frictional topography of the region of interest. Through closer inspection of

Figure 6.2 a), the sample height reaches up to 4 µm, from the coverslip surface.

In addition, the sample shows a smooth surface, with a root mean square surface

roughness of 0.3 ± 0.07 µm. At the same image two small elevated areas are

also prevalent, located at the centre and the lower left of the map, indicating

deformities on the micro-dot surface.

Figure 6.2: AFM (a) Height and (b) Friction maps. The size of the map is
80x80 µm, acquired through contact mode.

Figure 6.3: (a) AFM friction map shown in Figure 6.2 (b), with highlighted
region (red rectangle) where adhesion map (b) was obtained. The adhesion
map was acquired by force-mapping mode, over a region of 7x7 µm.

Moving to the frictional topography image of the same region (Figure 6.2 b)),

the inner-most part of the microdot indicate some dark spots, including flower-

like features. This image indicates that the dark areas presented less frictional
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force against the probe, compared to the bright ones.

To further, obtain a better understanding of the sample surface physical proper-

ties, Figure 6.3 a) highlights a narrowed region (red rectangle), where adhesion

measurements were acquired, as shown in Figure 6.3 b). Specifically, each pixel

in this map represent the forces of attraction, whenever a probe is retracted

from the surface, after being approached. The darker regions on this sample

show less attraction to the apex of the probe, in comparison to the brighter

areas. The same area is also in agreement with the zoomed region, in Figure

6.3 a), demonstrating, areas with lower frictional forces also display low forces

of attraction. Based on a similar study, associated with the discrimination

between crystalline and amorphous lactose based on AFM adhesion measure-

ments [309], crystalline lactose demonstrated less probe pull-off force (6.34 ±

0.35 nN), in comparison to amorphous lactose (10.01 ± 0.80 nN). This finding,

in combination with the aforementioned result, suggest the dark regions cor-

respond to crystalline matter, potentially originating from paracetamol, PVA

or both. However, from the physical information acquired it is unfeasible to

discern the components in question. Therefore, confocal Raman spectroscopy

was performed.

6.3.1.2 Raman measurements

Single confocal Raman spectra of pure paracetamol, pure PVA materials as

well as their combination, from the 30 % w/w Paracetamol/PVA microdot

were acquired. The resulting spectra are displayed in Figure 6.4. Figures 6.4

(a-b) shows the pure components, with their actual and normalised intensities,

respectively, to allow their assessment. The pure paracetamol material investi-

gated exhibits as a Form III polymorph [299] (Appendix E - Figure E.1), having

two prominent bands located at 1323.9 cm−1 and 1628 cm−1, at the fingerprint
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region of the spectrum. Pure PVA shows one strong band at 2939 cm−1 at the

–CH stretch region of the spectrum. In Figure 6.4 c), the reference spectrum

of 30 % w/w Paracetamol/PVA is shown. At the fingerprint region, all of the

paracetamol bands indicate the sample was amorphous [299] (Appendix E -

Figure E.1). Furthermore, the most prevalent bands shown in this spectrum

are the paracetamol band located in 1628 cm−1 as well as the PVA band at

2939 cm−1. The increased intensity of these two bands allowed univariate as

well as bivariate analysis of the sample under investigation.

Figure 6.4: Reference Raman spectra of pure paracetamol (cyan coloured) and
PVA (olive coloured) samples, with spectra displayed as (a) raw and (b) mean
centered and variance scaled. The raw data was acquired after 2 seconds of
laser exposure, irradiated under 0.8 mW of power, using the AFM-CRM in-
strument. (c) Raman spectrum acquired from Paracetamol/PVA 30 % w/w
microdot sample (blue coloured). This data was acquired after 2 seconds of
laser exposure, under 1 mW of power, using the AFM-CRM instrument.

From the same coordinates of the AFM map presented in Figure 6.2, multiple

Raman spectra were obtained. This measurement was obtained with 1 second

camera acquisition under 300 µW of laser power. It is important to note here,
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that compared to the reference spectra (6.4 c)), the down scaled acquisition

parameters applied for this measurement led to reduction in the spectral signal

intensity (Appendix E - Figure E.2). However, they were sufficient to keep the

bands of interest visible (i.e. 1628 cm−1 and 2939 cm−1). This is to prevent any

prolonged sample degradation and allow further sample investigation under the

TERS instrument. In order to measure the intensities of the bands in question

and calculate the ratio between the two, Lorentzian curve fittings were applied

and their intensities used. Goodness of fit values such as average R2, average

Root Mean Square Errors (RMSE), as well as intensity Estimated Standard

Deviations (ESDs) were calculated for all the spectra’s bands of interest. The

results can be found under Appendix E.

The produced Raman measurement is displayed in Figure 6.5. Figure 6.5 a)

demonstrates the intensity map of the Lorentzian curve fitted at 1628 cm−1.

