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Abstract

Global industrialization and the following wide spread of products from chemical, cosmetic, and
pharmaceutical industries into our life requires precise development and control of those substances.
At the same time technological improvement and miniaturization of functional components like
electronics, optical sensors and microcomputers open new opportunities for development of new
analytical techniques, which can be applied in e.g. health monitoring and in quality control during
manufacturing of pharmaceutical products.

This PhD thesis demonstrates a versatile Raman spectroscopic system, it’s development stages and
technical realizations of different modules for (i) drug characterization (microstructural chemical
mapping, kinetic studies of transformation processes, crystal orientation determination), and (ii) low
concentration drug detection in combination with external modules, like centrifugal microfluidics disc
platform or heating/cooling microscopy stage.

The Raman system is designed as a modular platform, built with mostly elementary components with
rich functionality. The system can be completely reconfigured, modified, or combined with specialized
devices, with e.g. a view on a future miniaturization. The applications of the system have been focused
on the development and evaluation of analytical methods for analysis of materials and devices
developed within the IDUN center of excellence.

The high sensitivity and confocal possibilities of the system, as well as operation flexibility and
integrated analytical tools made it possible for us to demonstrate volumetric mapping of
microcontainers and multilayered tablets for oral drug delivery. The use of: (i) highly-optimized optics
in the near-infrared range, (ii) fully-customizable scanning algorithm with exponential dependency of
the frame exposition time and scanning order to not overheat the sample, and (iii) sample cooling
stage with CO; purging allowed us to obtain a Raman signal from a depth of up to 200 um. The signals
were then used further chemical decomposition and 3-dimensional modeling of material distribution.

The long scanning time, which is typical for weak spontaneous Raman spectroscopy, was overcome by
introducing laser line illumination of the sample together with design of an aberration-corrected
spectrograph. This illumination mode provides 256 (with our type of CCD camera) simultaneous
spectra measurements along the laser line on a sample, which allows us to significantly speed up the
process of surface scanning, and improves the possibility of studying kinetic processes in a target
material. The line scanning method was applied for a study of dehydration phase transformations of
nitrofurantoin monohydrate and theophylline crystals. In comparison to bulk thermal methods of
analysis, we demonstrated the possibility to spatially resolve the presence of different solid forms of
a drug during thermal processes of dehydration and we could visualize the dynamics of single particles
related to the presence of metastable intermediates.

A method for low concentration drug detection was established by combining a microfluidic platform
and surface-enhanced Raman spectroscopy (SERS). Due to the huge Raman signal enhancement by
SERS-active materials and the matrix complexity of real samples, a purification procedure was required
to remove all interfered components. A centrifugal microfluidic disk, integrated with substrates for
SERS based sensing, was utilized for separation, filtration and accurate exposure of an analyte media
on the SERS substrates. A modified “wide line” illumination mode was used for fast and accurate




surface scanning, which allowed us to detect an order of magnitude lower molecule concentrations in
two proof-of-concept applications, detecting melamine in raw milk and p-Coumaric acid production
from E. coli bacteria culture.

Lastly, a multi-beam polarized laser illumination and multichannel analyzer unit made it possible to
perform a fast crystal orientation determination. While the sample remains stagnant, it is possible to
simultaneously collect Raman spectra with numerous combinations of the incident laser beam
polarization and orientation of the analyzer at several on-axis and off-axis detecting directions. The
orientation sample maps were obtained by fitting rotation angles to measured datasets. Crystal
orientations of the surface elements could have an important effect on essential properties of drug
products, like disintegration and dissolution behavior. A model tablet formulation with integration of
carbamazepine dihydrate crystals was prepared in order to map crystallographic orientations on the
surface for the first time by Raman-based imaging.
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Resumé pa dansk

Global industrialisering og den efterfglgende udbredelse af kemikalier, kosmetik og farmaceutiske
midler i vores hverdag, kraever praecis fremstilling og kontrol af disse. Samtidig abner teknologiske
fremskridt, samt minituariseringen af komponenter, sasom elektronik, optiske sensorer og
mikrocomputere, op for nye muligheder inden for udvikling af nye analytiske teknikker.

Denne PhD afhandling demonstrerer et alsidigt Raman spektroskopi system, dets udviklingsstadier og
tekniske realisering af forskellige moduler for (i) medikament karakterisering (mikrostruktural kemisk
kortlaegning, kinetiske studier af transformationsprocessor, krystalorienterings bestemmelse), og (ii)
detektering af lave medikament koncentrationer, i kombination med eksterne moduler, sasom
centrifugale mikrofluide platforme.

Raman systemet er designet som en modulzaer platform, bygget fra de mest elementzaere komponenter
med stor funktionalitet. Systemet kan komplet re-konfigureres, modificeres eller kombineres med
specialiserede enheder, med henblik pa en mulig kommende miniaturisering. Anvendelser af dette
Raman system, er fokuseret omkring udviklingen og evalueringen af analytiske metoder, brugt pa
materialer og enheder i IDUN center of Excellence.

Den hgje sensitivitet og de konfokale muligheder i systemet, samt operations-fleksibiliteten og
integrerede analytiske veerktgjer, har muliggjort volumetrisk kortlaegning af mikrocontainere og
flerlags kapsler til oral indtagelse af medikamenter. Brugen af: (i) seerligt optimeret optik i det naer-
infrargde spektrum, (ii) en tilpasselig skannings algoritme med eksponentiel afhangighed mellem
eksponeringstid og skanningsretning, for at undga overophedning af prgven, og (iii) mikroskopi
platform med nedkgling vha. CO,, tillod os at male Raman signaler fra en dybde pa op til 200 um.
Signalerne blev derefter brugt til yderligere kemisk analyse og tredimensionel modellering af
materialers fordeling.

Den lange skanningstid, som er typiske for spontan Raman spektroskopi, blev elemineret ved
introduktion af sakaldt ’laser-linje illumination’ af prgven, sammen med et design af en aberration-
korregeret spektrograf. Dette illuminations-modus giver 256 (med vores type af CDD kamera)
simultane spektre-malinger langs laser-linjen pa prgven, hvilket ggér det muligt at gge hastigheden af
overflade skanningsprocessen betragteligt og dermed forbedre muligheden for at studere kinetiske
processor i et gnskey materiale. Linje-skanningsmetoden blev brugt til studier af dehydrerings fase-
tranformationer af nitrodurantoin monohydrat og theophylline krystaller. Sammenlignet med
termiske malinger pa stgrre maengder af samme materialer, demonstrerede vi muligheden for at
bestemme tilstedevaerelsen af forskellige faste former af medikamenter i Igbet af en termisk
dehydreringsproces og vi kunne visualisere dynamikkerne i enkelte partikler, relateret til metastabile
mellemprodukter.

En metode til detektering af lave medikament koncentrationer, blev udviklet i kombination med en
mikrofluidisk platform og overflade-forstaerket-Raman spektroskopi (SERS). Som konsekvens af den
enorme forggelse af Raman signalet pga. SERS-aktive materialer og pa grund af prgvers (feks urin)
kompleksitet, var der brug for et oprensningstrin for at ekskludere alle ugnskede dele. En centrifugal
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mikrofluidisk disk, med integrerede substarter til SERS baseret malinger, blev brugt til separation,
filtration og praecis eksponering af en oprenset prgve pa SERS substratet. En hurtig og praecis overflade
skanning tillod os at detektere meget lavere molekyleere koncentrationer i to proof-of-concept
applikationer; Melamin i ramaelk og p-Coumaric acid produktion fra en E. coli bakteriekultur.

Slutteligt, hurtig visualisering af krystalorientering blev gjort muligt ved hjelp af en multi-beam
polariseret laser illumination og en multikanal-analyseenhed. Mens prgven holdes stillestdende, er det
muligt samtidigt, at indsamle Ramanspektre med utallige kombinationer af laser polariseringer og
orienteringer af analyseenheden, for adskillige on-axis/off-axis spredningsretninger. Resultatet af
orienteringsbestemmelserne fremkom ved tilpasnings af rotationsvinkler til de malte dataseet.
Krystalorienteringen pa en overflade kan have stor betydning for essentielle funktioner af
medikamenter, sasom disintegration og oplgselighed. En model-tablet formulering med integration af
carbamazepine dehydrate krystaller blev brugt til at undersgge orienteringen pa overfladen.
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1 Introduction

The Raman effect was first discovered by two Indian scientists C. V. Raman and K. S. Krishnan in 1928.
If a molecule is irradiated by a monochromatic light, most of the light is transmitted without a change,
however, a small part of it is scattered [1-4]. The unshifted component of the scattered light is known
as Rayleigh scattering, while the shifted component is referred to as Raman scattering. The Raman
scattered light is very sensitive to the nature of chemical bonds in organic molecules as well as in
inorganic crystal lattices. A typical Raman scattering spectrum is a distinct “spectral fingerprint” that
can be used to identify a material.

In the past few decades, Raman spectroscopy has become a powerful tool for scientific and applied
research due to the following advantages: non-invasiveness, contactless, no need for sample
preparation, speed, the possibility of working with aqueous buffer solutions and combination with
confocal, atomic force and electron microscopy [5—7]. The spectroscopic technique is widely used in a
multitude of fields, e.g. chemistry, geology, ecology, material science, cosmetics, pharmacy,
criminalistics, medicine [8-13].

Progressive instrumental evolution of charge-coupled devices (CCD), optical filters, tunable lasers,
spectrographs, interferometers, microcontrollers made possible the development of novel Raman-
based detection techniques and enabled miniaturization of traditionally bulky laboratory
spectrometers. Nowadays, high-performance, handheld spectrometers are extremely user-friendly,
and often capable to analyze samples via a non-contact analysis, e.g. through optically transparent
containers, well plates [8]. Raman-based instruments are smaller, faster, mobile, and the “real word”
sample analysis is available for not only scientific laboratories but also industry and first responders
[14-16]. Raman spectroscopy analyzes techniques are recognized as reliable by pharmaceutical
companies and regulatory authorities [17].

The analysis of various spectroscopic data is taking steps towards utilizing cloud computing and Al
deep learning algorithms, which enables analysis of e.g. complex chemometric data using portable
devices in field conditions, where just a mobile 3G-4G internet connection is required [18,19]. With a
growing satellite internet infrastructure, it is expected that a high speed broadband internet
connectivity will eventually be delivered even to remote regions on the planet [20].

The development of different Raman instrumentation techniques was also promoted by discovering
phenomena associated with the Raman effect, such as Surface-Enhanced Raman Scattering (SERS),
resonance Raman (RR), Stimulated Raman Scattering (SRS), Coherent Anti-Stokes Raman Scattering
(CARS), Tip-Enhanced Raman Scattering (TERS). In fact, there are more than 20 various types of Raman
spectroscopy techniques that have been reported in literature [9,21]. Most techniques are usually
focused on boosting the otherwise quite weak Raman signal, which is one of the main weaknesses of
the spontaneous Raman scattering. For example, the SERS-based molecular detection techniques have
been employed to record Raman signals down to a single molecule level [22]. However, in terms of
equipment price and operation simplicity, creating a clear advantage over the classic (spontaneous
Raman) technique is still very challenging. For example, some Raman-based techniques employ
tunable impulse lasers or atomic force microscopy platforms, which require e.g. stable environmental
conditions, anti-vibration suspensions, powerful and stable power sources, precise adjustment and




alignment, long stabilization time, which cannot be easily or at a reasonable price translated to
portable and effective detection solutions.

Raman spectroscopy for drug detection. Raman-based analytical techniques have been gradually
implemented into drug discovery and development processes [8,23]. This includes process analytics,
quality control, chemical identification, preformulation, solid form screening, bioanalysis, molecular
biology research and diagnostics, characterization of raw materials and identification of counterfeit
products, and formulation analytics during different phases of drug development. The analytical
versatility of Raman spectroscopy methods allows for studying a wide variety of transparent, dense,
colored samples in solid, semi-solid, suspension and solution forms.

Volumetric imaging. Raman spectroscopy is a powerful technique, which is using for volumetric
microstructural characterization of various drug delivery systems, for the evaluation of drug loading
methods and understanding cross-material interactions in the formulation. Raman chemical imaging
has been used to determine the size distribution of active pharmaceutical ingredients (API)
microparticles, to check tablets coating quality and variability and to determine the API distribution
homogeneity in a composite formulated tablet [24—-26]. This type of information can be extremely
useful for the development of innovative drug products with continuous increasing of multi-material
combinations and complexity of engineering structures [27—29]. Confocal Raman microscopy is useful
for studying the distribution of components, but long signal scanning time and sample absorption
might limit the applicability of the method. A few interesting approaches have been formulated to
tackle these issues, for example, using different sample illumination strategies or employing
specialized multifocal detectors [30-32]. However, these processes are usually extremely time
consuming or include advanced optimization procedures.

State transformations. Raman spectroscopy has been widely used for studying phase transformations
such as polymorphic changes, anhydrate - hydrate transitions and crystallization [33—37]. The
crystallization kinetics of amorphous API prepared by different techniques can be investigated using
the time resolved Raman spectroscopy [38]. Unlike a crystalline form, an amorphous form is
characterized by the absence of a three-dimensional long-range order of molecular packing [39].
Therefore, amorphous forms are in a higher energetic state compared to their crystalline counterparts
resulting in a faster dissolution rate and solubility [40]. During storage, it is necessary to stabilize a
formulation in its amorphous form, however, it is also possible to spontaneously crystallize the
formulation to a lower energy state. Acommon method to prepare solid dispersions is to add polymers
to the API, which can form amorphous glass solutions [41]. In terms of manufacturing, the amount of
polymer needed and, therefore, the polymer/drug ratio and a physical lid of a drug carrier need to be
characterized and optimized. The reduced molecular mobility increases the formulation solubility and
stability during the storage period. Furthermore, an interaction of water with solids is also critical and
quite often can dramatically change their functionality [42]. There is an increasing interest to
understand solid state transformations and dehydration pathways of hydrates (preventing unwanted
solid-state transformations) due to their key influence on process-ability and storage [43]. Raman
spectroscopy techniques with a broad sample illumination can provide a deep insight into the real-
time anhydrate-to-hydrate transformation, i.e. reveal multiple solid-state forms and visualize
uniformity of a sample during a complex dehydration process.




Crystallography. Identification of crystal faces is an important information that can explain properties
and behavior of a crystalline material. Crystal orientation is one of the key characteristics of complex
drugs, which affects properties such as solubility, stability, and a dissolution rate [44,45]. In order to
understand chemical and physical properties, it is crucial to determine the crystal orientation with
respect to a surface plane of a drug delivery device. Several studies focused on the identification of
crystal faces using Raman spectroscopy have been reported [46—49]. However, until now there are no
stand-alone Raman based system, that could create a sample map with quantitative information of
the crystallographic orientation of the material.

Surface enhanced Raman spectroscopy. The development of sensitive, selective, portable and cheap
sample analysis methods for quantitative detection of important molecules in complex media such as
blood plasma, urine, salvia, milk, juice, waste water, etc. remains a challenging task [50-52]. A few
major trends relevant to the current work can be summarized as follows: (i) miniaturization of optical
sensor systems, and (ii) integration of miniature detectors with automated and compact sample pre-
treatment platforms. Due to a recent progress in miniaturization of optical and electronic components,
modern Raman spectrometers can be miniaturized too, which enables their integration with different
analytical tools, e.g. for performing in situ Raman spectroscopy. Platforms that allow sample
manipulation, filtration, pre-treatment, etc. prior to the detection of a target analyte, demonstrate
great potential [53]. Such systems are usually known as Total Analysis Systems (TAS), and with further
miniaturization of functional parts, introduction of microfluidics, electric and magnetic platforms —
micro-TAS (UTAS). Advantages include high throughput due to compactness, massive parallelization,
fast response because of short diffusion distances and small samples, fast heating, better process
control, ease of use and low analyte volumes.

Raman spectroscopy allows one to tackle a wide variety of important analytical tasks due to its high
selectivity. However, the analyte concentration range is usually limited to approximately 0.1 - 0.5M.
This is because of an extremely small cross-section of inelastic scattered light, which is ~10** and ~10°
times lower than the fluorescence and infrared absorption cross sections, respectively [54]. This
severely constrains Raman spectroscopy in real-life applications. The SERS technique, on the other
hand, can increase the Raman signal from an analyte by several orders of magnitude, which is
particularly relevant for applications that require analyte detection in the uM-nM concentration range.
To enhance the Raman signal, a nanostructured surface, usually gold or silver, is utilized in the
detection process with a reported approximate (averaged over the substrate) electromagnetic
enhancement factor (EF) of ~102 [55]. The origin of the SERS enhancement is related to the excitation
of the so-called localized surface plasmon resonances (LSPR), and noble metal (e.g. silver, gold)
nanostructures support LSPRs in the VIS-NIR spectral region [56].

Over the last two decades, major technological advancements in controlled micro- and
nanofabrication techniques has facilitated the rapid development of nanostructured SERS-active
materials [55]. One of the best examples is gold or silver metal-capped silicon nanopillar (NP) SERS
substrates first reported by Schmidt et al. in 2012 [57]. The silver nanopillar (AgNP) structures can be
further optimized to yield highly uniform SERS signal intensities across large surface areas, i.e. the
recorded relative standard deviation is ~2.5% on the mm scale and ~7% on a 4” wafer scale, and an
averaged SERS EF of >102% [58]. Another advantage of SERS is fluorescence quenching which is
extremely relevant for a number of applications.




When dealing with multicomponent, real-life samples, a number of process parameters, e.g. sample
pre-treatment or reproducibility of SERS measurements, play a crucial role in quantitative SERS
[59,60]. Therefore, it is critical to develop methods that can eliminate the interfering compounds from
the sample matrix, e.g. via controlled sample filtration, analyte segregation on a SERS substrate or
surface wetting processes. By combining simple and effective sample pre-treatment techniques with
SERS detection, selective, sensitive, rapid and quantitative determination of a wide range of analyte
species can be achieved.

This work investigates the development process of complex, modular Raman system with possibility
to be easily customized and to integrate additional subsystems for advanced analytical functionality.
At the first stage of its evolution, the creation of embedded SERS-based centrifugal microfluidic
platform and software package for application development is described. But being completely
custom-made, modular and easily modifiable, the system is of great interest for complex and non-
standard problems, required non-standard, innovative and often unique solutions. Also, all technical
implementations for microstructural, fast kinetic and crystallographic drug characterization are
described.