Figure 6.5 b) shows the intensity map of the Lorentzian curve fitted at 2939

cm−1. Figure 6.5 c) displays the intensity ratio of band 1628 cm−1 over 2939

cm−1. Figure 6.5 d) contains the average spectra, under the area represented

by the annotated boxes of same colour in the ratio map (Figure 6.5 c)). The

spectra are presented under the fingerprint region (600 - 1800 cm−1) as well

as –CH stretch region (2700 - 3100 cm−1) . The number of spectra averaged

under this region are 256 pixels (16 × 16). The Goodness of fit as well as the

intensity ESDs values for this measurement are provided in Figure E.3, under

Appendix E.

From first observation across Figures 6.5 (a-b), we observe similar topograph-

ical features, seen from the AFM image in Figure 6.2 a). In particular, both

1628 cm−1 and 2939 cm−1 bands, which correspond to paracetamol and PVA

respectively, are detected and evenly dispersed throughout the microdot. In

addition, two dark regions in the centre and lower left position of these maps

are also visible. Under the same locations the elevated areas from the AFM im-
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age of Figure 6.2 a) are positioned. This potentially indicates internal cavities

formed within the microdot, occurred during solvent evaporation, due to drop

in signal intensity, hence reduction in material concentration. In Figure 6.5

Figure 6.5: Normalised Raman intensity maps, acquired with the CRM in-
strument. The intensities are presented from fitted Lorentzian curves of bands
located at (a) 1628 cm-1, (b) 2939 cm-1 and their respective ratio intensity
(c).The area covered under the coloured rectangular regions (5x5 pixel area)
correspond to the averaged spectra displayed in (d).
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c), where the ratio between the 1628 cm−1 and 2939 cm−1 bands is displayed,

both components show great homogeneity within the microdot. Through com-

parison of the two spectra in Figure 6.5 d), both spectra are similar across the

two XY coordinate positions (X:36 µm Y:70 µm - X:36 µm Y:42 µm). Due to

the 1628 cm−1 increased band’s intensity over 2939 cm−1, paracetamol displays

prevalence within the map. Also, there are no defined component segregation

over the other, showing any resemblance with the crystalline regions seen on the

AFM friction and adhesion maps in figure 6.3. As there might be spatial res-

olution limitations with the CRM, TERS measurements have been performed

in a narrowed region of the map.

6.3.2 TERS Instrument

6.3.2.1 AFM measurements

After analysing the sample at the micron length scale, it was further trans-

ferred over the TERS instrument. To confirm similar topologies across the

two instruments, the sample was examined under the AFM equipment of the

TERS system. Figure 6.6 a), is the exact friction image shown under Figure

6.2 obtained with the AFM-CRM instrument, which highlights the region (red

rectangle) where an additional friction topography was further recorded by the

TERS instrument. This is displayed in Figure 6.6 b). Both the highlighted

region in Figure 6.6 a) as well as the whole image in Figure 6.6 b) appear to

be in good agreement. In Figure 6.6 b), Confocal Raman and TERS measure-

ments have been acquired under the purple-coloured highlighted area, located

over the top right hand-side of this image. The round feature, presented in the

annotated rectangle shape, correlates to the dark region seen in Figure 6.6 a).

Investigating this location, would allow the evaluation of the Confocal Raman

and TERS spatial resolution and unravel the chemical identity of this feature.
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Figure 6.6: (a-b) are extracted from Figure 6.2 b), with b focusing on a 20x20
µm region from a. (c) is the friction AFM image acquired with the TERS
instrument. The size of this map extents to 20 × 20 µm. 2D Fast Fourier
Transform was applied for remove any generated sinusoidal artefacts. The
original image is provided under Figure E.4 in Appendix E.

6.3.2.2 Raman measurements

Single confocal Raman spectra were recorded from pure PVA and paracetamol

as well as both materials combined, in the form of 30 % w/w Paracetamol/PVA

microdot. These results are displayed in Figure 6.7. Figure 6.7 (a-b) presents

the spectra of pure components, with their intensities raw and normalised to

allow their assessment. Pure paracetamol material exhibits as a Form III crys-

talline polymorph [299] (Appendix E - Figure E.1), having three prominent

bands located at 864, 1323.9 cm−1 and 1628 cm−1, at the fingerprint region of

the spectrum. Pure PVA shows one strong band at 2939 cm−1 at the –CH

stretch region of the spectrum. In Figure 6.7 b), the reference spectrum of

30 % w/w Paracetamol/PVA is shown. At the fingerprint region, all of the

paracetamol bands indicate that the sample exists in an amorphous state [299]

(Appendix E - Figure E.1). Furthermore, two most prevalent bands shown in

this spectrum from paracetamol are located in 864 and 1628 cm−1 as well as the

PVA band at 2939 cm−1. These results confirm that all the materials studied

across the two instruments, remained in the same state, either crystalline for
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Figure 6.7: Reference Raman spectra of pure PVA (olive coloured) and parac-
etamol (cyan coloured) sample in Form III, with spectra displayed as (a) raw
and (b) mean centered and variance scaled. The raw data was acquired after
30 seconds of laser exposure, irradiated under 95 µW of power, using the TERS
instrument. (c) Raman spectrum acquired from Paracetamol/PVA 30 % w/w
microdot sample (blue coloured), exhibiting in an amorphous state. The data
was obtained after 10 seconds of laser exposure, under 0.167 mW of power,
using the TERS instrument.

pure paracetamol or amorphous for 30 % w/w Paracetamol/PVA.