1.1 Aims of the PhD project

First, this work is a part of the “Total solution for High throughput surface enhanced Raman
spectroscopy” (THOR) project funded by European Research Council (ERC). The main goal of the THOR
project is to build a SERS-based sensing platform with integrated and automated sample pre-
treatment capabilities for detecting the following analytes: (i) toxic melamine from milk samples, and
(i) p-coumaric acid produced by E. coli bacteria culture. To achieve this, a centrifugal disc-based
microfluidic platform with an integrated SERS chip for molecular detection was combined with a
custom-built Raman system. A few unique sample illumination and signal collection capabilities were
developed and implemented in the THOR system: (i) the laser line-focus mode, and (ii) the laser wide-
field mode.

Second, the PhD work is a part of drug delivery research activities within the center for Intelligent Drug
delivery and sensing Using microcontainers and Nanomechanics (IDUN). The aim is to develop a
system suitable for (i) Raman 3D imaging of drug loaded microcontainers, and for (ii) analysis of drug
crystallization processes and (iii) hydrate systems, and (iv) implement 3D data visualization and
analysis techniques. Specific objectives of the second part of the PhD project:

- Volumetric characterization of drug delivery systems (microcontainers, multilayered tablets),
evaluation of supercritical CO, impregnation method (scCO>) for loading of poorly soluble
drugs (ketoprofen, naproxen) into confined polymer matrices of different sizes.

- Kinetics study of crystallization of amorphous APIs (ketoprofen and indomethacin), loaded into
microcontainers, with respect on shape and size.

- Understand complex transformation pathways among various anhydrate—hydrate forms of
nitrofurantoin monohydrate and theophylline crystals as a function of humidity and
temperature.

- Develop and implement a polarized Raman microscopy technique for obtaining
crystallographic characteristics of active pharmaceutical ingredients (tablets with




carbamazepine dihydrate) for assessment of crystal functionality, which is important for
pharmaceutical research.

A major part of this PhD work was devoted to automation of electronic devices with a focus on task-
specific, unique functionalities. A synchronized operation and control of more than 15 different
devices (cameras, lasers, motorized stages, etc.) in the system was achieved using a custom-built
software. The key software capabilities include: sample scanning, data manipulation and visualization
in 2D/3D, chemometric analysis for identifying different types of molecules in a sample.

1.2 Outline of the thesis

The introductory part of the thesis is followed by Chapter 2, which briefly describes basics of the
inelastic light scattering phenomena (the Raman effect), and information that a Raman spectrum
provides.

In Chapter 3, Raman microscopes, their confocal characteristics and methods of collecting the Raman
signal, are described. In addition, the chapter reviews in detail the THOR setup, i.e. microscope design,
the laser-line focus illumination concept and the signal collection part. The THOR confocal properties
that are important for volumetric drug imaging and the laser-line illumination approach suitable for
kinetic studies of phase transformations in a solid crystals, are discussed.

In Chapter 4, surface-enhanced Raman spectroscopy (SERS) and a basic mechanism behind the
enhancement of the Raman signal is discussed. In this chapter, the importance of SERS substrates is
emphasized, and the main, nanopillar (NP)-based, SERS-active platform that was utilized in this work
for molecular detection is described including a basic Ag or AuNP fabrication procedure. Finally, the
laser line and wide-line sample illumination techniques that were employed in our SERS
measurements are described in greater detail.

The impact of structural ordering in a material on the Raman scattering signal and advantages of
polarized Raman spectroscopy for orientation study of crystals are presented in Chapter 5.

Chapter 6 describes the system automation processes, i.e. development of electronic submodules,
custom-made control software, operation algorithms and analytical tools for data analysis.

Finally, all results and future work pathways are discussed in Chapters 7.




2 Raman spectroscopy

Raman spectroscopy is a widespread chemical analysis technique that can be utilized for studying a
broad variety of materials, including inorganic compounds and living cells [61]. The Raman scattering
spectroscopy method provides information about the vibrational modes of e.g. molecules, which can
be associated with chemical bonds and then molecular chemical structure.

This chapter briefly describes the classical interpretation of the Raman scattering effect.

2.1 Classical theory of Raman Spectroscopy

The classical Rayleigh scattering model. Consider an oscillating Hertz dipole, i.e. a model of a radiating
dipole in vacuum. It is known that the total intensity emitted in all directions by an electric dipole is
expressed by the following equation [2]:

_ qPw*xg (2.1)
"~ 12meyc3
where w - radiation frequency, xo - charge displacement from equilibrium position, g — charge.

Suppose that light (the electric field Ep of the wave) is scattered by an oscillating electron of the atom
with mass m, the displacement of which (xo) is expressed from the equation of motion for a harmonic
oscillator [2]:

__ 9k (2.2)
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Equations (2.1) and (2.2) yield:

qe Y w*E§ ) (2.3)
12meoc3mi” N (w? — w?)?

P=(

In deriving this formula, the attenuation for the electronic vibration and the presence of many natural
frequencies of the atom were not taken into account. As follows from the equation (2.3), the total
intensity of the scattered light is proportional to the 4th power of its frequency and the square of the
incident electric field. A similar dependence will be characteristic of the Raman scattering process.

A brief phenomenological description of the Raman scattering phenomenon is as follows. The
equation (2.1) can be written as:

0P w*|p|? (2.4)
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where Q = Q(0,¢) - spatial angle from which the signal is collected, |p|? - squared dipole moment
modulus. A light wave interacting with a molecule polarizes it and sets electrons in motion. As a result,




the molecule becomes a new source of radiation at the same frequency as the original light wave
(Rayleigh scattering). In the case of Raman scattering, the light wave interacts with the vibration of
the molecule, which leads to radiation at other frequencies. For low intensities of the incident light,
we can assume that the induced dipole moment is proportional to the electric component of the field:

ﬁ = a(le w'u)E (25)
wL - frequency of the incident light, wv - frequency of the scattered light, a - molecular polarizability.

It is important to note that in the derivation of this formula we did not take into account a number of
important factors. First, in a general case, a substance that scatters light is anisotropic. In that case, a
is a tensor of the second rank (represented by a 3 x 3 matrix).
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Second, for condensed matter it is important to distinguish between a local field acting on individual
molecules of a substance and a mean field (macroscopic) corresponding to the electric field of a light
wave. These fields differ due to the appearance of polarization charges in a substance, whose field
also affects neighboring molecules. There are several models for converting a macroscopic field into a
local one. We introduce the conversion factor described in [2]:

~
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where nu - refractive index. If we place an emitting dipole from a vacuum in a medium with a refractive
index nu, then according to [2], the radiation intensity of the dipole can be represented as:

OP  wny/Ly|p|? (2.7)
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The equation (2.7) shows that the scattering intensity for molecules will be higher in solution than in
air.

Third, it is necessary to find a way to quantitatively describe the natural vibrations of a molecule in the
framework of this theory. In this description, we will also follow the approach described in [2]. Imagine
that radiation will interact only with a certain vibration of the molecule by the normal mode k with
coordinate Qk. A normal vibration can be called a molecular motion, in which the vibrations of atoms
(functional groups) in a molecule occur at the same frequency. Normal coordinates are associated with
natural (lengths of specific bonds, angles) linear transformation. Moreover, the coefficients at various
natural coordinates reflect the share of this connection (or angle) in the normal oscillation. Sometimes
one of the coefficients can be much larger compared to the other ones. In this case, it can be assumed
that the normal vibration is due to the vibration of a certain bond (or valence angle) of the molecule.
Otherwise, the vibrations of various parts of the molecule are mixed in a given normal vibration.




The simplest description of the Raman scattering phenomenon. A light wave with the frequency w.
illuminates a molecule. The polarizability of the molecule in equilibrium state is ar. If we assume that
the molecular vibration introduces a small perturbation into the electronic structure of the molecule
and its polarizability, we can consider Q« (the coordinate of the normal mode) as a small parameter in
the expansion of aL in a power series:

3 day, 1(0%a, 5 (2.8)
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A similar expression can be written for each of the nine components of the polarizability tensor. By

i
analogy with the latter, we introduce the tensor Rk (wL.), consisting of the components(%) .
k7 Qr=0

Leaving the linear terms, we can obtain the following expression for each of the components of the
polarizability matrix:

@;;(Q1) = a;;(0) + Ry (@,) g, =00k (2.9)

Let the electric field of a light wave change harmoniously: E = Eye ~{“Lt, Then the expression for the
induced dipole moment can be represented as follows:
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where @ is an arbitrary phase arising as a result of the delay of the Raman radiation compared to the
incident wave. By using the last two expressions, as well as equation (2.5), it follows that:

Qx (2.10)
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A necessary condition for the manifestation of the Raman band in the spectrum is a nonzero value of
the derivative of the polarizability of the molecule with respect to the coordinate of the normal mode
oa;;
(also called reduced polarizability) (ﬂ) + 0.
9/ g=0
It is important to note that some important features of Raman scattering cannot be explained within
the framework of classical theory. For example, the intensity of the Stokes component usually exceeds
the corresponding anti-Stokes component. This fact may seem to contradict the rule known from

electromagnetic theory that the intensity of light scattering is proportional to the fourth power of the




wave number (or inversely proportional to the fourth power of the wavelength). This contradiction

can be explained using the quantum-mechanical formalism.
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Figure 2.1: A diagram of the energy levels of a molecule with a schematic designation of
Rayleigh (center) and Raman scattering (left: anti-Stokes, right: Stokes). The symbols So and S1
denote the unexcited and first excited vibrational sublevels. The dashed lines in the top
diagram indicate a virtual state.

According to the basic concepts of quantum mechanics, molecules can occupy discrete vibrational
energy levels [61] as shown in Fig. 2.1. By solving the Schrodinger equation, the vibrational energy (&v)
for a harmonic oscillator is:

( 1> (2.11)

E=|\v+z]|v,
2

where v is the vibrational guantum number. In Raman spectroscopy, transitions with Av = 1,2... are

allowed. As for the transition probability, the most probable is the transition with Av = 1.

In order to calculate the fraction of molecules having vibrational energy &v, the Maxwell — Boltzmann
distribution can be employed. Then the Stokes (Is) and anti-Stokes (Ias) Raman scattering intensities
are determined by the number of molecules available for a given transition at the starting vibrational
sublevels Ns and Nas:

I Vo — Um\* Ng Vo — Um\* & — & (2.12)
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where g0 and €1 are the energy levels of the molecule before and after the transition, respectively, k
and T are the Boltzmann constant and temperature. At room temperature, the transition from the
state v = 0 to v = 1 has the highest probability to occur. This explains why the Stokes component
displays significantly higher intensity compared to the anti-Stokes component.




2.2 Interpretation of a Raman spectra

A Raman spectrum can include qualitative and/or quantitative information. The Raman scattering
spectrum is a plot of the scattered intensity versus the wavelengths at which the scattering occurs.
The intensity of the Raman scattering signal is usually expressed in (photon) counts, which is then
plotted versus wavenumber shifts (units of inverse length, cm™). By utilizing the cm™ units, the position
of the measured Raman modes is generally independent on the wavelength of the incident laser. In
this way, any sample can be identified by simply comparing its Raman spectrum to a database of
known Raman spectra.

The laser excitation wavelength and the Raman shift have the following relation:

1 1 (2.13)

Araman= 1 1
Laser Raman

where Aiaser is the excitation wavelength and Araman is the measured wavelength of a given peak. An
example of a Raman spectrum is shown in Fig. 2.2.

Rayleigh scattering

a
uw
Raman scattering Raman scattering b £
(anti-Stokes) (Stokes)

Raman intensity (counts)

| | I 1 |
-400 -200 0 200 400

478.7 483.3 488 492.8 497.7

Raman shift (cm)
Wavelength (nm)
Figure 2.2: Raman spectrum of Carbon Tetrachloride (CCls) excited by laser radiation of Ag=488
nm. The intensity of the Raman bands (in photon counts) plotted versus wavenumbers and
wavelengths. The number above the peaks is the Raman shift in cm™.
Elastically-scattered light (Rayleigh scattering) carries the same energy as the incident radiation, thus
the position of zero shift (0 cm™) in the spectrum is fixed to the Rayleigh line. In the case of the Raman
Stokes scattering, the energy transfer from the pump laser to a molecule and emission of photons take
place, which results in appearance of lines in the spectrum shifted to longer wavelengths. In the anti-
Stokes Raman scattering, the scattered light carries more energy than the incident radiation and the
spectrum is shifted to the opposite direction. The Stokes and anti-Stokes lines are located
symmetrically about the Rayleigh line. However, at room temperature and at the vibration frequency
of 1000 cm the percentage of molecules in an excited vibrational state is around 0.7%. Therefore,
the anti-Stokes peaks intensities are usually much lower [11].
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As discussed previously, inelastic scattering results from the interaction of the incident radiation with
the (vibrating) molecules of a given sample, which yields photons at different energies with respect to
the laser excitation light.

<« ; —> The position of each Raman peak

‘L (Ssrt]rl'gsc;f";?i-ﬁeak position corresponds to one of these energy

deformation shifts. The combination of peak

Height of the peak pressure positions and intensity provides
(concentration) temperature) . . i

adlbl information about a particular

Width of the peak molecular vibration, and can be used

(crystallinity to identify the type of bonds present

defects . .
di;}ﬁ;} in a compound. Changes in peak
width, height or position, can inform

about certain material modifications.

Position of the peakT{moIecular structure, functional groups)

Figure 2.3: A typical Raman spectrum and a corresponding material information, which is used for
identifying the type and quality of chemical bonds.

A unigue combinations of interatomic bonds in a molecule yields a molecule-specific Raman spectrum,
which makes Raman spectroscopy a perfect technique for identifying compounds. A Raman spectrum
consists of a set of peaks, each associated with a vibrational mode (see Figure 2.4). Different types of
functional groups of atoms (e.g. C=0, C-C, OH, CHy, aromatic ring) as well as the molecular scaffold
(skeleton) have unique vibrational modes, which lead to specific interactions with incident light and
therefore, produce different Raman shifts. Skeletal vibrations are usually located at Raman shifts
below 1800 cm™ and along with other vibrations determine the region 300-1800 cm™? as the
“fingerprint” region of a substance that represents the most informative part of the spectrum for
material identification. Nowadays, routines to perform a database search and peak characterization
are available in commercial software packages. For example, one of them is the KnowltAll software
(Bio-Rad Laboratories) and their associated databases, which are pretty good, informative, and have
rich analytical possibilities [62].
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Figure 2.4: Left — the molecular structure, and right — the Raman spectrum of acetaminophen with
mode assignments.

In the case of crystalline substance, Raman spectroscopy can give additional information about crystal
structure: the degree of crystallization, state transformation, crystal orientation and distortion of
crystal lattice (See Figure 2.5).

Frequency shift by applying pressure.
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Figure 2.5: Raman peaks transformations of crystalline materials after external influences.
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Defects or damages induce changes in periodicity and symmetry, which might affect the crystal
structure of a material. These effects lead to formation of new, broadening and/or asymmetrical
reshaping of the existing Raman peaks [63]. Strain/stress changes the crystal lattice, which affects the
lattice vibration energy of a material, and therefore, it can change Raman peak positions [64]. Solid-
state molecule transformations are caused by a change in a lattice structure and/or molecular
conformations, driven by minimization of energy states at certain environmental conditions. Materials
with higher degree of crystallization are characterized by increased level of a three-dimensional long-
range order of molecular packing, so Raman peaks become sharper and more intense [65].

3 Raman microscopy

By utilizing the same principles that scientists use to explore the most distant parts of the universe
(through the telescope), chemical and biological processes at the nanoscale can be observed using
microscopy. While modern microscopes generate multidimensional data (X, Y, Z, time, A ...), existing
profiling methods simplify the study of various effects and processes. Raman spectroscopy can give an
additional set of material characteristics, namely: chemical structure, molecular interactions,
crystallinity, orientation, material deformation and many others.

Raman microscopy combines a Raman spectrometer and a standard optical microscope, which allows
to make the Raman analysis at the microscopic level. In this part | will give a summary of the most
important Raman spectrometer components and modules which were utilized in the assembly of the
Raman system (e.g. THOR, see Chapter 4). A general diagram is shown in Figure 3.1:

Light source Laser delivery Raman delivery Dispersion
Detector
(Laser) system system system

Delivery/collecting
optics

11

Sample

Figure 3.1: A general diagram of a Raman spectrometer. In most cases, a laser and Raman delivery
systems are optional. In our Raman and SERS applications we used laser beam shaping optics,
polarizers, beam splitters, analyzers for forming the proper incident excitation beam and extracting
more information from the scattered radiation.

The most popular approach is shown below in Figure 3.2:
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Figure 3.2: Basic structure of Raman microscope.

3.1 Confocal Raman microscopy

Combining Raman spectroscopy with confocal microscopy allows optimal spatial filtering for sample
volume analysis. A spatial resolution down to 200nm laterally and 500nm vertically can be achieved
using the visible light excitation wavelengths. In the following section, the basic construction principles
of such systems is described which is also relevant to the Raman systems developed in this work.

3.1.1 Confocal microscopy

In the conventional wide-field microscopy, high-quality images can only be obtained from thin samples
(a few millimeters in thickness). However, research often requires deeper profiling of areas, and
imaging requires volumetric rendering techniques that are not available in conventional microscopes.
The methods of confocal microscopy allow one to visualize slices of a multilayered sample.

A confocal microscope enables the user to obtain very sharp, higher contrast images. It differs from a
“classical” optical microscope in the way that it captures only one object point at one moment in time.
A complete image is built by scanning the object (e.g. moving a sample stage), see more detailed
information in ref. [66—73]. In order to register only one point after an objective lens, it is necessary
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to place a small size diaphragm/pinhole in the lens focal point. The red rays pass the diaphragm and
are detected, while the blue rays are blocked, see Fig.3.3 b.

Another important improvement is the focused illumination approach. The illuminator focuses the
light to the analyzed point. It can be done by using a second focusing system behind the object (object
should be optically transparent), see Fig.3.3 c). As an alternative, the incident and reflected light can
be focused by the same objective using a light splitting plate, see Fig.3.3 d).

a b R | ]
> ==

Figure 3.3: a) The light ray path in a conventional microscope. Light from different points reaches
the detector. b) Applying a diaphragm allows to significantly reduce the background illumination
from the outer points of the detection region. c) An image contrast enhancement by using the point
back illumination approach. d) The configuration with the light beam splitter and one focusing
objective can simplify the microscope design and adjustment process.