Confocal Raman map from the annotated region of interest (purple rectangle,

Figure 6.6 b)) was acquired, while the TERS probe was retracted, as displayed

in Figure 6.8. Figure 6.8 a) presents the intensity map of the fitted Lorentzian

curve at 1628 cm−1. Figure 6.8 b) shows the intensity map of the Lorentzian

curve fitted at 2939 cm−1. Figure 6.8 c) demonstrates the intensity ratio of

the fitted 1628 cm−1 band over 2939 cm−1. Figure 6.8 d) contains the average

spectra, under the area represented from the annotated boxes of same colour

shown the ratio map (Figure 6.8 c)). The spectra are presented under the

fingerprint region (600 - 1800 cm−1) and –CH stretch region (2700 - 3100
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cm−1). The number of spectra averaged under this region are 49 pixels (7 × 7).

The Goodness of fit as well as the intensity ESDs values for this measurement

are provided in Figure E.5, under Appendix E. In addition, Figure E.6 under

Appendix E is also provided. It is similar to Figure 6.8, with the exception

of displaying individual spectra with their respective fittings at the allocated

coordinates.

Figure 6.8: 1x1 µm normalised intensity maps acquired on the TERS instru-
ment, while the probe was retracted from the sample surface. The intensities
are displayed based on the fitted Lorentzian curves of the bands located at (a)
1628 cm-1, (b) 2939 cm-1, and their respective ratio intensity (c).The area cov-
ered under the coloured rectangular regions (5 × 5 pixel area) correspond to
the averaged spectra shown in (d).

According to Figures 6.8 (a-b), both 1628 and 2939 cm−1 intensity maps show

similarities in their topographies. Both images show high intensity values at

the lowest part of the map (Y-Axis = 0 µm), with a decline as the Y-Axis

coordinate rises. Moving to the ratiometric figure of the two bands (Figure

6.8 c)), the image displays great homogeneity for the two materials, with no

indication of phase separation between the two components occurring. This

finding is also in agreement with the ratiometric map acquired with the AFM-

CRM instrument (Figure 6.5 c)). Furthermore, from the annotated regions seen
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in Figure 6.8 c), the corresponding spectra are almost similar, with the purple

spectrum showing higher intensities both at the 1628 and 2939 cm−1 bands.

A TERS map at the same coordinates as the confocal Raman map was recorded,

with the probe approached on the sample surface. The results are displayed in

Figure 6.9. Figure 6.9 a) shows the intensity map of the fitted Lorentzian curve

at 1628 cm−1. Figure 6.9 b) presents the intensity map of the Lorentzian curve

fitted at 2939 cm−1. Figure 6.9 c) demonstrates the intensity ratio of band 1628

cm−1 over 2939 cm−1. Figure 6.9 d) contains the average spectra, under the

area represented from the annotated boxes of same colour shown the ratio map

(Figure 6.9 c)). The spectra are presented under the fingerprint region (600 -

1800 cm−1) as well as –CH stretch region (2700 - 3100 cm−1) . The number of

spectra averaged under this region are 49 pixels (7 × 7). The Goodness of fit as

well as the intensity ESDs values for this measurement are provided in Figure

E.7, under Appendix E. Under the same Appendix, Figure E.8 is also provided.

This Figure is similar to 6.8, with the exception of displaying individual spectra

with their respective fittings at the allocated coordinates.

Based on Figures 6.9 (a-b), both 1628 and 2939 cm−1 intensity maps display

similarities in their topographical features. High intensity values are observed

at the lowest regions of the two maps (Y-Axis → 0-0.05 µm), indicating high

concentration of both components. Towards higher Y-Axis coordinates, this

intensity further declines for the two materials. This finding was similarly

observed previously in Figures 6.8 (a-b). After measuring the ratio between

the two bands, a ratiometric map was generated and displayed in Figure 6.9

c). From first observation, an accumulation of the 1628 cm−1 band is located

at the centre and upper region of this image. Specifically, this corresponds to

paracetamol indicating up to 4-fold increased concentration, compared to 2939

cm−1 band from PVA. In Figure 6.9 d) the green annotated spectra, shows a

slight drop in intensity (0.5 [∆a.u.]) at the 2939 cm−1 band, from the spectrum
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Figure 6.9: 1x1 µm normalised intensity maps obtained on the TERS instru-
ment, while the probe was approached on the sample surface. The intensities
are demonstrated based on the fitted Lorentzian curves of bands located at
(a) 1628 cm-1, (b) 2939 cm-1 and their respective ratio intensity (c).The area
covered under the coloured rectangular regions (5 × 5 pixel area) correspond
to the averaged spectra displayed in (d).