3.1.2 Resolution and contrast in confocal microscopy

It is qualitatively clear that the use of a confocal scheme should increase the contrast of an image. This
is because the "parasitic" light from areas that surround the measured point is blocked and is not able
to reach the detector. The image contrast can be explained using simple ray optics.

In conventional microscopy the point spread function (PSF) determines intensity distribution of the
incident light in the lens focal plane, which is caused by Fraunhofer diffraction at the input diaphragm,
see Fig. 3.4.

In a confocal microscope light passes through an objective twice. For a qualitative understanding, it is
convenient to consider each PSF as the probability that a photon will hit a point with coordinates (x,y).
Then confocal PSF is a product of independent probabilities and equals to:

Peons (X, ¥) = p(x,y) X p(x,y) (3.1)

Conventional PSF and confocal PSF are shown in Fig. 3.5.
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Figure 3.4: Fraunhofer diffraction in the focal plane

Using Rayleigh criteria for resolution (26% gap of the intensity maximum), the resolution in the
confocal microscope increases, but not significantly. For the confocal microscope:

(3.2)
T, =044 —
conf NA
while for the conventional microscope:
(3.3)
Treg = 0.61 —
reg NA
Where A - length of light wave, NA — numerical aperture of objective.
Intensity distribution along optical axis is:
nl (3.4)
Tz conf =1.5 W

Figure 3.5 Conventional PSF (left) and confocal PSF (right).
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In confocal microscopy there is 1.5 times resolution increase in X-Y plane, and higher resolution along
Z axis, see Fig. 3.6.

Non-confocal Confocal

Figure 3.6 Light spreading around the focal point in a sample volume. Conventional (left) and
confocal (right) schemes (adapted from olympus-lifescience.com).

In conventional microscopy the relation between maximums of the first and zero peaks is equal to 2%,
while in confocal microscopy it is only 0.04%, i.e. the contrast is dramatically increased. This increase
enables one to resolve objects with an intensity difference of up to 200:1. In Figure 3.7 we can see
that it is impossible to detect a dim object with 200 times lower intensity compared to a bright object.
However, the distance is larger than the Rayleigh Criterion says.

3 . Bright

i ]l object

] Dim ' Dim
object ] object

i _ L1 LA

Figure 3.7 The light intensity distribution in the case of conventional (left) and confocal (right)
microscope designs for the bright and dim objects with 200 times difference in the intensities.

3.1.3 Confocal schemes of Raman microscopes

It is also possible to implement the confocal scheme in a Raman microscope. In this case, the lateral
resolution along X, Y axes is increased, and also along Z (depth). This enables image sectioning as a
function of depth (along the Z-axis). There are several confocal schemes applicable to Raman
microscopes.
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Classic confocal scheme. The biggest advantage of a confocal Raman spectrometer is independent and
individual control of spatial and spectral resolutions. This can be achieved by placing a pinhole
diaphragm before a spectrometer slit. Pinholes with different diameters control the confocality level,
and the input slit — spectral resolution of a spectrometer. This convenience causes some alignment
difficulties via two diaphragms in order to get an optimal result.

Pseudo confocal scheme. In a simplified scheme the spatial resolution is determined by a combination
of an input slit in one direction and the lateral resolution of CCD detector in another direction. These
limitations of a spectrograph dictate the worse spatial resolution. However, a smaller number of
optical elements provide much better total throughput of the system.

Hybrid confocal scheme. Both high throughput and classic confocal designs have their own benefits.
That is why many confocal Raman microscopes are equipped with changeable slits and pinholes or
hybrid combinations. On the same metallic plate a set of point and slit diaphragms can be placed,
which can function as a confocal diaphragm or input slit of the spectrometer. Such hybrid realization
combines benefits of each version and allows one to make fast switching between a high throughput
and classic confocal modes.

Detector Detector Detector Detector
a b —— C d ——
‘ L] ‘ (ST L]

— — Aperture

Grating ‘ Grating
Slit/Pinhole
Hybrid Aperture

Confocal
Aperture

24
Figure 3.8: a) Conventional, b) confocal microscope optics, c) pseudo confocal microscope scheme,
d) hybrid confocal microscope scheme with changeable slit and pinholes.

In the current Raman system (THOR) prototype, a pseudo confocal scheme with a possibility to select
the level of confocality/throughput using software is realized, see Fig. 3.9 below.
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Figure 3.9: a) A slit based confocality principle. b) A typical image of the Raman signal from

spectroscopic CCD in classic confocal scheme using a pinhole. The zoomed region shows the Raman
spectrum compressed into one row on the CCD sensor

In Fig. 3.10 the Raman signal from silicon is shown. By selecting the central row N and desired number
of the nearest rows +M, software automatically calculates a summarized signal from rows N, N-1 ... N-
M, N+1 ... N+M. A user of the system can easily define the confocality level and find a compromise
between the scanning time and detail quality of the measured sample.

Figure 3.10: The Raman signal collected from a Si wafer surface using a pseudo confocal microscope
scheme.
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3.2 The basic THOR design and sample scanning techniques
3.2.1 2D-3D Raman scanning techniques

As a consequence of implementing the image contrast and resolution enhancement, a more complex
sample scanning design is required [74,75]. The confocal signal filtering system allows the user to
record the Raman signal emitted only from the focal plane. By adjusting the focus of an objective lens
it is possible to measure the Raman signal distribution in any optical section along the z-axis without
destroying the sample. The sample should be transparent or semi-transparent, so the incident light is
able to reach the specified depth. However, even transparent objects scatter and absorb the incident
light. In addition, reabsorption of the emitted Raman light limit possibilities of high-quality confocal
microscopy with a depth of about 100 um from the surface of the scanned object.

During the scanning in the XY plane, the detector registers a signal from the depth of a sample, which
is defined by the focus alignment of the objective with the scanning plane and the pinhole diaphragm.
Incremental movement of the scanning plane along the Z axis allows to obtain a series of contrast
layer-by-layer images and to reconstruct the internal three-dimensional structure (3D) of the object
under study. The scanning step size in the XY plane and the distance between Z slices define the
volume of elemental volumetric element — voxel. Each voxel obtained during 3D Raman scanning
contains a parametric information with Raman spectrum of the sample in the beam focus
microvolume.

.
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Figure 3.11: The division of the sample object into voxels.

There are two general methods of obtaining the Raman map in the XY plane: (i) laser beam scanning
and (ii) XY microscope stage scanning.

In the first case, a system of mirrors moves the laser beam sequentially from one point to another in
the XY plane. One mirror deflects the beam along the X axis, and the other along the Y axis, see
Fig.3.12(a). Traditional laser scanning imaging and microscopy systems usually rely on bulky and high-
power consuming galvanometer scanners [76,77]. However, the industry demands smaller and lower-
power solutions, therefore, manufacturers are investigating alternative technologies. With the advent
of micromechanical devices, the scanning MEMS (microelectromechanical system) mirrors are a
convenient option, see Fig.3.12(b). These solutions are compact, low-cost, consume low power and
are highly suitable for high-speed beam steering [78—81]. The “MEMS-in-the-lens architecture” is
probably the current state-of-the-art approach, where standard scanning components can be replaced
with an integrated MEMS device in a microscope objective [82].
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Figure 3.12: a) the dual axis Galvo-scanner with galvanometers and mirrors (dynAXIS, SCANLAB);
b) MEMS scanning mirror (Preciseley Microtechnology Corporation).

A disadvantage of such scanning systems is that it introduces small changes in the laser beam. In order
to avoid any beam distortions [77] or polarization changes induced by galvanometric optical scanner
[83], it was decided to build a classical XY scanning system instead, which is based on linear motorized
stages. In our design (e.g. THOR) the whole microscope is moving under a static sample, which provides
the focal point replacement.

3.2.2 Microscope unit design

The THOR microscopic module features:
- Inverted configuration
- 3D Raman mapping (the sample is stationary)
- Bright field (reflection mode) sample surface analysis and acquisition of the Raman signal

The microscope design shown in Fig. 3.13 allows scanning in three dimensions without moving the
sample. It consists of a microscope objective and two mirrors M1, M2, fixed on motorized linear stages
with travel range of 25 mm in three XYZ directions. The idea is to always keep the light beam in a
center of optics regardless of the relative position in which they are located. To do this, the objective
can be moved along the Z-axis independently of the mirrors M1 and M2, the objective and the mirror
M2 can be moved along the Y-axis independently of the mirror M1, and all of them can move as one
unit along the X-axis. In this way a 3D scanning was organized by realizing the movement of the
microscope and simultaneous maintaining the alignment of the incoming light beam.
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Figure 3.13: a) The THOR motorized XYZ microscope unit. b) A schematic description of the light
path. The current design enables 3D Raman mapping without moving the sample. Microscope
was custom designed and manufactured by Standa LTD, and now you can find it in the product
catalog?.

Microscope and laser delivery parts are separated from detection part with dichroic beamsplitter BS1,
which only will pass the Stokes Raman signal, i.e. longer wavelengths compared to the incident laser
light (see Figure 3.14).

The incoming laser beam reaches the microscope, reflecting off the BS1. Here it propagates through a
pair of microscope mirrors to the objective and illuminates the sample.

The laser point or line-shaped beams are formed via the laser delivery part, which is then focused on
a sample surface. All laser illumination modes are visible on a microscope CCD camera simultaneously
with measured Raman spectra. This significantly simplifies the orientation on the sample surface and
selecting the suitable areas for Raman measurements, which allows to make the fast probes without
preliminary capturing images of the sample. This technique was implemented on the beamsplitter BS2
by combining the laser and visible light beams.

The back-scattered Raman signal is collected and collimated by the objective lens Ob, then reflected
by M2 and BS2 through the BS1, edge filter Ed1 onto the slit lens F3. The entire optical path from a
sample to the slit on the spectrograph is designed to transfer an image (in our case it is a line or a
wide-field laser profile) in aberration corrected conditions. All additional details of the optical design
with detailed descriptions of each component are shown in the paper 2.

1 8-0035 - Automated XYZ System for Microscopy -
http://www.standa.lt/products/catalog/custom engineering?item=629&prod=automated XYZ microscopy system
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Figure 3.14: Microscope unit optics design with connections to the laser delivery and
detection parts of the system.

Incoming laser beam

Laser delivery part

Visible illumination.
A white-light emitting diode (LED) combined with an imaging CCD camera by a beamsplitter BS3,
creates a reflected light illumination scheme [84].

The sample surface is imaged by the LED while collecting spectra, which allows visual control of the
sample position and behavior during the measurement procedure. The emitted white light from the
LED is collimated using lens F1, and passed through the edge filter Ed2, where the visible light is
removed from the NIR spectrum part of the Raman spectrum (785-1000nm). The white-light beam is
preliminary cuted off in 6 OD from NIR spectrum part of Raman shift by the edge filter Ed2 and then
focused at the back focus of the objective by the lens F2. The beam splitter BS3 controls the incident
and reflected light from the sample.

The visible CCD camera projection optics supports imaging of the whole microscope objective FOV
with flat field visible light sample illumination, while commonly used Raman microscopes only cut the
center part of the field of view.

All the aforementioned characteristics enable simultaneous real-time Raman measurements and
sample visualization. The approach simplifies the Raman analysis process by allowing one to easily
select relevant surface areas for the signal acquisition (Fig. 3.15).
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Figure 3.15: A visible image and a horizontal laser line on the sample surface can be simultaneously
observed.

3.2.3 Spectrograph design

THOR system is aimed at recording extremely low molecular concentrations (sub-uM), the
construction of the device should be highly optimized, and sensitivity - improved. One of the important
solutions were self-designed aberration corrected imaging spectrograph (Fig. 3.16). It consists of five
key components: slit with the height of 15mm, low NA collimation lenses F1, edge filter Ed1,
transmittance volume phase holographic (VPH) grating and high NA focusing lens F2. A spectroscopic
air-cooled CCD is using for Raman spectra registration. Collimating spectrograph objective F1 consists
of a pair of two achromatic doublet lenses with total focal length 312 mm. A focusing objective was
realized as a self-designed double-gauss type achromatic lens with aperture ratio f/2.6 and focal length
80mm. Spectral dispersion was realized on transmittance VPH grating placed between collimating and
focusing lenses. The VPH grating has 1644 grooves per mm and first order diffraction efficiency around
78% at 850nm. This type of grating perfectly fits high sensitivity spectrograph construction
requirements due to a sinusoidal grooves profile and low stray light background as a result. The
spectrograph provides registration of Raman spectra from the laser wavelength of 785 nm in the range
350-2300 cm™. Total spectrograph magnification is -3.9x. Negative magnification helps to concentrate
more scattering Raman intensity on a single CCD pixel size.
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Figure 3.16: Aberration corrected spectrograph design. a) Photo of the spectrograph together with
the coupled CCD, b) spectrograph inside view, c) optical design of the spectrograph.

3.2.4 3D study of microcontainers for oral drug delivery

A perfect application for evaluating the detection possibilities of our constructed system was depth
volumetric studies of microcontainers for oral drug delivery. The microcontainers contained a polymer
powder impregnated with anti-inflammatory drugs (see Figure 3.17). The more detailed information
regarding origin and purpose of such microdevices is described in Paper 5. Signal acquisition details
during the deep confocal measurements and data processing of multicomponent compounds are
discussed in Paper 1. Here we will show the obtained data after confocal measurements and analysis
possibilities of our system.

Figure 3.17: Microcontainer for oral drug delivery. a) image from electron scanning microscope,
b) volumetric chemical imaging of a similar microcontainer made by Raman microscope.
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As discussed previously, the focus change along the Z axis is achieved by moving the objective lens. A
set of Raman maps/images (in the XY plane) obtained along the Z axis yield the three-dimensional
distribution of materials, see Fig. 3.18.

Figure 3.18: Images of XY cross sections from different sample depths with 10 um interval (a — 0 um,
i — 80 um). Color represents the intensity of Raman signal on the peak position 720 cm™™.

During the three-dimensional scanning process the raw Raman data is collected in a four-dimensional
array, where dimensions are wavelength, X, Y and Z coordinates. That means each voxel contains a
vector of numbers, which represents a cumulative Raman spectrum of the materials located in the
focused microvolume. The main task of Raman spectroscopy is to recognize each material (or selected
one) and show its distribution map across the sample. Sometimes, in case of combinations of
components with pure Raman spectra (where several peaks of different materials are not overlapped),
it is possible to measure the concentration of each material by measuring the corresponding peak area
(or just a height). But in general, the situation is much more complex and only chemometric
mathematical methods of spectrum decomposition can solve such difficult task. There is a big variety
of multivariate analytical tools, which can be used for multicomponent analysis — from elementary
statistical methods to artificial neural networks [85,86]. In current version of THOR software, a non-
negative least squares method was realized (more details in chapter 6.4). It allows one to work with
libraries of spectra of pure materials and to very accurately calculate the concentrations of dozen
components in thousands of spectra in less than a minute. Raw scanned data can also be exported to
the CSV file for other methods testing using external software packages and toolboxes such as Matlab
or python, where many methods are already implemented. This multivariate decomposition allows to
recalculate and change the wavelength dimension of 2000 elements of spectra intensity by the
components dimension with the few values (2 and more) of component concentrations.
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While 3D visualization of component concentration distributions looks good for demonstration
purposes, 2D cross-sections of an object are better suited for analysis. In our case of 4D data, positions
in any two dimensions should be fixed, while intensities of two other dimensions can be plotted. In
Figure 3.19 a) Z=90um and Raman shift 720cm™ are fixed and XY image is visualized. Software allows
user to scroll any fixed position and change the cross-section view, or to open several views
simultaneously. These Raman images are available in the form of two-dimensional images in XY, ZX
and YZ planes, however it is also possible to plot wavelength versus any coordinate.

For 3D plots, data can be exported to a VTK file and visualized with 3-rd party software. In Figure 3.19
c) separated components are shown with different colors using an open-source multiple-platform
application ParaView for interactive, scientific visualization.

Figure 3.19: a) XY and b) XZ cross-sections of a microcontainer. Color represents the intensity level
of Raman spectrum on selected peak position 720 cm™ before multivariative analysis. ¢) 3D image
of a microcontainer is reconstructed after the chemical decomposition of separate components.
Each color represents a different material: red — drug, green — polymer, brown — SU-8 container
wall, black - silicon substrate.

3.2.5 Fast Raman imaging using the laser line illumination

Spontaneous Raman scattering has a relatively low efficiency (Iggman~10"7 — 10711 X I, 1c0r) [87].
Therefore, frame exposition time is usually selected in a range from hundreds of milliseconds to
hundreds of seconds for the systems where the broadband Raman spectrum is collected by the CCD
camera.
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Raman map measurements usually require collection of thousands spectra, in order to speed up the
process of mapping, several methods were developed: direct Raman [88], line-focus [89] and line-scan
[90]. The first two methods reshape the laser beam into a line or rectangle, which can cover a larger
sample area, the last uses a scanning mirror to illuminate the line on a sample. The line-scan method
requires much more laser power for each point compared to line-focus method [87]. The direct Raman
method demonstrates the fastest measurement possibility at selected wavelength, however for the
full spectrum measurements it requires the tunable filters based on the acousto-optic [87] or liquid-
crystal devices [91].

Comparing these spontaneous Raman methods, the line-focus method is better suited for
temperature sensitive samples, where local overheating plays an important role. It is especially
suitable for SERS-based applications (see the THOR system). The line-focus capable system can greatly
reduce the mapping time of SERS substrates.

The line-focus illumination probes the sample along the line-illuminated area simultaneously
whereupon it is divided into hundreds of spectra by a large number of pixels using a CCD camera, see
Fig. 3.20. The line-focus capable microscope with a detector matrix height of 256 pixels makes it
possible to carry out measurements 256 times faster than a traditional point illumination Raman
microscope.
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Figure 3.20: Line-shaped sample illumination and simultaneous detection of multiple spectra.
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Figure 3.21: a) THOR optical construction. The connections of microscope, spectrograph parts and
detailed laser delivery optical path with point/line illumination. b) laser beam profile at the laser
output, c) laser beam profile after laser line genitor lens f6, d) laser beam profile before microscope
objective, e) views of the point and line laser beams on the sample surface.

The laser beam delivery system is presented in Figure 3.21. The point and line illumination modes can
be selected by switching the motorized flip mirrors FM1 and FM2. At line-focus mode a sample is
illuminated with a 2.8 um wide laser line using 10x magnification objective. The laser beam shape can
be modified using a set of cylindrical lenses f1—f5.