baseline, in relation to the purple line. In regards to the 1628 cm−1 band, a

slight reduction in intensity is observed between the green over the purple line

is detected (0.1 [∆a.u.]). Also, from the individual spectra shown in Figure

E.8 under Appendix E, lower Lorentzian curve intensity was demonstrated at

the 2939 cm−1 compared to the 1628 cm−1 bands at the centre of the same

ratiometric map. These findings suggest the 4-fold increase in paracetamol

band due to the drop in the 2939 cm−1 band, associated with PVA.

In an ideal scenario, further assessment of TERS spatial resolution performance

would be performed. This would entail the measurement of near-field spatial

resolution generated by the TERS probe. However, due to the low SN ratio

obtained as well as the uncertain spatio-chemical characteristics of the sam-

ple beneath the AFM-interrogated surface, by using the calculated Lorentzian

fittings would lead to a series of uncertainties and discrepancies in these mea-

surements.
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6.4. CONCLUSION

6.4 Conclusion

In this chapter, we acquired physical and chemical information about the sur-

face morphology of a 30% w/w Paracetamol/PVA 2D printed microdot. The

data was recorded from two instruments, namely one combined AFM-CRM

for micron-length AFM and Raman measurements and a TERS instrument for

nanoscale Raman assessment. From the AFM-CRM instrument, flower-like fea-

tures were identified on the surface of the microdot from friction-based AFM

images (Figure 6.2). Adhesion map was also recorded upon these areas, suggest-

ing these regions are crystalline (Figure 6.3). Chemical inspection of the sample

has also been performed through Raman spectroscopy. The printed microdot

was exhibiting an amorphous state and was completely homogeneous from its

two excipients (Figure 6.5). Moreover, the same sample was transferred over the

TERS instrument. To ensure consistency in the measurements across the two

microscopes, the flower-like features were identified over the AFM equipment

of the TERS system (Figure 6.6). To examine sample inhomogeneities between

confocal Raman and TERS, a round feature was detected and raster-scans were

performed around that vicinity. Under the confocal Raman measurement, the

sample has shown complete homogeneity from the two pharmaceutical ingredi-

ents (Figure 6.8). Whereas after the TERS measurement, an elevated concen-

tration of paracetamol was identified, where the round dot is located (Figure

6.9). This suggests that the crystalline flower-like structures may potentially

originate from paracetamol re-crystallisation.

Based on these findings we were able to identify nanoscale inhomogeneity at

the surface of the pharmaceutical formulation, both with the AFM and TERS

instruments. However, due to poor TERS signal obtained and lack of multiple

visible Raman bands, it was unfeasible obtain a clearer image of the region

investigated. Furthermore, no additional information could be extracted, such
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6.4. CONCLUSION

as TERS probe derived spatial resolution, API polymorphism or PVA crys-

tallinity. In this study, applying bottom-illumination TERS on the surface of a

transparent pharmaceutical formulations could deem very useful for extracting

nanometre-length spatio-chemical information. However, careful consideration

must be given to sample stability and surface topology, in order to optimise the

acquisition parameters and obtain meaningful results.
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Chapter 7

Conclusions and Future Work

The aim of the work in this thesis was to apply and evaluate the TERS technique

on ASDs based on its performance and suitability. Gaps in the current knowl-

edge of pharmaceutical analysis is that most conventional analytical techniques

have limited performance in resolving both physical and chemical properties of

ASDs at the nanometre length. Unravelling such information would allow a

more in-depth understanding of the complex mechanisms involved in the ASD

dissolution process and further improve the performance.

In these series of studies, two bottom-illumination AFM-CRM and TERS sys-

tems, both equipped with 532 nm wavelength laser were used. The AFM-CRM

instrument was developed, demonstrating compatibility of becoming a TERS

system (Chapter 2). AFM-CRM has also been used, in evaluating pharmaceu-

tical material stability under prolonged laser irradiation (Chapter 4) as well as

recording at the micrometer level the physical and chemical topographies of a

2D-printed ASD microdot (Chapter 6). The TERS instrument was applied to

obtain and assess single or multiple Raman spectra in tip retracted and ap-

proached positions on single or binary pharmaceutical components (Chapters

3 and 5). Finally, in combination with the AFM-CRM instrument, TERS was
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used to discern the chemical inhomogeneities of the 2D-printed microdot at the

nanometre length scales (Chapter 6).

In (Chapter 2), a combined AFM-CRM system was developed and assessed.

The instrument schematics, software development, laser polarisation assess-

ment as well as the laser spot-to-probe co-aligment have been presented. In

particular, the desired orientation of the incident electromagnetic field from

linear to radial has been achieved. Also, the laser-probe co-alignment was

demonstrated, either through Rayleigh light back-scattering of the apex to the

AFM photodiode or Raman signal, based on the probe silicon band at 520.7

cm−1. Furthermore, to confirm the Raman instrument’s laser spot dimension,

the Raman band intensity of SWCNT cross-section was obtained, allowing the

calculation of the FWHM, with an estimate of 229 nm laser focal point diam-

eter.

In (Chapter 3), the TERS instrument was tested on bio-pharmaceutical com-

ponents of interest. First, for single-component material analysis, Phe-Phe

tubes were used to assess the Raman spectra obtained with TERS probe being

retracted or approached on the sample surface as well as to examine the spa-

tial resolution obtained at the near-field, while the probe is in contact with the

sample. The results indicated TERS-based signal-enhancement from the probe,

providing an Enhancement Factor of 4.48 and resolving spatial features at 32

nm. Regarding, two component-material analysis, ASDs were tested namely 50

% w/w spin-coated paracetamol/copovidone and 50 % w/w spin-coated felodip-

ine/copovidone. While the TERS probe was retracted, the Raman bands were

visible across the acquired spectra. However, with the probe being engaged on

the sample surface, change in the spectra were noted, including rise in photo

luminescent background, lowering of signal-to-noise ratio as well as loss of mul-

tiple bands. In combination with brightfield images acquired, the detected dark

spots to the ASD film indicated sample photodegradation.
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In (Chapter 4), pure spin-coated paracetamol, felodipine and copovidone films

were tested, to evaluate the degree of photodegradation, as well as record any

change in temperature. These experiments were performed under prolonged

laser exposures of different power outputs (mW) and different objective lenses

(0.55 NA, 0.8 NA, 1.45 NA). Raman spectra in the form of time series were

acquired with the AFM-CRM and the Horiba ™, recording the Stokes and Anti-

Stokes regions. The outcomes of this study showed that felodipine exhibited

early photodegradation at a threshold of 49 kW/cm2, whereas paracetamol

degradation threshold reached up to 954 kW/cm2. In comparison to the crys-

talline drugs, copovidone displayed no sign of photodegradation, throughout

the measurement. In regards to Raman thermometry, from paracetamol sam-

ple the the IAS/IS ratio of symmetric bands as well as the line-width and shift

of Stokes bands has been used, to measure the temperature. According to the

results, with the rise in photoluminescence, the rise in sample temperature also

takes place, with the photoluminescence effect occuring beyond 170 °C, which

is the melting point threshold for paracetamol.

In (Chapter 5), Raman spectra were acquired from the TERS system, across

the XYZ coordinates. Pure molten-quenched paracetamol, felodipine, nicoti-

namide and PVA films were tested for this set of experiments. Paracetamol,

nicotinamide and PVA remained stable throughout the measurements, with

photoluminescence background signal being generated from the Ag-coating of

the probe. This was not the case for felodipine as plasmon-driven photodegra-

dation occurred. In addition for paracetamol the highest and stable EC value

was obtained up to 1.2.

In (Chapter 6), the edge of a 2D printed microdot with 30% w/w parac-

etamol/PVA was interrogated under the AFM-CRM and TERS instruments.

First, from the AFM-CRM system, AFM height, friction as well as adhesion

maps were acquired, with the latter two unveiling crystalline features on the
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microdot surface. From the CRM system, the microdot displayed great ho-

mogeneity between amorphous paracetamol and PVA components. The same

sample was transferred over the TERS system and the location of interest

found through AFM friction measurement. Afterwards, two Raman maps were

recorded, over a 1 × 1 µm region entailing a crystalline feature. These two

measurements were performed with the probe being retracted and approached

on the sample surface, respectively. When the probe was retracted, no inho-

mogeneities or phase separations of the sample surface was detected. After

the probe was approached on the surface, the crystalline feature corresponded

to an accumulation of paracetamol. This suggests that the crystalline features

recorded from the AFM, correspond to nano-scale length paracetamol molecules

which re-crystallised.

In summary, TERS technique in complement with AFM and CRM was studied

extensively on ASDs and pharmaceutical materials. Due to high laser irra-

diation generated under the vicinity of a plasmon-resonating probe or after

prolonged exposure by a high NA objective, crystalline API or ASDs can be

sensitive to photodegradation. By keeping a balance in power output and Ra-

man spectra acquisition, from the studied TERS configuration, samples dis-

play weak signal enhancement, with losses of multiple Raman bands under the

photoluminescence background noise. With the information obtained, limited

qualitative analysis can be performed about the ASD sample inhomogeneity.