We used a relatively low cost multimode high-power laser (785nm, 500mW) as an excitation source.
The image of its beam profile is shown on Fig. 3.21 (b) which consists of five different spatial modes.
Such mode distribution profile can be focused into a diffraction limited size in the vertical direction (y-
axis). In order to create diffraction limited laser line profile on the sample we decided to use the x
direction of the beam profile to control the width of laser line on the sample. Therefore, a line length
should correspond to the vertical direction of the beam profile, which consists of five spatial modes.
Laser line generator lens f6 works as mode mixer in the vertical direction. The result of mixing is
highlighted in Fig. 3.21 (c) (after f6) and Fig. 3.21 (d) (after f7): the beam profile was transformed into
homogeneous laser intensity distribution in the vertical direction. The variation of laser line intensity
on the sample surface is around 20% (Fig.3.22).
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Figure 3.22: Uniformity of Raman intensity at 1641 cm™ from BPE molecular response on SERS chip
surface obtained at spectroscopic CCD after propagation through the laser beam delivery channel.

3.2.6 Laser line application for dehydration study of organic hydrates

In Paper 3 we proposed a fast line-focus hyperspectral Raman mapping method to study the dynamic
processes of transformation pathways of organic hydrates during heating of drug particles. The
particle of drug was aligned on a Linkam hot stage parallel to the laser line. A 1.8mm long laser line
was focused along the length of the particle (Fig. 3.23). An exposure time of 8 seconds for the
acquisition of 220 Raman spectra was used for all isothermal measurements, which allows
simultaneous monitoring of the whole volume of the particle with good enough update frequency of

Power
150.0 mW

Intensity
37.5 uW/um2

Figure 3.23: The single particle measurement process using line-focus illumination.
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the frames. Chemical decomposition showed the overlapping forms of the drug that exist between the
metastable intermediates as well as the stable anhydrous forms during dehydration (Fig. 3.24).
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Figure 3.24: Decomposed results from the dehydration (50°C for 90 minutes) of a single particle of
theophylline monohydrate (TP MH) to its stable anhydrous form Il, where a) is an optical image of TP
MH b) concentration profiles showing the dehydration of TP MH via two metastable intermediates to
the stable anhydrous solid form.

Being able to perform Raman imaging on a single particle motivated the mapping of a real-life powder
sample of nitrofurantoin monohydrate (NF MH Il) with different shapes and sizes as shown in Figure
3.25. The full map 1170 pm x 2109 pm with 8 um step-size was taken in 30 minutes.

Figure 3.25: The nitrofurantoin particles were heated to 100 °C for ~5 minutes. Raman map represents
the intensity of peak at 1558 cm™ of the raw data before the decomposition procedure. Detailed
chemical analysis and interpretation of the results were discussed in Paper 3.

In this study we showed the possibility of using a single particle as well as large areas of multiple
particles with different sizes and shapes for determination of the multiple solid forms during a
dehydration process. The physical stability of drugs and dependency on temperature and humidity
have dramatic impact on drug properties, such as solubility, bioavailability, efficacy. This study was
focusing on understanding the conditions of solid transformations with the future goal to
control/prevent the appearance of unwanted metastable intermediates or control unexpected
variations. Present work shows the possibility of structural resolution of different forms of drugs and
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their tendency for phase transformations during relatively high temperatures. Overall, this method
shows the ability for controlling material properties during development, manufacturing and storage.

4 Surface enhanced Raman spectroscopy

Raman spectroscopy is used as a fast, accurate and reliable method for determining the structure of
matter, but the problem with this method is the rather small scattering cross section of ordinary
molecules and, as a result, a rather weak signal. The sensitivity of Raman spectroscopy is improved by
various methods such as resonant Raman scattering (RRS) [92], surface-enhanced Raman scattering
(SERS)[93,94], tip-enhanced Raman scattering (TERS) [95,96] and coherent nonlinear optical effects:
coherent anti-Stokes light scattering (CARS) [97] and stimulated Raman scattering (SRS) [98].
Compared to other methods, SERS is a simple and promising approach in solving the problems of
increasing the effectiveness of the phenomenon and the intensity of the Raman signal, which will
significantly extend the practical application of Raman spectroscopy in chemical analysis.

The first experiments on surface enhanced Raman scattering date back to 1974, when Fleischmann et
al.[99] made studies of pyridine on roughened silver (Ag) electrodes. It was about 3 years before the
concept of the SERS effect was described by the Van Duyne group [100] and Creighton group [101]. In
1997, significant interest in surface-enhanced Raman scattering was renewed with the publication of
the first papers on the detection of single molecules [102,103].

The rapid development of SERS spectroscopy over the past 20 years was facilitated, firstly, by advances
in the directed synthesis of nanostructured SERS-active materials [104,105], and secondly, by the
development and improvement of Raman spectrometers. The work carried out all over the world in
the field of SERS has a pronounced practical orientation, which indicates the need for further
developments in this area and the high practical potential of such research.

4.1 General principles of SERS

The SERS effect consists in a huge increase in the effective cross section of Raman scattering of light
by molecules adsorbed on the surface of nanoparticles of metals (mainly noble ones): silver, gold,
copper.

SERS theoretically uses two mechanisms to increase the intensity of Raman scattering.

The first is an electromagnetic mechanism that occurs when the test substance is located near an
enhanced electric field on the substrate surface. The light excites surface plasmons (charge density
waves) in metal nanoparticles, which can resonate with electromagnetic Raman waves, amplifying
them [104,105]. First of all, the SERS-amplification takes place due to the presence in the system of
"the optical amplifier" - typically a metal nanostructures. (Fig. 4.1).

The occurrence of a signal can be represented as three stages:

- external radiation incident on the nanoparticle (NP) causes the conduction electrons to
vibrate inside the NP; therefore, a strong electric field appears on the surface of the NP.
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- an enhanced electric field is generated at the close proximity of two particles enveloped in a
strong electric field.

- during the adsorption of analyte molecules in the gap between NPs an enhanced Raman
effect is generated[106].
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Figure 4.1: Left - collective vibrations of delocalized electrons in response to an external electric field
E. Right - schematic concept of the electromagnetic enhancement mechanism of Raman scattering:
1 - External radiation incident on nanoparticles and causes conduction electron excitation, thus high
electric field appears on the surface of nanoparticle. 2 — In the gap between two particles, covered
with high electric field, an enhanced electric field is generated. 3 — After the adsorption of analyte
molecule in the gap an enhanced Raman scattering is generated.

The second mechanism is a chemical (or sometimes - charge transfer) mechanism, which involves
bonding a test material to the surface of a substrate. This bond increases the polarizability and,
consequently, the intensity of Raman scattering. As described in the literature [50], due to the charge
exchange between the substrate nanoparticles and the studied molecules, the scattering cross section
of the molecules increases, which also increases the final Raman scattering intensity. It was shown
that due to the electromagnetic mechanism, an amplification factor of the Raman scattering intensity
of the order of 10® (amplification up to 10%° -10%! is possible, depending on the conditions [107]) is
dominant in comparison with the chemical amplification mechanism, which gives a maximum gain of
the order of 103, which has been reported in [93,108]. The degree of chemical enhancement of SERS
depends on the strength of the bond between the molecule being determined and metal atoms on
the surface of nanostructure. Thus, compounds with a higher affinity to the surface will be better
adsorbed and have a more significant enhancement of the SERS signal, which increases the selectivity
of the method [109].

Raman scattering can be considered as the result of two interrelated acts - excitation of an induced
dipole and emission of a scattered dipole, arising as a result of the interaction of the molecule
electrons with the field of the incident light wave. Under SERS conditions, scattering occurs mainly
from a molecule located in close proximity to the surface of plasmonic metals, which have more
excitation and emission options (Fig. 4.2).
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Figure 4.2: Schematic imaging of Raman scattering and SERS processes. While during spontaneous
Raman scattering only internal electrons take part in the processes of excitation and emission, the
much higher rates in the SERS process are dramatically enhanced by presence a large number of
conduction electrons of the plasmonic metal.

Increasing number of transition paths is associated with the interaction of incident light with plasmon
vibrations of metallic structures, in contrast to spontaneous Raman scattering in vacuum [110].

The adsorbed molecules are under the influence of the local electromagnetic field of the metal
particles, which resonates with the incident light [111]. The observed SERS signal intensity depends on
both incident and scattered radiation:

Isgrs = lo(wo) I'(wg — wyip) = |Eog(wo) PIE' (wo — wyip)|? (4.1)

where Isers, lo, I’ — intensities of SERS, external radiation and group electrons vibrations, Eg, E’ - the
external electric field and the induced metal field, wo and wvi, - frequencies of incoming radiation and
molecular vibrations of the analyte [50].

Consequently, the greatest amplification of the Raman signal is observed when the incoming radiation
with a frequency wo and scattered radiation with (wo — wyib) are in resonance with the plasmonic band
of the metal - the "surface amplifier". When performing wo >> wvib or wo = (wo - Wvib), the following
approximation is widely used: Isgrs = |Eq(wg)|*. Since the strength of the electric field during
interaction of two dipoles equals to E(r)~r~3, then the intensity of the SERS signal depends on the
distance between the molecule and the metal as Igzrs~7 12 which is observed experimentally [22].

Thus, it can be assumed that the SERS effect is manifested due to the physical and geometric
properties of the surface. An equally important aspect in SERS is the relative orientation of the
molecule to the surface of the amplifier metal, since the vibrations of the molecule can be either in
the plane, or at an angle, or perpendicular to the substrate surface [22].

To quantify the amplification of Raman signals, the enhancement factors (EF) are calculated [112].
Comparison of substrates from the point of view of their use as active materials is usually carried out
according to the substrate EF, calculated by the formula:

Isgrs /N (4.2)
EF = surf

B IRaman/
NVol

34



where Ny, = Craman * V —number of molecules in volume V during measurements, Ng,,.r —number
of molecules adsorbed in the same volume at using SERS-active metallic surface.

An important aspect in the SERS method was the study of the so-called "hot spots" of the metal
surface. "Hot spots" are small areas with a high-intensity enhancement of the local field, the cause of
which is localized surface plasmon resonance. According to the theory, high local fields should appear
in gaps between metal nanostructures (Fig. 4.3), for example, in aggregates of nanoparticles from
dimers and trimers to complex structures formed by silver or gold nanospheres. The presence of "hot
spots" on the metal surface makes a significant contribution to the enhancement of SERS, since
resonance occurs near these regions, which makes it possible to record signals with enhancement of
the order of 107 - 108 and up to ~ 10*.

Enhancement

factors

Figure 4.3: An illustration of a “hot-spot” in the gap between the nanoparticles and the
enhancement factor dependency in the contact area (adopted from [113]).

It should be noted that the EF of the signal strongly depends on the distance between the metal
surface and the molecule, which can adversely affect the reproducibility of experiments.

4.2 SERS spectroscopy applications

SERS spectroscopy opens new possibilities for lowering the detection limits of relevant analytes to
pico- and femtomolar concentrations. The specificity of the analysis is achieved by registering SERS
signals in the “fingerprint region” (400 — 2000 cm?), which are highly informative for the detection of
individual compounds in mixtures of complex composition [114]. An obvious advantage of SERS
spectroscopy is its sensitivity to minor changes in the structure and orientation of molecules. Due to
all characteristics and low signal of water, SERS spectroscopy seems to be a good method for analyzing
complex biological samples with no or minimal sample preparation. Also, SERS spectroscopy uses a
wide range of excitation frequencies, which makes it possible to select an excitation source with
minimal background autofluorescence and photodestruction of the sample, which is undoubtedly
important for the analysis of biological objects.

The literature on SERS contains extensive and detailed information on the proposed amplification
mechanisms of the Raman signal [111,115,116], methods for creating SERS-active materials
[57,93,106,117], and a discussion of specific possibilities of using SERS spectroscopy in certain practical
areas [50]: medical research and diagnostics [118-122], food [123—-125] and pharmaceutical industries
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[126], environment pollution monitoring [127,128], detection of explosives and chemical weapons
[113], in judicial practice [129].

Currently, SERS spectroscopy is actively combined with in vivo imaging [130], microfluidic devices
[131], and other techniques [132] that significantly increase the potential for practical application of
SERS as aflexible and powerful analytical method. The advent of portable Raman spectrometers, diode
lasers, and the improvement of optics make it possible to use SERS spectroscopy in the analysis of real
objects outside the laboratory, which undoubtedly opens the new directions for research.

4.3 SERS substrates

Active research is currently underway to develop metal nanoscale structures that demonstrate
plasmon properties. Since the discovery of the SERS effect, a large number of works have been
presented with different methods of forming the various structures for SERS spectroscopy. SERS
substrates can usually have two forms: a solid substrate with rough, porous or nanostructured surface,
covered with a thin layer of SERS-active material, and nanoparticles dispersed in the liquid phase.
While colloidal suspensions of nanoparticles require precise optimization of measurement parameter,
such as the concentrations of aggregating agent and nanoparticles, their interaction time, solid SERS
substrates do not require any stabilizing agents, which reduces the risk of background signal
occurrence in the spectra and eliminates dependence on the dynamic aggregation process over time.
Since the use of SERS is often hampered by low reproducibility of metal nanostructures and, hence,
the poor reproducibility of SERS measurements, the main requirements for the SERS structures should
fulfil a number of prerequisites:

e Metal nanoparticles should be placed periodically or regularly.

e Batch-to-batch manufacture reproducibility.

e Uniform enhancement over the entire surface or from batch to batch.

e lLong term stability.

e Insensitivity to environmental influences such as temperature, moisture, light, oxygen.

e The SERS substrate must provide high gain, potentially up to single molecule detection, and
simple preparation procedure.

Additionally, SERS substrates for sensing applications need to be manufactured in a uniform and
reproducible fashion, resulting in spot-to-spot and batch-to-batch variations as low as possible.

Recently, the uniformity of a SERS signal using leaning gold nanopillar (AUNP) structures (Fig. 4.4) has
been significantly improved. These AuNP structures exhibit a high SERS signal uniformity with
variations around 2-3% of SERS signal intensity across a SERS chip surface [57].

The substrates were fabricated via a mask less RIE followed by a subsequent Au evaporation. The
fabrication procedure is depicted in Figure 4.5. The RIE process relies on a combination of reactive
gases (SFs and O2), which are ionized in a reaction chamber through a strong electric field and then
accelerated towards the Si substrate, etching the Si surface (Fig. 4.5 a, b). Careful tuning of the RIE
process parameters allows a fine control over the density, shape and height of the AuNP. Other
parameters that can be tuned are the chamber pressure, etching time and composition of reactive
gases. To eliminate the background signal from reactive sulphur and fluoride species that remain after
the etching process, it is very useful to perform a substrate cleaning procedure with an O, plasma. In
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a subsequent step, Au metal caps are formed on the pillar tips through deposition of a thin metal film
(225nm or 250nm for the different applications) via electron beam evaporation (Fig. 4.5 c). The formed
AuNP are 50 — 80 nm wide and 400 - 600 nm tall.
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Figure 4.4: Looking at the fabricated substrates. Top - Sharp substrates after reactive ion etching;
bottom - substrates after 250 nm Au deposition.

a Silicon Substrate b RIE ¢ Metal Deposition
SF,/0O,

LT
I

Figure 4.5: Fabrication process of AUNP. Nanopillars are formed on a Si substrate (a) through a RIE
using the reactive gasses SFe/Oz (b). In a subsequent step Au caps are formed on the pillar tips and
in-between pillars through electron beam deposition (c).
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4.4 Line illumination optimization for SERS measurements

Technically, the signal collection should take advantage of the well-optimized manufacturing process
of the SERS substrates. Surface scanning (mapping) is a very important step in quantitative analysis
due to the necessity of averaging the signal from hot spots on the substrate. This procedure greatly
reduces the error of molecular concentration determination. The larger an area of SERS chip is
measured — the smaller quantification error and lower limit of detection will be reached. Taking into
account the fact that the SERS signal, at low concentrations (less than 1 uM), is small and comparable
to the substrate background, the exposure time of Raman signal collection can be around 0.1 sec. This
means that the time required to collect a map with a surface area of 4x4 mm? will be around 3 days
with laser spot diameter of 2.5 um. This is an unbelievable time for Raman mapping and therefore
users of commercial Raman systems usually increase the step size up to 10-50 um. Hereby the total
collection time decreases to 4.4 hours — 10 mins. However, such procedure leads to the ‘losing’ of hot
spots on the SERS chip substarte.

Several techniques were designed to speed-up the process of spontaneous Raman measurement,
which we mentioned in chapter 3.2.2. In terms of SERS experiments, it is important to take two
constraints into account. First of all, the SERS substrate is normally a two-dimensional structure which
does not require confocal properties. Secondly, SERS measurements require relatively low laser
intensity on the sample (around 1-50 pW per p?). Therefore, we used the listed constraints and
developed a technology called “wide-field mapping”. This technology is similar to the line-focus
mapping but the line width becomes 10-20 times broader. On the one hand, this leads to the increased
speed of Raman mapping in three orders of magnitude compared to commonly used point focusing
mapping without losing any hot spots. On the other hand, laser polarization becomes totally
orthogonal to the sample surface which maximizes the efficiency of SERS enhancement compared to
the point illumination measuring mode.

The specially designed laser delivery system, which implements point-, line- and wide-field laser
illumination modes and aberration corrected Raman spectrograph, allows for highly accurate,
sensitive and reliable measurements.

In the line-focus (LF) mode sample is illuminated by a diffraction limited laser line, the width of which
is determined by a 10x microscope objective, a 785 nm laser wavelength and is equal to 2.8 um (see
chapter 3.2.2).

In the wide-line (WL) mode the width of laser line can be varied in a range from 2.8 to 64 pum via the
position changing of a cylindrical lens f3 in the laser delivery unit (Fig. 4.6 a). Lens f3 works as a laser
line/wide-field illumination tuner via its motorized movement through the optical beam axis +7.5mm.
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point mapping

line mapping wide-field mapping

Figure 4.6: Point (a), line (b) and wide-line (c) schemes of sample illumination.

Due to the negative spectrograph magnification we are allowed to use a spectrograph slit size value
of 100 pm and obtain a pixel limited spectral resolution of 2.5 cm™. Such resolution is more than
enough for SERS studies where the smallest peak linewidth usually never becomes less than 10-15 cm"
1. Therefore, we experimentally determined that the maximum required slit size for the SERS
measurements can be at the level of 400 um, which corresponds to a spectral resolution of 15 cm™
(see Fig. 4.7 a). SERS spectrum of BPE was chosen for spectral resolution test (see Fig. 4.7 b). A slit size
of 400 um corresponds to the 64 um line width at sample focal plan using 10x microscope objective.
It means that the maximum possible width of the laser wide-field illumination can be also 64 um which

is in 32 times broader than diffraction limited line width at equal laser excitation and objective
magnification.
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Figure 4.7: Resolution in wide-field mode.

To show SERS-optimized WL configuration benefits we compared obtained SERS spectra of BPE using
all three illumination configurations (Fig. 4.8). As mentioned above, Raman mapping in point focusing
mode can take many hours. A commonly used way of performing fast large surface area mapping in
traditional point-focusing Raman microscopes is an X, Y net mapping procedure with increased lateral
step size between points (see point mapping algorithm at the bottom of Fig. 4.8 (a). But, such solution
leads to the big losses of mapped area (potential hot spots) between measured points. In the case of
line/wide-field laser illumination (top and middle image on Fig. 4.8 (a) the sample surface is
homogeneously illuminated and all hot spots are collected by the detector. A mapping algorithm was
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realized via step by step movement of the line/wide-field with a step size equal to the line width. It
becomes clear that line and especially wide-field mapping algorithms are able to scan sample surface
much faster than commonly used point focusing technique. But, equally important is the fact that
line/wide-field illumination does not lose any hotspots on the SERS surface which leads to a greatly
increased signal-to-noise ratio (SNR) of measured sample. The results of SNR verification of SERS
spectrum of BPE on nanopillar substrate are shown in Fig. 4.8 b. It is shown that system in wide field
mode can provide SNR two orders of magnitude higher than the commercial system at equal
measurement conditions: exposure time 0.1 sec, laser intensity 0.2 mW/um.
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Figure 4.8: Laser illumination modes: (a) mapping algorithm at point-, line- and wide-field laser
illumination modes, (b) SERS spectra of 10uM BPE measured on AuNP substrate at different laser
illumination modes. All spectra were acquired at exposure time 0.1 seconds, laser intensity
0.2mW/um of, excitation wavelength 785nm. SNR was calculated as the peak signal divided by root
mean square (RMS) noise on the flat spectrum area 1800-2000 cm™.

4.5 SERS-based applications

There are a number of issues that make quantitative SERS very difficult. For example: poor SERS
enhancement uniformity across large surface areas (> cm?), the need for sample pretreatment like
purification and separation, molecular and substrate functionalization, etc. In addition, the
improvements in Raman microscope parameters such as sensitivity and SNR are very important for
fast and reproducible SERS measurements.

In combination with a microfluidic platform (for detailed description see chapter 6.2) our system is
able to provide precise sample manipulations and to cover a wide variety of applications. A number of
cases using our nanopillar SERS chips and microfluidic platform are already described in [133—-136]. In
those studies, commercial high-end Raman devices for SERS detection were used (Fig. 4.9). In Paper 2
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we presented application examples of melamine detection in raw milk and p-Coumaric acid (pHCA)
production from E. coli bacteria culture. Compared to our previous results, obtained on commercial
equipment, our system can detect analytes at much lower concentration level down to 1 uM (one
order better) in case of melamine and pHCA detection, with a scanning speed three orders faster and
without losing “hot spots” on the sample surface.

5 Polarized Raman spectroscopy

5.1 Basic methods of molecular orientation investigation

In this section, the main experimental methods for studying molecular orientations in a macroscopic
phase are described. As an example, consider dye molecules inside a polymer. Quantitative description
of molecular orientation is obtained via reconstruction of the orientation distribution function (ODF).
It allows one to calculate a portion of molecules that are oriented in a certain direction with respect
to a chosen direction in space. The ODF can be expressed as series for a certain set of known functions.
Information of molecular orientations is then described in coefficients of the ODF. These coefficients
are determined from the experimental data and are used to calculate the ODF. The number of
expansion coefficients obtained experimentally dictate the accuracy of the ODF, i.e. larger number of
expansion coefficients improves the ODF form [137].

The ODF decomposition coefficients can be obtained by various methods: wide-angle X-ray scattering
(WAXS) [138], birefringence measurements [139], nuclear magnetic resonance (NMR) [140,141], as
well as Raman spectroscopy.

Each approach has its own advantages and disadvantages. Birefringence is an easy-to-use and
convenient method that allows one to obtain object information, however, only averaged over an
entire sample [142]. The use of the NMR method, on the other hand, is limited by high cost of the
device. The WAXS method is the most accurate one. Compared to other methods, it generates the
most accurate representation of the ODF, but it is only applicable for crystalline objects.

Among optical methods, fluorescence spectroscopy is used to solve a large class of problems. It allows
to study the distribution of molecules that move freely within the phase under study [143]. The IR
dichroism method allows calculating molecular orientation in both amorphous and crystalline phases
[144]. This method allows to obtain only a single coefficient for the ODF, and therefore, the accuracy
of predicting molecular orientations is significantly reduced. In addition, the object must be sufficiently
transparent and thin for absorption measurements.

Polarization Raman spectroscopy (PRS) is a powerful method for studying molecular orientation [145].
Like IR dichroism, this method allows to analyze the ODF in both crystalline and amorphous samples.

The most general theory of molecular orientation using experimental data from PRS, is well developed
and described in ref. [146,147]. Linearly polarized light polarized light may interact differently depends
on a structural organization of molecules in a material and their relative orientation to the polarized
light axis. For example, these orientation differences may indicate different polymorphic forms of the
drug after crystallization, which is not achievable with depolarized light.
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PRS can be particularly helpful in gaining information that is quite often complimentary to X-ray
diffraction. Using vibrational spectroscopy, the following types of analyses can be done:

e Assign the vibrational modes, specifically the symmetry of the vibrational modes, and
determine relative values of Raman tensor elements.

e Differentiate single crystal and polycrystalline materials.

e |dentify and differentiate polymorphs and allotropes.

e Detect and characterize disorder and directionally varying strain.

e Determine orientation of a crystal or structure within a microelectronic or optical device.

5.2 Fundamentals of polarization Raman spectroscopy

For understanding the type of information, which can give us polarization Raman, recall equation (2.6).
It expresses different components of the induced dipole moment (which define intensity of the Raman
signal) with the tensor of molecule polarizability (Raman tensor) multiplied by the incident electric
field components. The Raman tensor is predetermined by a relative position of atoms and the direction
of bonds between them. Therefore, if the polarizability tensor of a material under the study is known,
by using polarized light with different orientation angles we can more precisely characterize all
vibration modes represented by peaks in measured Raman spectra. Usually, during Raman
measurements, light is depolarized, which makes it possible to characterize the material composition
independently on the relative orientation of a sample and a measurement system. By introducing a
polarizer and an analyzer into an optical scheme of a spectrometer, it allows one to separate
differently polarized components of light and determine their individual contribution to the resulting
signal. The experimental set up is shown in Fig. 5.1 a. The incident laser light is linearly polarized using
a polarizer. To select a certain component of the resulting signal, a second polarizer, called an analyzer,
is placed directly in front of the detector.

Excitation laser Raman scattering
b Z-axis Z-axis

Laser polarization (red)
parallel to X axis
et Analyzer onentation (blue)

parallel to ¥ axis

Y
Excitation
light
X
z
Porto notation: Z(XY)Z
\-..__...-J' 74 excitation axis ( excitation polarization analyzer orlentation ) Raman scattering axis

Translation and rotation stages

Figure 5.1: a) The experimental setup for studying molecular orientation using PRS. b) The Porto
notation for freely oriented samples.
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For annotation of the polarization conditions, a Porto notation was developed. It records the directions
of incident laser beam and scattered light detection, as well as their polarizations, with respect to the
sample orientation. [148]. The notation includes four terms:

a(bc)d

where:

a - direction of propagation of the incident laser

b - direction of polarization of the incident laser

c - direction of polarization of the scattered Raman
d - direction of detection of the scattered Raman

Figure 5.1 b gives an illustration of Porto’s notation being applied in a back-scattering configuration of
Raman microscope, where the overbar on the Z axis notation describes the reverse direction of
scattered light detection. The terms inside the parenthesis explain the polarization direction of
polarizer and analyzer. The terms outside the parenthesis explain the incident light path and scattering
path.

The Raman scattering intensity I is dependent on the crystal symmetry, as well as the direction and
polarization of the incident and collected light relative to the sample orientation. It is given by the
relation:

I~|g R - gl? (5.1)

where R is the Raman tensor which depends on the crystal symmetry and on the particular vibrational
mode, and € and & are the polarization vectors of the incoming and scattered light.

A Raman tensor is expressed by a matrix 3x3, and due to crystal formation properties, quite often it is
sparse and contains symmetric elements (second-rank symmetric tensor) [149]. The symmetry point
group of the crystal class defines non-zero and zero elements in the tensor, while their magnitudes
are dictated by specific chemical bonds between atoms. There are 32 forms of Raman tensor
determined for all types of crystals classes [149].

In order to find out whether a certain vibration mode appears in a Raman spectrum during its
excitation with the fixed polarization, it is necessary to know the symmetry group of a sample
molecule. The first material, which we selected for the crystal orientation study in paper 4 was silicon
(Si). The main properties of Si were already studied in the literature [150-152], and it gave us a good
starting point with pre-known portion of data for comparison and evaluation of our method at first
stages of the system development. Silicon belongs to Oy, crystal class, and its sole Raman active phonon
mode at 520 cm™ is triply degenerated and correspond to three Raman tensors:

0 0 O 0 0 d 0 d O (5.2)

R,=|0 0 d|,R,=|0 0 O|,R,=|d 0 O
0 d O d 0 0 0 0 O

Each normal vibrational mode is transformed by different symmetry operators (rotation, reflection,

etc.) in a specific way, which depends on properties of a particular group. Orientation of a crystal can
be described using three angles (Fig.5.2):
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Figure 5.2: Schematic representation of a molecule oriented in a specific direction relative to
the laboratory coordinate system. 0, ¢, ¢ are the Euler angles, which vary in the following
ranges:0<0<m, 0<¢<2n,0<y<T.

Elements of the Raman scattering tensor are defined in the crystal coordinate system, therefore a
rotation transformation of free-oriented crystal is expressed by applying a rotation matrix ®(6,,y):

R(x,y,2z) = ©0,6, RX,Y,2)@7(0,,v) (5.3)

where ®71(0, ¢, y) - inverse matrix, (X, Y, Z) — is the crystal coordinate system, (x, vy, z)
—the laboratory coordinate system.

The final Raman intensity can be rewritten as:

10,4, w3 v, v,)~ Zjles ®7 (6,6, YIR;(X, Y, 2)®71(6, 0, e,|” (5:4)

where a sum over the all degenerate phonon modes takes place.

In order to check the quality of orientation determination and an error value, a simulation a testing
dataset of the Raman intensity variation of Si wafers with cuts (100), (110) and (111) versus wafer
rotation angle y was performed, as well as real measurements. The Raman intensity plots for the
Z(0 0)Z detection configuration is shown in Figure 5.3. More detailed calculations and explanation of
experimental steps are described in the supplementary notes in paper 4.
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Figure 5.3: Si wafer rota‘tion experiment. a) — Tép view of Si unit cells V\;ith surface planes (100),
(110), (111). b) — The corresponding Raman spectra versus wafer rotation angle y of each faces
in detection configuration Z(0 0)Z. c) — Intensity of Raman peak at 520 cm™ (the sum of Si
modes) versus the wafer rotation angle y.

Here we see several types of symmetry in the signal intensity versus rotation angle, which is not
enough for the unambiguous angle determination. Since we aimed at creating a fast (ideally in a single
shot mode) measurement method without sample rotation, a certain number of multi-configuration
measurements is required at each step. The goal of the measurement procedure is to find a minimum
number of detection configurations (channels), which can produce a unique set of intensities at any
variation of rotation angles 6, ¢, .

The orientation determination procedure is performed by fitting the Euler angles, simulating Raman
intensities for each channel, and minimizing the equation (in the least squares sense):

(0,6,) = argmin ) > (1= 1(6,6, w5 v, v,))? (53]
l S
where I — measured signal of each channel.
In the case of cubic symmetry of Si unit cell, the ambiguity of angles determination can be successfully
resolved by introducing six on-axis and three off-axis detection channels (Fig.5.4). In order to describe
Raman intensities in off-axis registration geometry, vector e is multiplied by rotation matrix M which
results in es:

es = M(B)es (5.6)

Matrix M depends on off-axis tilt angle B defining rotation of scattered light collection optics.
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Further, by increasing the channel number up to 12 does not demonstrate any noticeable accuracy
enhancement, so the decision was to work with nine registration channels in our system as a
reasonable minimum for unambiguous measurement.
[111], p (1M1
Y Y
> <>

6 “(11@ Si '@

Figure 5.4: On-axis (a) and off-axis (b) detection schemes with normal sample illumination.

The Raman tensor model development and all steps of data processing: artifacts correction, objective
numeric aperture (NA) compensation and sophisticated iterative algorithm of Euler angles fitting are
out of author’s responsibilities in the project, thus trey are not further described in this thesis.

5.3 Instrumental implementation of polarized Raman microscopy

In order to make the sample polarization investigation more informative and faster, the initial setup
configuration was modified (see Fig. 5.5) to deliver two laser beams with orthogonal polarization
orientations on the sample focal plane. Two illuminating channels, created by splitting the laser beam,
was focused onto two separated, but closely to each other points. The scattered light was guided
through the Wollaston Analyzer Unit (WAU), which splits the Raman beam into eight different
channels with different polarization orientations (Figure 5.6). After the WAU splitter, the beams were
coupled via a slit focusing lens to an imaging spectrograph. This is done in the same manner as the
line-illuminated points during line-mapping experiments (Fig. 5.7).

After the scanning procedure, eight different maps from all channels can be overlapped and laterally
shifted based on the distance between the points for further, precise data analysis.
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Figure 5.5. The THOR setup configuration for polarized measurements.

WAU is based on a beamsplitter, right-angle prism, A/2 achromatic wave plate, which rotate a linear
polarization by 45°, and two Wollaston prisms (see Fig.5.6). From each illuminated point on a sample,
we obtain four separated beams with 0°, 90°, +45° and -45° polarization orientations. This sample
illumination and light detection scheme allows one to make fast polarization dependent study without
rotating the polarizer/analyzer and simultaneously provides eight Raman maps with various
combinations of incident/scattered light polarizations (Fig.5.7, Fig.5.8).
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Figure 5.6. a) The Wollaston prism illustrates the depolarized light beam splitting to two orthogonal
components; b) An assembled Wollaston Analyzer Unit; c) — Optical schematics of WAU. BS — beam
splitter, P1 - right-angle prism, WP —A/2 wave plate, W1 and W2 — Wollaston prisms, O1 — microscope
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objective; d) — schematic representation of the sample illumination beams and their splitting via the
WAU into 8 different detection channels.

Figure 5.7: Simultaneous measurements of 8 channels with different combinations of polarizer-
analyzer orientations. Top left — light distribution from multiple channels on the CCD area; top right
— software separation and visualization of the binned data from each channel. Bottom left — spectra
plot from a selected CCD row; bottom right — simultaneous visualization of the spectra from all (or
selected) channels for quick analysis.

Figure 5.8: Simultaneous 8-channel polarization measurements of polycrystalline Si. Color maps
represent the intensity of the Raman peak at 520 cm™.

Crystallographic orientation. In order to determine the crystal orientation without sample rotation, it
requires multiple sample illumination channels at different laser polarizations and multiple detection
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channels at multiple analyzer orientations. In Paper 4, crystallographic investigations using Raman
spectroscopy system is described in detail. Here the aim is to highlight the fundamental principles of
the system construction. Test measurements of Si wafers with (100), (110), (111), and later orientation
fitting simulations showed the necessity to have not only on-axis channels, but also off-axis channels.
For the cubic symmetry of Si crystals, the simulation with various numbers of channels yields the
minimum numbers of 3 on-axis illumination channels, 6 on-axis and 3 off-axis registration channels.

For the fast orientation mapping two sample illumination layouts were implemented. In both cases
three laser beams with polarization angles {1 = 0°, {2 = 45° and {3 = 90° were used.

In a 2D layout, three differently polarized laser beams were created by splitting of the one beam with
an excitation wavelength of 785 nm (Fig.5.9 a). The pattern with three periodical spots was formed on
the sample focal plane. (Fig.5.9 c).
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Figure 5.9: Schematic representation of simultaneous measurements with nine polarized Raman
channels. a) The 2D illumination layout with three separated laser beams. b) The 3D illumination
layout with combined laser beams. c-d) Microscopy images of the obtained laser spots.

In the 3D layout, the incident laser beams are created by three similar diode lasers, but stabilized at
different temperatures and therefore operated at shifted wavelengths 781, 783 and 785 nm (Fig.5.9
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b) and focused at one point on a sample surface (Fig.5.9 d). This illumination layout can only be used
for materials with a low number of phonon modes since the spectra are overlapped in the registration
channel. The wavelengths of the incident lasers can be fine-tuned in the range of a few nanometers
by changing the working temperature. This shifts the recorded Raman modes by about 20 cm™ or
more, which is enough to separate the signhals using software (Fig.5.10 b).

The key element in Raman delivery system is the WAU system, which splits the scattered signals on
the orthogonal components and provides synchronous measurements at three different analyzer
orientations: Ps* = 0° and s> = 90° on the main axis, and P°f2¥s = 90° on the side axis tilted by 45° to
the sample plain.

In order to detect all channels, the system was equipped with two microscope objectives, focused at
the same point, and a number of mirrors, which guided the off-axis light beam into the parallel position
to the main on-axis beam without any polarization distortions (Fig. 5.10 a).
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Figure 5.10: a) Two objective detection scheme. An additional channel is tilted by 45 degrees
from the main axis. b) Three overlapped depolarized Raman spectra of polycrystalline sapphire
shifted by 20 cm™.
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5.4 Crystallographic orientation: applications

Paper 4 demonstrates several application examples of crystallographic orientation determination
using the THOR setup: a polycrystalline Si solar cell 2D mapping, 3D mapping of a semitransparent
polycrystalline sapphire samples that shows potential of these volumetric measurements, and a
pharmaceutical tablet formulation surface mapping in order to determine the orientation of CBZ DH
crystals on it.

Tableting using a direct compression is one of the most widespread approaches for manufacturing
solid dosage forms [153]. However, there is a continuous progress towards developing more complex,
multilayered tablets with different active ingredients and a smart dissolution behavior [154-156]. By
performing fast PRS measurements, the current method for the first time shows that the orientation
of particles could be determined using a bulk sample. This analytical technique can pave the way for
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developing new drug delivery systems that involve materials with a particular crystal orientation for
achieving desired disintegration and dissolution properties. The technique could be a useful tool in
drug development and manufacturing processes.