For the continuation of this work, one potential amendment would be the in-

troduction of metal substrate underneath the sample surface, also known as

gap-mode configuration. In order to provide additional enhancement to the

localised Raman signal, the sample of interest is deposited onto a thin gold

or silver-based substrate layer. When the sample becomes sandwiched between

the probe and the substrate, both metallic surfaces create a strong and confined

electromagnetic coupling leading to an enhancement factor of 2 to 3 orders of
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magnitude [310, 311], compared to the non-gap mode in these studies. How-

ever, additional parameters are required to be taken under consideration, such

as type of metal, particle size, shape, as well as the gap size [312, 313]. Depend-

ing on the sample’s thickness, gap-mode enhancements can be observed only if

the gap between tip and substrate is less than 30 nm distance [179, 313]. For

thin biological samples, or samples with weak Raman scattering, such as these

circumstances, the gap-mode configuration has proven to generate fair SN ratio

[192].

A second potential future work would be the changes in TERS system’s optical

settings. Specifically, changing the incident laser’s wavelength from 532 nm to

633 nm would reduce the risk of sample burning, as demonstrated in similar

studies with proteins and amyloid fibres [177, 287, 314]. Changing the optical

configuration from a bottom to a side illumination setup, could also provide

better control in laser power output, by using long-working distance objectives

(NA 0.28-0.55) and preventing rapid changes in sample’s integrity [315]. Es-

pecially, in case of opaque samples, using a side or top-illumination objective

setup, in combination with a metallic substrate, can be efficient in recording

TERS spectra at the surface of pharmaceutical formulations.
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Figure A.1: HeNe laser a) radial and b) azimuth polarization intensity distri-
butions measured with CCD camera. Measured intensity distributions c) radial
and d) azimuth - linear polarizer (at different angles) was placed after converter.
White arrow indicates polarizer orientation [252].
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Figure B.1: Reference Raman spectra of a) L-Diphenylalanine tube [264], ac-
companied with the b) chemical structure of a LL-Diphenylalanine molecule
and c) spectra of borosilicate glass [272].

Figure B.2: Far-field spectrum of Phe-Phe sample before (blue) and after 10
min (red) of irradiation, with 10 s exposure time at 548 µW of laser power.
Near-field spectrum of Phe-Phe sample under engaged probe (orange), with 10
s exposure at 117 µW of laser power.
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(a)

(b)

Figure B.3: a) Reference spectra of pure Felodipine, pure Copovidone and their
5% and 50% extrudates mixture, obtained from literature [73]. b) Reference
spectra of pure Felodipine and Copovidone at the -CH stretch region of the
spectrum, with 60 s exposure at 117 µW laser power.
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Figure B.4: Raman spectra of Pure Paracetamol sample acquired from Spec-
traBase™ database [285].