6 Instrumentation. Electronics and control
software

In this work, the aim was to develop a versatile Raman system with unique capabilities for Raman
imaging and SERS-based applications. In this chapter, the basic electronics and software components
that constitute the system are described. These components were developed with the following goals
in mind:

(i) Imaging of drug-loaded microcontainers with the purpose to analyze and quantify 3D drug
distribution.
(ii) Improve the Raman signal detection capability in terms of sensitivity and axial resolution

for volumetric Raman chemical imaging where sample cooling and exponential depth
dependent exposure corrections have been implemented.

(iii) Imaging of dehydration processes — the laser line-focus is required.
(iv) The laser-line focus technique for high throughput SERS-based molecular detection.
(v) A multichannel Raman microscopy system for 2D/3D orientation mapping.

First, the basic properties of the Raman system (THOR), that was develop e.g. for high-throughput
SERS detection, see Fig. 6.1, are reviewed. The capabilities of the system were adopted to allow for
the other aforementioned applications. The basic THOR system characteristics are:

e Anintegrated auto-sampler combined with a microfluidic lab-on-disc (LOD) centrifuge system.
The LOD is designed to automate and simplify sample pretreatment procedures such as
separation, mixing, and sample filtration using the Au/Ag NP SERS structures prior to the SERS
detection of an analyte, i.e. melamine detection.

e A custom-made microscope (epi-detection) for the Raman/SERS signal mapping with a
simultaneous visualization of the incident laser beam and a sample surface.

e Alaser delivery system with three illumination modes: point-focus, line-focus and wide field.

e A custom-made, aberration corrected Raman spectrograph specifically designed to
accommodate the line-focus and wide-field scanning modes.
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Figure 6.1: The THOR system internal and external view. In the operation mode, the THOR optics
and sample compartment are closed.

A brief system summary. THOR is a home-built Raman imaging system, i.e. the laser delivery optics,
microscope and spectrograph were assembled in-house. This offers advantages compared to
commercial systems such as costs, improved sensitivity, flexibility, and a possibility to develop new,
high-throughput Raman/SERS signal mapping techniques. Moreover, efficient conditions for the SERS
signal detection using self-made optics, for example, depolarized laser illumination, in combination
with fast Raman mapping techniques can be realized.

A more detailed overview of the laser beam delivery, microscope, the Raman scattering beam optical
path and the spectrograph are given in Chapters 3-5. This chapter is focused on electronics and
software, which enables the user to manipulate the samples, collect and analyze the data, and perform
relevant data transformations for efficient visualization of obtained results.
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Figure 6.2 Electronic components location in the setup

All electronic components can be grouped in the following functional units:

1. The laser beam delivery unit
e laser source — LuxxMaster Compact Raman Boxx LML-785.0CB-FS / 785nm, 500mW,
multimode, free space output, USB 2.0 (PD-LD Inc.)
e Attenuator filter wheel — 8MRU-1WA / 8 positions, 1-inch filter holder (Standa Ltd.)
e “Wide-line” translation stage - 8MT167M-25BS1 / 25mm travel range (Standa Ltd.)
e Motorizes mirror flips (x2) - 8892-K-M / 1-inch mirror holder (Newport Corporation)
2. Detection unit
e Spectroscopic CCD camera — Andor iDus 416 / Resolution 2000 x 256 pixels, Pixel Size
15x15 pum, Image Area 30x3.8 mm, 16 bit, TE Cooling Down to -95°C (Oxford
Instruments)
e Spectrograph entrance slit - 77736 Motor Driven Curved Slit Assembly / Hight 15 mm,
Range 4um - 2.0mm (Newport Corporation)
e Spectrograph shutter - 87-208 C-mount Electrical Shutter / Aperture 20mm (Edmund
Optics Inc.)
3. Microscope unit
e XYZ translation stages (x3) — 8MT1675-25BS1 / 25mm travel range (Standa Ltd.)
e Imaging CCD camera - E3CMOS02300KPB / Sensor 2.3Mpix/IMX249, resolution
1920x1200@30fps, USB 2.0 (ToupTek Photonics Co.)
e Sample illumination source - MNWHL4 white light illumination unit with LED (Thorlabs)
4. Autosampler/microfluidics unit
e Rotating motor — 320409 DC motor / speed 7750rpm, torque 107mNm, 90W, 48V, USB
2.0 (Maxon motor ag.)
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e Motor controller - EPOS2 50/5 Digital positioning controller, 5 A, 11 - 50 VDC (Maxon
motor ag.)

e Strobe lamp - L9455-11 Xenon flash lamp module, 5W (Hamamatsu)

e Strobe CMOS camera — PL-722CU-T / Sensor 2.3Mpix; global shutter; resolution
1920x1200; trigger Input - 1 optically Isolated, 5-12V DC; GPO/Strobe - 2 outputs, 3.3V
and 1 optically isolated max 40V DC; GPI - 1 input, 3.3V; USB 3.0 (Pixelink, a Navitar
Company)

5. Control unit
e Custom built electronic controller for controlling and synchronizing all internal devices.

For a complete setup control, data acquisition, visualization and analysis a desktop multi-screen
Windows-based software was built, see Fig.6.4. The source code is written in (i) Delphi using
Embarcadero RAD studio 10.3, and (ii) C++ in the form of additional libraries. A complete source code
is located in the GitHub repository?.

The software consists of the five main modules:

e Microfluidics/auto-sampler module

e Navigation module

e Spectroscopy system control and data acquisition module
e Sample scanning and data visualization module

e Data analysis module

Lt

e, |
I
%‘

—

P —

Figure 6.4: The software view of the THOR system.

2 https://github.com/TravelDjaba/THOR
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6.1 Control unit

Since the THOR system includes a big variety of devices obtained from different vendors, these devices
are not optimized to work as one unit. In order to unify the system control and implement fast intranet
synchronization between different devices, a custom control unit was designed and assembled, see
an overview in Fig. 6.5.

/ Microfluidics synchronization  /
: W, :
/ Spectroscopic CCD and shutter / [ Stepperr motor/coniroliers /
synchronization / /[ /& / '
ff 18] | 2o
— 5]
/ Flip mirror control / Q’/"q, / ;f E?g
.f L / @ T
/ o 5 / o f g :\o_,’
LED illumination control / “—‘/ /5 /= S
) / | |4/ &[S/ 65/ Sk

Figure 6.5: The THOR system control unit contains 9 slots for extension controllers. At the moment,
7 motor controllers, microfluidics controller and spectroscopy synchronization controller are used.

A brief summary of the control unit. The aim was to build a scalable platform in the form of a motherboard that
can support any given number of extension modules. Each module operates a specific device.
Therefore, the modules can be easily replaced, upgraded or changed depending on specific
experimental goals, which require different functionalities. The designed motherboard provides
power, communication and synchronization buses. New slots for additional modules can be added
without any major modifications.

Three communication schemes with modules were tested and used. A brief list of advantages and
disadvantages for each of the schemes can be summarized as follows:
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Scheme 1. In this approach, one master controller acts as a gateway to PC and makes communication
“arbitrage”. Other controllers are connected to one shared line. The main advantage of this scheme is
less wires, while the disadvantage is that one broken device blocks the line for another.

Scheme 2. One master controller, and slave controllers are connected to multiplexed lines. The major
benefit is that a PC still “sees” all modules as one device. The master controller makes an arbitrage
and provides multiplexing of the communication lines. The main disadvantage is that one broken slave
controller introduces too many interruptions and occupies the line too often, which produces pauses
and significantly reduces the communication speed.

Scheme 3. No master controller. Each controller directly communicates with a PC. The advantage is
that it does not require software arbitrage and to use one controller. The disadvantage is that
microcontrollers (of each module) has a slightly different firmware with a unique ID. This means that
for each module the PC software should initiate a separate thread and, in some cases, provide
multithread synchronization. At this point, this is a final, most stable version.

The importance of effective communication schemes. Consider a standard Raman scanning process
using a relatively small size of e.g. 50x50x50 voxels and 1s exposure time. Then the whole Raman
mapping process requires ~34 hours of a continuous system operation. In addition, the microscope
stage movement between each exposure is approximately 0.3-0.5 s, which depends on step size. This
adds another ~10-17 hours to the system operation time. Computer operation systems are not real-
time systems, i.e. fast data transfer speed but low latency up to several hundred milliseconds. The
whole cycle of a one point measurement is as follows: PC-to-camera message “start” — camera started
measurement — camera finished — camera-to-PC message “Finished” — PC-to-microscope message
“move” — microscope started movement — microscope finished — microscope-to-PC message
“Finished”. This contains four messages, which in some cases increases the experiment duration by
the time that is required for microscope stage movement, which in our case is around 8-10 hours.
Therefore, on the motherboard a synchronization bus with two lines — “clock” and “in use” is
implemented. It helps to avoid the latency issue and efficiently save time (Fig. 6.6).

3

Master (SpecCCD) | | Slave 1 ( Motor X) Slave N
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b s CLK %Rw =0
S INC N use i
//‘ h\\\
<__ Power (+5V +9V +12V) />

Figure 6.6: Modules interconnection in control unit.
Device designation. One device on the bus should be designated as a master, and the rest as slaves.
The master is a device which drives the “clock” line (CLK). The slave’s CLK pin is configured as an input
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and just reads the state of this line. The line “in use” is pulled up to +3.3V. All microcontrollers are
connected to this line with two pins, one is configured as an open drain output, another as an input.

Extension modules. There are three types of extension modules in the controller: (1) a stepper motor
controller, (2) a microfluidic synchronization controller, and (3) an additional controller that controls
all other devices from the spectroscopic part (e.g. motorized flip mirrors, spectroscopic CCD triggers,
LED illumination). In the following, the last controller is referred to as a “spec” controller. The
microfluidic controller does not participate in a scanning process, and therefore, it is described in the
next chapter. The controllers (except the microfluidic controller) contain two working modes: a free
mode and a fast scanning mode, and both support an operation with the synchronization bus.

All controllers have a first-in first-out (FIFO) command buffer with a depth for 32 commands. In the
fast scanning mode after an impulse on a clock line, each controller executes next command from the
buffer. The system software (the PC side) controls a number of the remaining commands and
periodically loads a new portion of commands.

The “spec” controller functions as a master. Before the scanning process is initiated, the number of
scans is loaded. At each scanning step it executes the following routine: (i) wait N milliseconds or
generate a trigger impulse for a spectroscopic camera, and (ii) wait until a new frame is captured. After
this, it generates an impulse on the clock line: all motor controllers that are connected to the
synchronization bus pull down the “in use” line, and then execute the next command from its own
command buffer. If the command buffer is empty, the controller keeps it in the low state until the
software loads a new command. The master controller waits until all controllers finish their operations
and then releases the “in use” line. In the next scanning step, this loop is repeated.

Debugging the scanning process. In order to debug the scanning and visualization processes, a
specialized module was built (Fig. 6.7). The lists in the top row shows an actual state of command
buffers of master and XYZ motor controllers. Below are lists of the commands for each controller,
which the control software assembles before a new scan. Operator can manually add each new
command, execute it one by one, run it automatically, and control the status of each controller.

Figure 6.7: The debugging module for the fast scanning algorithm.
A universal bipolar motor controller for the THOR system. All linear and rotation stages as well as the
motorized slit are operated via bipolar stepper motors. All have one or two mechanical or optical end-
stops, different movement directions, and can operate at a different motor speed and current. Some
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have an incremental encoder for a precise closed-loop movement control. In order to combine all
these different motors, a universal bipolar motor controller was designed. The controller can handle
industrial stages with any combination of parameters and sensors.

The motor controller is based on Teensy 3.2 development board [157] with MK20DX256VLH7 Cortex-
M4 microcontroller, and ON Semiconductor’s AMIS-30543 micro-stepping bipolar stepper motor
driver [158], see Fig. 6.10. All the controller logic, communications and processing of sensor signals
are situated in a microcontroller. The motor driver provides a convenient and fully programmable
interface for a parameter setting and stepper motor operation. Using the serial peripheral interface
(SPI), the microcontroller can control step mode, sleep, thermal and overcurrent warnings, adjust the
limit for the peak-current on the fly as more/less torque or speed are required.

The controller specifications:

Motor type Bipolar Stepper Motor

Current 132 mAto3A

Voltage 9-12V

Step division full-step to 1/128-step (11 modes)

Maximum speed 35000 steps/s

Motion modes move forward/backward, move to absolute or relative

position, move with a continuous speed, acceleration and
deceleration ramps, zero-position calibration

Control loop Open loop, closed loop

Limit switches Optocoupler, microswitch

Step loss compensation Yes

Position encoder Incremental quadrature encoder (TTL)
Communication interface UART via USB

Synchronization Input trigger, open-drain output
Motor connector DB15F

The system frontend software. Each motorized device is controlled using a control board, which can
be adjusted depending on a specific task, see Fig. 6.8. For example, a filter wheel can be rotated to
previously defined positions by ticking a corresponding box. The spectrograph slit size can be defined
by entering a required slit width in microns. In a simplest case, the microscope XYZ stage can be moved
to a desired location by a selected number of microns.

The system backend software. On the software backend side, all motorized devices of the
spectrometer are represented as unified motor controllers with identical control possibilities.
However, it involves different parameters, which constitutes different functional behavior.

Communication with the controller takes place via a USB port by simulating a virtual COM port. The
commands and data are sent in the form of an ASCII text for easier debugging. In the future, this format
can be changed to a strict number of bytes for each command, data in a binary format, CRC-8
checksum and a better error control.
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Figure 6.8: The system control board for motorized devices.

Controller setting window. In Fig. 6.9, a fine tuning of the system components and debugging is
possible by loading a setting window. An operator can select a necessary motor controller and define
all working parameters: current, speed and maximum speed, acceleration, select a micro-stepping
mode, encoder type, forward or reverse movements. All new parameters are saved in a non-volatile
flash memory of the microcontroller. The software displays a real-time stage position in step counts
and encoder counts. Each position can be manually changed. An operator can move the stage by a
certain number of steps relative to the current position or move it to an absolute (or “zero”) position.
The homing can be done by precisely moving to the left or right (if applicable) of the end-stop.
Additional commands can be sent manually using command line at the bottom. If motor driver
problems are encountered, an error is detected and the driver can be reset. The user can also change
filter wheel predefined positions and give a description for each filter. Depending on a selected micro-
stepping mode, the spectrometer slit size defined in micro-steps should also be converted to micro
meters.
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Figure 6.9: Left — the controller settings window for setting a motor controller configuration and
predefined positions for a filter wheel stage; right — motorized filter wheel 8MRU-1WA (Standa)
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Figure 6.10: Schematic diagram of the motor controller.

“Spec” controller. It controls motorized flip mirrors, LED illumination, and in the fast scanning mode it
synchronizes the spectroscopic camera-shutter operation with other controllers connected to the
motherboard. There are 3 SMB (Sub Miniarture B) connectors on the Andor iDus416 spectroscopic
camera: Fire, Ext Trig, Shutter, which are used for a frame exposition synchronization with external
devices, and “Shutter” —is for an external shutter control, see Fig. 6.11.
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Figure 6.11: Left - external connections of Andor iDus416 camera; right — a diagram of a signal
timing synchronization (datasheet information).

For the fast scanning algorithm, the sending an impulse to Trigger input is used to synchronize the
start of the frame exposition, and detection of a falling signal on Fire output — for synchronization of
the finish.

The controller is also based on Teensy 3.2 development board, the 74HCT244 is used as an 8-bit
buffer/line driver for buffering synchronization lines of camera and shutter, as well as control
motorized flip mirrors. The shutter line is bypassing the microcontroller, while signals on Trigger and
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Fire lines are processed. During normal operation, the spectroscopic camera is using software
triggering for operation, and these lines are out of consideration. But in a fast scanning mode a
microcontroller in “spec” controller firstly generates a trigger impulse for CCD camera, and following
a clock impulse for other modules of the system appears, only after falling edge of signal on Edge line,
plus additional a 50ms delay of deactivation time of 87-208 C-mount Electrical Shutter (Edmund
Optics).

Two LED sources can be connected to the controller. A continuous conduction mode inductive step-
down converter PT4115 was selected as LED driver. It provides externally adjustable output current
up to 1.2A and output power up to 30W. The PT4115 includes a power switch and an output current
control circuit that uses an external resistor to set the nominal average output current. DIM input can
be supplied either DC voltage or a PWM signal in wide range from 100 Hz to 20 kHz.

Schematic diagram is presented on Figure 6.12.
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Figure 6.12: Schematic diagram of “spec” controller
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6.2 Centrifugal microfluidic / autosampler unit

The task of quantitative chemical analysis is to determine the content of certain elements in the
analyzed material, and the main requirement is that the results reflect the true content of these
elements. Any analytical determination includes three stages: 1. sampling, 2. sample preparation, 3.
measurement of the analytical signal as a function of the content of the target components in the
sample. The total error in the results is equal to the sum of errors at each of its stages, and it requires
minimization. Therefore, with the correct choice of the analysis method, the reliability of the results
of chemical analysis largely depends on the correct sampling and preparation for analysis, since errors
made at these stages lead to a distortion of the final results of chemical analysis even with the most
careful implementation of this stage of the experiment. It can efficiently be done using microfluidic
platforms, which can integrate all functions of analytical laboratory, including sample transport,
sample pretreatment, precise dosing, mixing with reagents, separation, heating, titration and other
operations in one device with a size of few centimeters. A microfluidic platform acts as a combination
of functional elements that allow to implement certain actions with a sample, which can be easily
combined with each other within the framework of certain technologies. By creating a different design
of the fluidic channels, it is possible to implement centrifugation, filtration, valving, mixing, pneumatic
pumping functional elements [159][160][161][162]. All these elements can efficiently work in an
automated way without any human interference, and, due to the size, can create arrays of identical
blocks, which allows to build the systems for multiple parallel measurements [163][164].

Figure 6.13: The centrifugal microfluidic disc unit implemented in the THOR system. The unit

enables visualization of the sample pretreatment procedures and subsequent SERS measurements,
e.g. for melamine detection in milk.

Microfluidic platforms can be classified depending on their liquid transport mechanism, i.e. capillary,
force, centrifugal, electro-kinetic, and acoustical. Centrifugal platforms do not require any external
pumping devices and tubing, which is important for miniaturization. Sample fluid manipulations are
performed by utilizing inertial forces acting on fluids, which are promoted by rotation of the
microfluidic disc platform [165]. A symmetrical disc layout allows one to operate several independent
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systems (microfluidic units) that can involve different samples simultaneously. This makes it very
practical for the point-of-care applications, where multiplex analysis of the sample is necessary.

The THOR system was equipped with a microfluidic lab-on-disc system (LoD) [131] [132], see Fig.6.13.

A fabrication overview of the microfluidic LoD system. An example of the LoD system in the form of a
compact disc with embedded complex fluidic networks and integrated SERS substrates is shown in Fig.
6.14. The disc has a laminated structure and consists of multiple layers of laser cut polymer discs, i.e.
poly(methyl metacrylate) (PMMA), injection molded polypropylene and pressure sensitive adhesive
tape (PSA). The middle part contains molded patterns including chambers and channels for
microfluidics, and the outer part represents a flat polymer surface suitable for SERS-based detection.
Prior to assembly, spindle, liquid injection and alignment holes were cut in the polymer parts using a
CO3 laser. Next, ~4x8 mm? SERS chips were fixed in the sensing chamber using a PSA tape. Further,
two polymer parts were integrated using a thermal bonding procedure. At a 4 kN bonding force and
1000°C temperature, the parts were pressed and left for cooling.

Figure 6.14: Microfluidic centrifugal disc system with integrated SERS substrates.

Software for the microfluidic module. For a real-time liquid flow monitoring at high disc rotation
speeds, the liquid flow visualization unit is equipped with a synchronized strobe xenon lamp and a CCD
camera. The microfluidic disc module and associated electronics are controlled using a custom-made
software module, see the interface in Fig. 6.15. The microfluidic software module provides control of
all key parameters: speed, acceleration, deceleration, rotation direction (important for shaking and
mixing of the components), and timing cycles of the disc in order to automate sample pretreatment
procedures. The software can be used to capture a picture or a video during the sample pretreatment
process. The image acquisition is synchronized with the disc rotation frequency, i.e. the disc appears
stationary while e.g. sample introduction, separation, and transport into the sensing chamber can be
clearly observed. There is also a possibility to rotate the disc at a defined angle and use it as an
autosampler in series of automated measurements. In this case, samples are located in specific
positions at the same distance from the center of the disc.
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Figure 6.15: Software control for the centrifugal microfluidic disc module. The interface shows
sample pretreatment steps for melamine detection in milk.

The main software window contains the following:

Toolbox with basic disc rotation controls and a strobe light position.
A real time image from a CCD camera.

A dynamic speed graph with 1s update intervals.

A panel for user-defined operation sequences.

The sample pretreatment procedure for the wicking based filtration of milk and subsequent detection
of melamine using the SERS technique involves 5 steps:

1.

Centrifugation. 37 ul of sample was injected into the loading chamber of the disc. This is
followed by disc centrifugation at 75 rps (revolutions per second) for 200 seconds, acceleration
- 20 rps. At this step, the milk solution is kept in the loading chamber and separated into two
physical parts: (i) transparent liquid at the top and (ii) white-solid precipitate at the bottom.
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2. Transfer the sample to the sensing chamber. The disc was brought to a stationary condition for
20 s. During this time, the transparent liquid in the loading chamber is soaked up towards the
sensing chamber. Speed - 0 rps, duration — 20 s, acceleartion — 20 rps.

3. The sample is intriduced onto the SERS substrate. By accelerating the disc to 53 rps, the
transparent aprt of the sample is relocated to the detecting chamber via capillary channels
immersing the SERS chip. At this step, the SERS-active Au NP surface soaks the liquid where the
NP-based nanofiltration takes place. After 350 s, the disc is brought to a stationary position.
Speed - 53 rps, duration — 350 s, acceleartion — 10 rps.

4. Transfer the sample to the waste chamber. Consequently, the liquid in the sensing chamber is
transferred back to the loading and waste chambers. The SERS chip is left to dry for subsequent
SERS analysis. Speed - 25 rps, duration — 15 s, acceleartion — 10 rps.

5. Finalization. Speed - 0 rps, duration — 15 s, acceleartion — 7 rps.

The microfluidic disc module: a detailed description. A schematic representation of the integrated
devices is shown in Fig. 6.16.
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Figure 6.16: A schematic picture of the microfluidic disc module: devices, connections and device
communication pathways.

Motion control. An industrial DC motor Maxon 320409 (7750rpm, 107mNm, 90W) with a specialized
controller EPOS2 5/50 is utilized. For a precise positioning and speed control, the motor is integrated
using a 3-channel incremental encoder. The company provides a software development kit (SDK) for
the C++/LabVIEW/.Net custom control software development with a large set of functions for
Microsoft Windows / Linux operating systems [141].
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From the EPOS command library datasheet, the DC motor can operate in different working modes.
The most relevant modes for our work:

Homing Mode (HM)
Profile Position Mode (PPM)
Profile Velocity Mode (PVM)

The HM mode allows one to calibrate the “zero” position of the encoder and fix the microfluidic disc
on the motor shaft holder. In the PPM mode, the disc can be rotated to a defined position. Finally,
the PVM mode controls all centrifugation parameters that are required for the experiment — speed,
acceleration, and deceleration. During the sample pretreatment process development, all process
parameters and operation modes can be accessed using the settings menu, see Fig. 6.17.

) DCMotor Settings
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Figure 6.17: Settings of DC motor. Left — homing mode; right — profile velocity mode.

Imaging a fluid flow in the microfluidic disc. The imaging part of the microfluidic module consists of a
CMOS camera (PL-722CU-T, supplied by Pixelink), lens (MVL8M23, Thorlabs), and a stroboscopic lamp
(L9455-11, Hamamatsu). In order to synchronize the camera, flash lamp and the motor rotation
frequency a designated controller was built. It is connected in-parallel to the encoder — controller
signal bus and forms two triggering impulses: first — for the strobe lamp to illuminate the required
region on the microfluidic disc and second - for the camera to capture an image. In such way a clear
still image was captured each time the disc made a full revolution.

The rotary encoder has three differential lines: A, B, |, and provides 1000 impulses per revolution, see
Fig. 6.18. Lines A and B form even quadrature impulses throughout the full turn. The synchronization
controller is also based on Teensy 3.2 development board, like the other controllers. It has two 2-
channel quadrature decoder/general purpose timers, and one is used for counting. Line | provides one
pulse per revolution, and is used as a “0” reference point for the timer reset. Two outputs for the
camera and flash lamp synchronization can be separately configured using software to provide
synchronized impulses after reaching a certain counter value.

66



maxon motor control EPOS2 50/5

TiMx Module
Encoder
Interface Input Filter
& Edge Detector
CLK Up | Down
+/- CNT Counter

Power Supply i
11-50VDC —o———= 5 s J1
1
in 1
PGnd
Logic Supply 7 ]
1-50VDC  —o———————=r—*| JA
(optional) - 1
PGnd
e
_C__“y—l Motor winding 1 {+M) J2
§ _*—__)—7— Motor winding 2 (M)
Motor ~ F,—.)J Motor winding 3
/e o2
i s
s J4
L com—2{ 45vitooma
— 4 L.
. —— 1
m -75 Ch Ay
ol |
| Encoder L i i (=T chm
A S \Q{ =8 cne
2 -\ L )<>/\ = onn
— -1 Chi
.. )

J10/11

J9

J8

J7

CAN high

Canlow |2

L
&

USB Data-
USB Data+
VBUS

-
ot

CAN

AnOUTY |

ne

AniN2
AnIN2+
AnIN1-

AniN+ B

P = 380%/4000™N

Figure 6.19: Formation of triggering impulses using the motor encoder.

o

steps

PL-D722CU-T CMOS camera has external hardware trigger input and high frame rate up to 87 fps,

which can be good for fast processes analysis. Global shutter allows all pixels have an exposure start

and stop simultaneously, which corresponds to a real snapshot. All motion (as long as it is slower than
the shutter) “freezes” in the image.

PixeLINK SDK allows one to work with the camera at a low level. By enabling triggering and changing
parameters in the function PxLSetFeature(hCamera, FEATURE_TRIGGER, ...), the current camera can
operate in an automatic mode. It mainly uses three triggering types:

o Afree running triggering. The camera acquires images continuously.

e Software triggering. The function PxLGetNextFrame() can be called, which triggers the
camera to capture an image.
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o Hardware triggering. By activating the trigger input of the machine vision connector, the
camera acquires an image. This option was utilized in all experimental work.

Hardware triggering. The advantage of this option is that it does not depend on the code execution
state. It operates as a master device and drives execution of other functions where the frame data is
handled. At a high frame rate, the code execution speed is critical, especially for forming AVI video
files using high-resolution images.

The fabricated synchronization module is an extension card, which was added to the main controller
unit board, see a schematic diagram in Figure 6.20. There are three essential parts: a quadruple
differential line receiver for digital data transmission AM26LS32AC, a microcontroller and a quad
buffer/line driver 74HCT125.
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Figure 6.20: Schematic diagram of the strobe controller

6.3 Imaging and navigation

For a convenient sample handling, a flexible sample navigation system was designed and built. In the
so-called exploring mode, it allows one to quickly explore a sample surface outside the field of view.
New image regions can be displayed by simply dragging the mouse pointer over an imaging window.
All standard imaging microscopes, with a possible exception of e.g. expensive Zeiss or Leica systems,
produce only an actual image from the field of view of a visible camera. The sample imaging approach
implemented in the THOR system allows one to save all previously explored regions in the form of
image sections (tiles) with unique IDs and coordinates, and then project these regions on a global
sample map. It is also possible to return to any previously explored region and perform spectroscopic
analysis.

After an initial microscope XYZ-stage calibration, the system obtains global coordinates of the current
microscope position from the stage encoders. The stages produce a 25x25mm scanning range in the
XY plane, and a 25mm range in the Z dimension. Depending on the magnification (e.g. 5x, 10x, 20x,
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etc.), each objective provides a different field of view, which needs to be pre-calibrated. After this, all
image sections can be scaled and positioned correctly.

System combines the both sides of a map processing: collection part, where the new tiles are forming
from camera images with respect to the global microscope position, and visualization part with the
forming a map of a visible region with the proper scaling.

The THOR image navigation system has a global zoom of x1/2, x1/4, x1/8, etc. as well. A screen can fit
1, 4, 16, 64, etc. tiles, which are located side by side (negative zoom). An image from a visible camera
is always centered and placed on a top layer, and shows a real-time view of the sample surface. The
tiles of all previously explored regions are displayed on a background layer. A positive zoom e.g. x2, x4
allows one to only see a central (zoomed) part of the real-time image, see an example in Fig.6.21.

Zoom
X2

Figure 6.21: Left - Representing the entire surface image using separate image sections (tiles);
right — the tile scaling and projection on the image canvas in the navigation window.

The image navigation system: details. Unlike most global imaging systems (GIS), which save the tiles
of the map for all discrete zoom levels and give to user only necessary sets, our system works only
with the most detailed tiles and rescale them on a map each time for any zoom. It is highly optimized
for fast operation by using different scrolling and zooming options. Images from the central region are
cached in one big layer, which is redrawn or rescaled after each operation. In the case of a negative
zoom, empty regions are filled using corresponding image sections (if any) from the local temporary
files location. All captured image sections are saved in a temporary folder as PNG images with specific
filenames. The filename information and global coordinates of top left and bottom right corners is
located in the list of all captured tiles, which corresponds to the current sample.

69



In the case of positive zoom, first, the cached layer is rescaled. This quickly yields a proper low-
resolution image. Afterwards, all regions are updated to the resolution, which is necessary for the
current zoom level.

If a sample surface is explored without utilizing the zoom option, the cached layer is moved and empty
regions are filled as previously described. At each new location, a new image section is captured and
a new descriptive information is added. This way the sample surface view can be expanded. Each
image section (tile) has a global coordinate, which is fixed to an absolute position of the stage. The
sample movement and an image section drawing is performed using the local window coordinates,
which are converted to global coordinates. If an image needs to be redrawn, the process is reversed.
The image coordinate calculation and drawing algorithms are flexible and support any rescaling of the
working window.

Once the XY-stage and camera operation is synchronized, it allows one to stitch neighboring data sets
and makes possible to have a larger field of view at high magnification. It is also possible to
automatically scan a selected region and acquire a high-resolution image of up to several hundred
megapixels.

¥=-11454 ain=500  Zoar 211370 | ghiC -5184
Figure 6.22: Image sections (tiles) can be acquired either sequentially or at selected locations.
The tiles are then used to produce a large sample surface image. Each tile represents a full
field of view of a 10X magnification objective.

The image navigation software includes a set of basic options e.g. a scale bar tool, different drawing
possibilities, etc., see an example in Figure 6.23. Scale bars are defined via a selected objective
maghnification lens and are adjusted automatically if the image is rescaled. By using a scanning grid
tool, the user can select an area for Raman mapping. Basic scanning parameters: (1) a number of steps
in each direction and (2) a step size. These parameters are sent to the scanning module. During the
mapping procedure, the Raman signal is acquired from each of the grid-defined locations (crosses) and
a Raman map can be produced, see the bottom of Figure 6.23.
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Figure 6.23: Top — an example of using scale bars and drawing tools; bottom — the scanning grid.

6.4 Data acquisition and visualization

As a detector, a spectroscopic CCD camera Andor iDus416 is used. The main properties are: (1) a back-
illuminated CCD, deep-depletion with anti-fringing, (2) a low dark current sensor with 2000 x 256
active pixels 15 x 15 um in size, (3) cooling temperature down to -70°C, (4) peak QE of up to 95% and
(5) optimized to work in the near-infrared spectral range.

A full control of the camera was integrated into a custom-built software using Andor SDK. Most of the
device controls are placed on separate floating panels, which can be rearranged depending on the
operator preferences and needs. All positions can be saved as a named layout.

The most frequently used controls and features of iDus416 are placed on one wide panel. The user
can control the following: detector temperature and an operation of the cooling fan, shutter working
mode: auto, always open, always closed; readout modes: full resolution image, full vertical binning
(FVB), single track, multitrack; different types of hardware and software binning modes; readout
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modes: single, accumulate, kinetic, run till abort; readout and digitizing parameters: readout rates
and preamplifier gain. See a standard working window in Fig.6.24.

thngs log D Motor

Finsbchiumber

Figure 6.24: The camera control and data visualization windows.

This system uses four readout modes for reading data from a CCD camera (Fig. 6.25):

o Afull resolution image allows to get the signal from each single pixel, which gives the full
picture of the light distribution on the CCD matrix.

e At full vertical binning mode the charges of the pixels from each column are combined (or
binned). In such way the CCD chip is using as a linear sensor with one signal value for each
column.

e The random multi-track mode allows to define several horizontal tracks on the CCD area and
separately obtain data from each of them. A user can define height and offset of each track in
a way to match the light pattern produced on the CCD chip by a Wollaston Analyzer Unit.

e The single-track mode, as a very popular variation of a random multi-track mode, is separated
to an additional category, and allows one to get a signal from closely positioned rows. This is
useful for pseudo-confocal measurements.

A resulting image intensities can be represented in grayscale or different color palettes.
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Figure 6.25: Different binning patterns.

In order to provide a convenient way for spectroscopic data monitoring and analysis, a flexible module
to view and manipulate spectra was created. The center image in Fig.6.27 shows a signal intensity as
acquired by the CCD matrix. By clicking any pixel in the image, two cross sections on the left side and
the bottom are shown. The vertical one shows the signal distribution across rows of the selected
column, and the horizontal one displays an actual Raman spectrum from a selected column.

In the multi-track mode, it is possible to select a number of tracks, define each offset and track height,
and select a desired color. For example, the laser line-focus scanning mode utilizes data from an entire
image, since each row contains data from the next point (due to the laser line illumination).

By dragging and zooming the left and bottom graphs in vertical and horizontal directions, it is possible
in an intuitive way to change the contrast level of the central image and observe it at a detailed level.
The x-axis can be shown as CCD pixels, nanometers, or inverse centimeters. Intensity of the Raman
spectrum can be “corrected” by taking into account the quantum efficiency of the CCD camera. Also,
in the laser line scanning mode, the intensity of each row can be corrected by measuring the non-
homogeneous laser intensity distribution along the line. The laser control is integrated into the
software and allows one to operate the laser at a constant power, constant current modes, monitor
output power, laser diode bias, and temperature (Fig.6.26).
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350 o Set
Bias [mA]
0 - Set AutoShutDown
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73



/
Ut Py A

!

4

i ey A iy A A A P,
sl S R P

Az, @
e VR

HE - Central fine |Width
0 ) 50 €

1|0 0|00 =

)

Figure 6.27: An example of the custom-built software for working with different binning
patterns data visualization.

3D Raman mapping. Large varieties of Raman spectroscopy based applications require knowledge
about material 3D distribution, e.g. to analyze different drug mixtures in loaded microcontainers. The
custom-built Raman system described in this work provides a big variety of scanning possibilities. The
implemented advanced scanning algorithm uses a recursive method for multidimensional scanning,
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which at least theoretically allows one to increase the number of dimensions to infinity, see an
example in Figure 6.28. In practice, the developed method never utilized more than five dimensions:
wavelength, X, Y, Z and polarization.

Scanning dimensions:

e Wavelength

o X

o Y

o 7

e Rotation

e Polarization
e Time

e Laser power
e Other ....

Figure 6.28: The image illustrates a hyper-dimensional scanning array.

The scanning module allows one to create an arbitrary sequence of scanning parameters: volumetric
X, Y, Z scanning, sample rotation, kinetic measurements, etc. It is not a problem to connect an
additional device, for example, Linkam heating stage and use its temperature as a new parameter for
the scanner. For some parameters, e.g. in the case of X-Y scanning, it makes sense to utilize a “ZigZag”
option, which reduces the scanning time, see an example in Fig. 6.29.
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(a) (b)
Figure 6.29: Top — an example of a standard scanning configuration; bottom — normal (a) and
“ZigZag” (b) scanning options.

In order to tackle complex Raman mapping application, a Multidimensional Viewer was created. It is
designed to work as a standalone application for data post processing. It can be easily integrated into
the scanner module for data visualization in real-time. It is optimized for a fast and safe multi-thread
operation. A user can select a number of windows to visualize a set of 2D cross sections that are
required for sample analysis, see an example in Fig.6.30.
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Visible image

| Live Raman
|| spectrum

Figure 6.30: Top — A 4-channel scanning of polycrystalline Si. Each view shows a XY cross section for a
different light polarization value and the 520 cm-1 wavelength peak position; bottom — line scanning of
the laser engraved SERS chip with deposited BPE (trans-1,2-bis(4-pyridyl)ethylene. The BPE concentration

is 10 uM.
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The user can select any layout of views for data analysis: 1x1, 2x1, ... 4x3, 4x4... by just selecting a
necessary configuration of cells in a table, see Fig.6.31.