Figure B.5: Raman spectra of Pure Copovidone sample (Kollidon VA64™) ob-
tained from published literature [73].
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Figure C.1: Time series of Raman spectra on Paracetamol with 2 seconds
exposure, on the LabRAMCRM using the 0.55 NA objective. Each row displays
measurements of increasing area power density (4.78 kW/cm2, 11.95 kW/cm2,
23.9 kW/cm2, 47.81 kW/cm2). Each column from left to right shows heat-maps
of spectra for each measurement, the time points of single spectra and the mean
value of each spectra as a function of time (seconds). Each vertical colour line
represent the time point of the spectra from the second column graphs.
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Figure C.2: Time series of Raman spectra on Copovidone with 2 seconds ex-
posure, on the LabRAM CRM using the 0.55 NA objective. Each row displays
measurements of increasing area power density (4.78 kW/cm2, 11.95 kW/cm2,
23.9 kW/cm2, 47.81 kW/cm2). Each column from left to right shows heat-maps
of spectra for each measurement, the time points of single spectra and the mean
value of each spectra as a function of time (seconds). Each vertical colour line
represent the time point of the spectra from the second column graphs.
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Figure C.3: Fitted intensity of paracetamol data, across all time-points acquired
on the AFM-CRM instrument using the 1.45 NA objective, irradiated with 3
mW of laser power (1990.8 kW/cm2) of the 797 cm−1 band. a) shows the fitted
intensity of the Stokes band in each point alongside with their ESD errors (blue
lines). Beneath it, the calculated R2 and the RMS error are plotted against
the time points acquired. b) shows the fitted intensity of the anti-Stokes band
in each point alongside with their ESD errors (orange lines). Beneath it, the
calculated R2 and the RMS error are plotted against the time points acquired.
c) displays the ratio of the Ianti-Stokes/IStokes, alongside with their ESD errors
(green lines).
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Figure C.4: Thermometry of paracetamol, with time-series spectra acquired on
the AFM-CRM instrument using the 1.45 NA objective (as shown in Figure
4.3), irradiated with 1.5 mW laser power (1990.8 kW/cm2). Symmetric bands at
857.9 cm1, in both Stokes and anti-Stokes region were selected (a) and analysed.
b), c) and d) display the mean value of spectra (red line) alongside the calculated
temperature (cyan dots) from the IAS/IS, the change in FWHM (purple dots) as
well as the shift (brown dots) of the Raman bands, respectively, as a function of
time. Grey vertical line indicates the time threshold, where photoluminescence
background is first observed.
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Figure C.5: Fitted intensity of paracetamol data, across all time-points acquired
on the AFM-CRM instrument using the 1.45 NA objective, irradiated with 3
mW of laser power (1990.8 kW/cm2) of the 857.9 cm1 band. a) shows the fitted
intensity of the Stokes band in each point alongside with their ESD errors (blue
lines). Beneath it, the calculated R2 and the RMS error are plotted against
the time points acquired. b) shows the fitted intensity of the anti-Stokes band
in each point alongside with their ESD errors (orange lines). Beneath it, the
calculated R2 and the RMS error are plotted against the time points acquired.
c) displays the ratio of the Ianti-Stokes/IStokes, alongside with their ESD errors
(green lines).
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Figure C.6: Fitted intensity of paracetamol data, across all time-points acquired
on the AFM-CRM instrument using the 1.45 NA objective, irradiated with 1.5
mW of laser power (1990.8 kW/cm2) of the 797 cm−1 band. a) shows the fitted
intensity of the Stokes band in each point alongside with their ESD errors (blue
lines). Beneath it, the calculated R2 and the RMS error are plotted against
the time points acquired. b) shows the fitted intensity of the anti-Stokes band
in each point alongside with their ESD errors (orange lines). Beneath it, the
calculated R2 and the RMS error are plotted against the time points acquired.
c) displays the ratio of the Ianti-Stokes/IStokes, alongside with their ESD errors
(green lines).
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Figure C.7: Thermometry of paracetamol, with time-series spectra acquired on
the AFM-CRM instrument using the 1.45 NA objective (as shown in Figure
4.3), irradiated with 1.5 mW laser power (995.4 kW/cm2). Symmetric bands at
857.9 cm1, in both Stokes and anti-Stokes region were selected (a) and analysed.
b), c) and d) display the mean value of spectra (red line) alongside the calculated
temperature (cyan dots) from the IAS/IS, the change in FWHM (purple dots) as
well as the shift (brown dots) of the Raman bands, respectively, as a function of
time. Grey vertical line indicates the time threshold, where photoluminescence
background is first observed.
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Figure C.8: Fitted intensity of paracetamol data, across all time-points acquired
on the AFM-CRM instrument using the 1.45 NA objective, irradiated with 1.5
mW of laser power (995.4 kW/cm2) of the 857.9 cm−1 band. a) shows the fitted
intensity of the Stokes band in each point alongside with their ESD errors (blue
lines). Beneath it, the calculated R2 and the RMS error are plotted against
the time points acquired. b) shows the fitted intensity of the anti-Stokes band
in each point alongside with their ESD errors (orange lines). Beneath it, the
calculated R2 and the RMS error are plotted against the time points acquired.
c) displays the ratio of the Ianti-Stokes/IStokes, alongside with their ESD errors
(green lines).
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Figure C.9: Fitted intensity of paracetamol data, across all time-points acquired
on the AFM-CRM instrument using the 0.8 NA objective, irradiated with 25
mW of laser power (954.08 kW/cm2) of the 214.9 cm−1 band. a) shows the fitted
intensity of the Stokes band in each point alongside with their ESD errors (blue
lines). Beneath it, the calculated R2 and the RMS error are plotted against
the time points acquired. b) shows the fitted intensity of the anti-Stokes band
in each point alongside with their ESD errors (orange lines). Beneath it, the
calculated R2 and the RMS error are plotted against the time points acquired.
c) displays the ratio of the Ianti-Stokes/IStokes, alongside with their ESD errors
(green lines).
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Figure C.10: Thermometry of paracetamol, with time-series spectra acquired
on the LabRAM CRM instrument using the 0.8 NA objective (as shown in
Figure 4.4), irradiated with 25 mW laser power (954.08 kW/cm2). Symmetric
bands at 89.4 cm1, in both Stokes and anti-Stokes region were selected (a) and
analysed. b), c) and d) display the mean value of spectra (red line) alongside
the calculated temperature (cyan dots) from the IAS/IS, the change in FWHM
(purple dots) as well as the shift (brown dots) of the Raman bands, respectively,
as a function of time. Grey vertical line indicates the time threshold, where
photoluminescence background is first observed.
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Figure C.11: Fitted intensity of paracetamol data, across all time-points ac-
quired on the AFM-CRM instrument using the 0.8 NA objective, irradiated
with 25 mW of laser power (954.08 kW/cm2) of the 89.4 cm−1 band. a) shows
the fitted intensity of the Stokes band in each point alongside with their ESD
errors (blue lines). Beneath it, the calculated R2 and the RMS error are plotted
against the time points acquired. b) shows the fitted intensity of the anti-Stokes
band in each point alongside with their ESD errors (orange lines). Beneath it,
the calculated R2 and the RMS error are plotted against the time points ac-
quired. c) displays the ratio of the Ianti-Stokes/IStokes, alongside with their ESD
errors (green lines).
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(a)

(b)

Figure D.1: Brightfield images of a) crystalline and b) molten paracetamol.
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(a)

(b)

Figure D.2: Brightfield images of a) crystalline and b) molten felodipine.
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(a)

(b)

Figure D.3: Brightfield images of a) crystalline and b) molten nicotinamide.
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Figure D.4: Features in the background shown for a series of spectra recorded
at increasing film heights (i-iv: t̄=0.4-0.5) on a 600 nm sphere templated gold
substrate. The broad maximum discussed in the text is indicated by the blue
box and the smaller film height dependent feature by the gray box [302].

209



(a)

(b)

Figure D.5: Brightfield images of felodipine, with dark spots indicating sample
photodegradation after a) hotspot and b) Z-scan acquisitions.
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Figure D.6: Normalized Raman spectrum of solid nicotinamide (yellow line)
compare with normalized EC-SERS spectrum of 20 µM nicotinamide in 0.1 M
KCl medium (blue line) [316].

Figure D.7: a) Hotspot Raman map of nicotinamide film, acquired at 0.246
mW of laser power at 5s acquisition time, with dimensions 0.1 x 0.1 µm and
10 nm pixel-size. b) Coloured spectra (blue, orange, green) correspond to the
annotated pixels marked on the hotspot map (a).
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Figure D.8: Raman spectrum of Polyvinyl Alcohol [317].
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Figure E.1: Raman spectra of the solid forms of: paracetamol (a, b); FFA (c,
d); imipramine hydrochloride (e, f). A 1/4 amorphous [299].
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Figure E.2: Paracetamol/PVA 30% w/w single Raman spectra, obtained at 2
seconds of laser exposure at 1 mW of power (blue line) and 1 second of laser
exposure at 0.3 nW of power (orange line)
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Figure E.3: Intensities of non-linear Lorentzian fitting for bands (a) 864 cm−1,
(b) 1628 cm−1, (c) 2939 cm−1 and ratios (d) 864/2939 cm−1 (e) 1628/2939
cm−1 are provided. In each subfigure, each data point (black dot), corresponds
to its calculated amplitude (a-c) or ratio intensity (d-e), with the respective
estimated standard deviations as the coloured vertical lines. Furthermore, the
average calculated R2 and Root Mean Squared (RMS) errors are calculated and
displayed in the subfigure legends. The range of fit for the fitted Lorentzian
models as well as the constraints across the Raman Shift (∆cm−1) are also
provided in each subfigure title.
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Figure E.4: Raw extracted friction (lateral deflection) map obtained from the
TERS AFM equipment, on the Paracetamol/PVA 30 % w/w sample.
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Figure E.5: Intensities of non-linear Lorentzian fitting for bands (a) 864 cm−1,
(b) 1628 cm−1, (c) 2939 cm−1 and ratios (d) 864/2939 cm−1 (e) 1628/2939
cm−1 are provided. In each subfigure, each data point (black dot), corresponds
to its calculated amplitude (a-c) or ratio intensity (d-e), with the respective
estimated standard deviations as the coloured vertical lines. Furthermore, the
average calculated R2 and Root Mean Squared (RMS) errors are calculated and
displayed in the subfigures’ legends. The range of fit for the fitted Lorentzian
models as well as the constraints across the Raman Shift (∆cm−1) are also
provided in each subfigures’ title.
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Figure E.6: 1x1 µm normalised intensity maps acquired on the TERS instru-
ment, while the probe was retracted from the sample surface. The intensities
are displayed based on the fitted Lorentzian curves of the bands located at (a)
1628 cm-1, (b) 2939 cm-1, and their respective ratio intensity (c).The annotated
pixels correspond to their individual spectra, alongside with their applied fit-
tings as shown in (d).
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Figure E.7: Intensities of non-linear Lorentzian fitting for bands (a) 864 cm−1,
(b) 1628 cm−1, (c) 2939 cm−1 and ratios (d) 864/2939 cm−1 (e) 1628/2939
cm−1 are provided. In each subfigure, each data point (black dot), corresponds
to its calculated amplitude (a-c) or ratio intensity (d-e), with the respective
estimated standard deviations as the coloured vertical lines. Furthermore, the
average calculated R2 and Root Mean Squared (RMS) errors are calculated and
displayed in the subfigures’ legends. The range of fit for the fitted Lorentzian
models as well as the constraints across the Raman Shift (∆cm−1) are also
provided in each subfigures’ title.
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Figure E.8: 1x1 µm normalised intensity maps obtained on the TERS instru-
ment, while the probe was approached on the sample surface. The intensities
are demonstrated based on the fitted Lorentzian curves of bands located at (a)
1628 cm-1, (b) 2939 cm-1 and their respective ratio intensity (c).The annotated
pixels correspond to their individual spectra, alongside with their applied fit-
tings as shown in (d).
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