Each view is an independent component, which can extract data from the scanned hyper-array and
visualize it. It consists of an intensity map with vertical and horizontal cross section graphs of a selected
column and row on the map, a Raman spectrum at a selected point, and an instrumental toolbar. Using
the toolbar a user can select two dimensions for the main axes for the intensity map visualization. In
the case of other dimensions, a user needs to select a fixed point on each of the dimensions. In the
case of the wavelength dimension, it is possible to select a necessary point by clicking the interesting
peak on the Raman spectrum graph.

The toolbar can be used to save intensity maps as BMP images or CSV files. In addition, it is possible
to export the data using the most common combinations of dimensions as CSV files for further analysis
using commercial programs e.g. Matlab. The dimension combinations e.g. dimO+diml1+dim2,
diml1+dim2+dim3, dim0+dim1+dim2+dim3 correspond to wavelength (W) — X-Y, X-Y-Z, W-X-Y-Z. If the
post data analysis is required, for example, chemical decomposition, new hyper-arrays can be created
displaying results of the analysis. Switching between the initial RAW and internal hyper-array format
is also implemented.

Control toolbar _ Intensity map

Changelayout

Changelayout

|
1

¥ -J,,l;jl-"l A W }I"‘L‘_"i. A'.é".. o J-h
T i o bt e e N N i

Raman spectrum *

Figure 6.31: Left — a layout of the selection panel; right — a cross section of a drug-loaded
microcontainer.
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The viewer includes a few integrated routines for fast data preprocessing and analysis. All Raman
spectra from the acquired Raman map can be smoothed using the Savitzky-Golay filter with a specified
polynomial order and a frame length [166]. In addition, Raman spectra can be background corrected
using the rolling-circle filter [167], see Figure 6.32.
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Figure 6.32: The example illustrates background correction using the rolling-circle filter.

In addition, the viewer includes a non-negative least square (NNLS) analysis system for chemical
decomposition of complex, multicomponent samples [168][85]. In many cases, where different
components of the sample do not chemically react, it is possible to completely separate their
contribution to the total recorded Raman spectrum by using specialized mathematical algorithms. As
a first step, it is often reasonable to estimate a number of components in a sample and visualize the
component distribution. In the decomposition library window, the user can search the material
library. Raman spectra of pure materials can be used to analyze an experimentally obtained Raman
map of material mixture.

Figure 6.33: A library of known materials with premeasured Raman spectra can assist in analyzing
an unknown, experimentally obtained material mixture, e.g. a drug-loaded microcontainer.
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Figure 6.34 shows a complex sample — microcarrier for drug delivery, filled with mixed materials. For
simultaneous and more visual analysis, it is very comfortable to place the views of the different
materials in such way, that each row corresponds to a different material.

Figure 6.34: The results show chemical decomposition of SU-8 microcontainers (500 um in diameter
and 225 pm in height) filled with PVP polymer and ketoprofen. The top row are XY and XZ cross
sections displaying the ketoprofen distribution, the middle row — SU-8, bottom row — PVP. All XY
cross sections are obtained at a depth of 50 um, and the XZ cross sections are from the middle of
the microcontainer (250 pm).
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7 Conclusions and future perspectives

In this work, we first developed a highly sensitive spectrograph, optimized for the NIR spectral range.
In paper | and partially in paper V we demonstrated an improved Raman signal detection for
applications aimed at quality control of multilayered, multicomponent drug carriers, where volumetric
material analysis plays an important role. In the case of drug loaded microcontainers (~¥300 um in size),
detecting the Raman signal at a sample depth >100 um is a very challenging task for most commercial
Raman spectrometers. The developed spectrograph was able to extract the signal down to a depth of
~200 um, and the obtained data can be used for constructing detailed Raman maps in 3D for
chemometric analysis and studying distribution of drugs in a microcontainer.

In the next step, the Raman system was modified for SERS-based molecular detection. Quantitative
detection of trace amounts of analytes using a SERS substrate often requires acquiring the SERS signal
from large surface areas (>1 mmz2). Classic point-by-point measurements lead to prolonged signal
collection times which is a major constrain since this might affect the stability of a sample, e.g. due to
solvent evaporation. In order to circumvent this, different sample laser illumination modes were
implemented and tested. The laser beam delivery was modified to support two geometries: the laser-
line and wide-line illumination modes. The laser line mode produces a diffraction-limited (~2.9 um in
width) laser line (>2 mm in length) which can be expanded (up to ~64 um) to produce the wide-line
illumination mode at the expense of reduced spectral resolution, which in this case is increased to
~8cml.

In paper ll, the performance of the setup was evaluated in terms of signal-to-noise ratios for different
illumination configurations by measuring 10 uM of BPE deposited on AuNP SERS substrates. The
obtained improvements in SNRs for the laser-line and the wide-line modes are 13 and 68 times,
respectively. The laser-line mode illuminates a bigger surface area, which increases the surface
mapping process by ~2 orders of magnitude depending on the vertical resolution of a spectroscopic
CCD camera (in our setup this value is 256). In the wide-line mode, one row in a CCD camera collects
the signal from approximately 8.2x64 um surface area, which is more than 100 times larger compared
to a diffraction limited point (~2.5 um in size). In conclusion, both sample illumination techniques can
significantly reduce the surface mapping time, and in particular, the wide-line mode can be used to
probe a large SERS substrate area, e.g. 4x4 mm, in a reasonable amount of time. This is not the case
in the classic point illumination mode where only a limited number of surface points are examined.
Probing an entire surface, with no gaps, is particularly important at low analyte concentrations since
the probability of located molecules in the electromagnetic hot spots is significantly reduced.

In paper lll, the laser-line illumination mode was utilized in kinetic studies of dehydration processes of
organic hydrates. Heat induced phase transformations in nitrofurantoin monohydrate and
theophylline crystals were studied. Chemical maps and concentration profiles obtained using the
laser-line illumination mode provided valuable insights into dehydration pathways and dynamics of
metastable intermediate states. The method is highly suitable for the pharmaceutical industry for
assessing quality of particulate materials.

In paper IV, theoretical considerations for determining crystal orientation using Raman spectroscopy
were presented. In order to determine crystal orientation and avoid possible ambiguities in some
crystal symmetries, the study established a minimum required number of incident laser beams with
different polarizations and incident angles. The method was utilized to investigate a tablet containing
polyvinylpyrrolidone (PVP) and carbamazepine dihydrate (CBZD), where the CBZD orientation map
was obtained. This illustrates the potential for the Raman crystallography method, which can provide
insight into the crystal face functionality in pharmaceutical research and material science in general.
As a 2D application example, a polycrystalline Si solar cell was studied, and the results were compared
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to the well-established EBSD method. The results showed the average miss-orientation value of
around 2.1° and a presence of several artifacts. As a 3D application example, a semitransparent
polycrystalline sapphire sample with 5-40 um grain size was investigated. A 3D reconstruction of grains
with determined orientation was successfully demonstrated. However, the spectral data from the
depth of >50 um shows an increased level of artifacts due to multi-reflection effects from grain borders
and absorption, which makes these type of samples very challenging for orientation studies.

In summary, the developed THOR system (see the table below) is a versatile device with a user-
friendly, functional navigation and a convenient scanning algorithm where synchronized operation of
multiple devices and a sample pretreatment module were integrated into a unified system. In
particular, the implemented navigation system can also be utilized in other microscopic or e.g.
cartographic applications, where the area map needs to be constructed and immediately used. The
new sample illumination modes offer significantly increased surface scanning speeds, better SNRs and
advantageous functionalities e.g. for SERS applications. New optics and spectrograph design schemes
enabled Raman imaging of drug-loaded microcontainers at a depth of ~200 um where the acquired
Raman data can be used to build a volumetric distribution of drug mixtures in 3D.

The developed Raman polarization measurement system illustrates that the Raman method can be
successfully utilized to determine crystal orientations in a number of tested samples. These techniques
were transferred to the start-up company LightNovo ApS where the aim is to evolve existing
algorithms and instrumentation and build a system that could compete with the EBSD technique, and
potentially, X-ray diffraction crystallography. However, preferences of the crystallographic community
will dictate the use and successful implementation of this new technology.

THOR specifications
General parameters
Lasers
Multimode (wavelength 785nm, power 0.5W) Default
Multimode (wavelength 680nm, power 0.3W) Option
Laser safety Class 1 (standard)
Replaceable options
Simultaneous multi-laser usage Option
Autosampler Integrated with centrifugal microfluidic unit
Spectroscopic CCD Andor iDus 416
Objectives 5x, 10x, 20x, 40x
Microscopy module
Travel range 25x25x25 mm
Accuracy 0.1um
Computer Interface USB 3.0
Software Acquisition and analysis modules QSpec
Reflected visible microscopy operation Simultaneously with Raman measurements
Laser beam configurations Point / diffraction-limited line / wide line
Polarization measurements Depolarized or multichannel polarized

(0(22)0, 0(Z)90, 90(ZZ)0, 90(2Z)90, 0(2Z)45, 0(2Z)45,
90(22)-45, 90(22)-45 by default)

Spectral parameters

Spectral range from 785nm laser 350-2300 cm™
Spectral range from 680nm laser 2200 - 4300 cm™
Spectral resolution 2 -4 cm? (FWHM)

Sensitivity or Signal to Noise Ratio (SNR)
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SNR at point illumination

SNR at line illumination

SNR at wide-field illumination
Wavenumber Accuracy
Lateral spatial resolution (x, y)
Confocal spatial resolution (z)

Physical parameters

Weight

Temperature range
Spectrometer dimensions
Sample compartment dimensions

2000:1

15000:1

40000:1
+1.5cm?
Diffraction limited
Diffraction limited

15 kg

20-40 C°
40x32x28cm
15x15x 10 cm
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1 | INTRODUCTION

Three-dimensional (3D) confocal Raman mapping is one
of the most promising techniques to study the chemical
composition of complex organic!’! and inorganic mate-
rials.”) The common way to present Raman data is based
on peak intensity visualization. However, this method
leads to artifacts in the visualization of chemical
responses due to overlapping of the spectral profiles from
different compounds.®! In order to overcome this prob-
lem, several chemometric approaches have been
developed."*®! It has recently been demonstrated that
quantitative volumetric Raman imaging can be applied to
cell culture samples!!! where a vertex component analysis
(VCA) algorithm is used.””! However, quantitative volu-
metric Raman imaging is still a state-of-the-art technique
with few reported applications, mostly due to interference

Chiara Mazzoni |

Fabio Tentor |

The ability to image drug distribution inside a several hundred micron thick
polymer matrix, encapsulated by a protective coating, would greatly contribute
to the understanding of the performance and shortcomings of drug delivery
devices. Here, we present an experimental framework for deep volumetric
Raman imaging (dVRI), where common challenges such as low Raman cross
section, fluorescence, and low transparency of samples are overcome. We
apply dVRI to a selection of drug delivery forms, tablets with thin protective
coatings and drug-loaded microdevices. We demonstrate three-dimensional
visualization of the different drug/polymeric materials, constituting a drug
delivery device, with imaging depth of 225 pm.

chemometrics, decomposition, drug delivery systems, Raman imaging, volumetric mapping

from molecular fluorescence,'®! limited sample transpar-
ency at the laser excitation wavelength,""'?! complexity
of chemometric analysis,"*! and low Raman scattering
cross section of the chemical components.w Herein, we
demonstrate that these obstacles can be overcome, using
tablets with thin protective coatings and drug-loaded
polymeric microcontainers (MCs) as challenging test
cases. MCs are cylindrical microdevices with only the top
side open, fabricated in the epoxy polymer SU-8.1# It has
been shown that MCs improve oral bioavailability of
model drugs due to their unidirectional release.'>1°!
Our studied MCs are loaded with a polymer matrix
(polyvinylpyrrolidone [PVP]) and a drug (i.e., ketoprofen,
naproxen) and used for oral drug delivery.">! The MC
material, SU-8 is highly fluorescent!” and the MC cavity,
loaded with the PVP/drug matrix (low optical transpar-
ency), is approximately 225 pm deep.**!
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The molecular fluorescence of the drug compounds
can be suppressed in several ways.!'®! However, the most
proper and common techniques like Kerr-gated
Raman,*” ultraviolet Raman,!*®! and near-infrared
(NIR) Fourier transform (FT) Raman!®"! are not well
applicable to the diffraction limited deep volumetric
Raman imaging (dVRI) due to the limitation connected
with confocality or penetration depth. The most appro-
priate solution is the usage of NIR lasers (780, 785, and
830 nm) as excitation sources.'*! For the sole purpose of
suppressing sample fluorescence, Nd:YAG lasers with
1,064-nm excitation wavelength are a very attractive
solution;[zz] however, the Raman scattering cross
section becomes usually too low for dVRI. In this situa-
tion, where the fluorescence of drug systems takes place,
we decided to use NIR laser with wavelength of 785 nm.

Different drug systems have previously been imaged
with Raman spectroscopy. However, the transparency is
limited, even when using a laser at 785-nm excitation
wavelength.!**! Using a commercially available Raman
microscope equipped with 785-nm laser excitation, we
were able to scan only the top 15 pm of MCs.**! It is
important to mention that in-depth Raman mapping is
also limited by off-axis laser refraction effects leading to
Raman signal attenuation and decreased axial
resolution.*>*! The usual way of addressing this prob-
lem is to increase the laser power and/or the exposure
time. However, the latter leads to an unrealistic total time
of 3D map acquisition (>3 days). Increasing the laser
power, instead, overheats and burns the sample.

Herein, we present an efficient solution to solve the
previously discussed problems of dVRI of samples that
manifest fluorescence and low transparency. This result
was achieved by the development of a confocal Raman
microscope with high Raman signal throughput, optimi-
zation of sample mapping method, and further
chemometric hyperspectral data analysis based on non-
negative least squares (NNLS).®!" Preliminary experi-
mental results were shown in our previous study.*”’
Here, we present a detailed description of the optical
and analytical solutions implemented in the dVRI
method.

2 | INSTRUMENTATION
For dVRI, an optical setup should have diffraction lim-
ited confocal performance, high throughput from sample
to detector, and spectral resolution limited within a spec-
troscopic sensor pixel size.

To match the required conditions, we designed and
constructed a high throughput confocal Raman micro-
scope based on an on-axis lens type spectrograph

(Figure 1a). Design of the optics was performed in Zemax
Optics Studio 18.9. As an excitation source, a single mode
frequency stabilized laser from Thorlabs LP785-SAV50
(785 nm, 50 mW) was used. Lenses f1 and f2 were used
as a beam expander for the proper fit between the diame-
ter of the laser beam and the microscope objective pupil
lens. A Zeiss objective 100x/0.75 HD DIC was used.

A detailed description of the microscope's X, Y, and
Z scanning procedures has been reported earlier.'®!

The collimated Raman beam from the microscope
objective is propagated through the dichroic mirror Dm1
and the edge filter Ed1 and focused on the spectrograph
slit by the Lens f3. The spectrograph consists of fused sil-
ica transmitting grating (averaged diffraction efficiency
96%), collimating Lens f4 and focusing Lens f5
(see details in Ilchenko et al."*)). As an imaging sensor,
we used an NIR enhanced deep cooling charge-coupled
device (CCD; Andor iDus416).

Due to the aberration corrected Raman system
design, diffraction limited axial resolution was reached
without a classical pinhole.[13] The confocal mode was
organized in a cross slit geometry in which, the vertical
slit orientation was implemented in the entrance of the
spectrometer, and the horizontal slit orientation was
organized on the spectroscopic CCD focal plane by the
readout of the selected rows. An example of a typical
Raman spectrum measured with our system is shown in
Figure 1b. In the zoomed region, it is possible to observe
that the Raman spectrum is compressed into one row on
a spectroscopic sensor. Due to the absence of moving
parts, extra mirrors and the usage of custom aberration
corrected optics with NIR coatings, high total Raman sys-
tem throughput (from sample to detector) was reached at
the level of 91%.5%

3 | METHODS

To address the problem of the Raman signal attenuation
taking place in tablets and MCs, we designed and con-
structed a highly sensitive confocal Raman microscope
(Figure 1a). However, even in this case, we verified that
the Raman signal attenuation at an MC depth of 100 pm
was significant, and consequently, the system was insuffi-
cient for mapping the total depth of the MC (225 pm). As
a solution, we decided to increase the laser power deliv-
ered to the sample from 5 to 30 mW. To efficiently
remove the heat generated by the laser, a Peltier cooling
system of the sample holder was implemented. The tem-
perature was kept at 8°C during all 3D mapping experi-
ments. The 3D mapping was organized so that the first
mapped axis dimension was Z, the second—X, and the
third—Y (Figure 1c). This approach provided a more
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FIGURE 1 Volumetric Raman mapping (deep volumetric Raman imaging) system. (a) Optical design of the Raman microscope,

(b) example of an image from the spectroscopic charge-coupled device (CCD) Raman signal; the zoomed region shows that the spectrum is
compressed into one row on the CCD sensor, (¢) Z — X — Y mapping algorithm applied to the microcontainer measurements for a more
homogeneous heat distribution, (d) depth dependent acquisition algorithm, which exponentially increases the exposure time for each

mapping z-stack

homogeneous heat distribution through the volume of
tablets and MCs in comparison with a traditional map-
ping where the laser is kept at one z-stack for much
longer time.

In order to maintain the signal-to-noise ratio of
Raman spectra captured at different depths in the same
value range, we performed a depth dependent acquisition
algorithm, which exponentially increases the exposure
time for each z-stack mapped (Figure 1d).

All of the presented volumetric Raman maps were
measured at the following conditions: The exposure time
per point varied from 0.1 to 3 s (exponentially scaled
depending on the mapping depth), the CCD was operated
in a single track mode with vertical beaning equal to
4 pixels. The step size was 6 and 12 pm in lateral and
axial dimensions, respectively; 3D map dimensions were
50 x 50 x 25 pixels or 300 x 300 x 300 pm. The total mea-
surement time per map was equal to 26 hr. All spectra
were background corrected using rolling-circle filter'>!!
(circle radius was 300 cm™'). Savitzky-Golay filtering
algorithm was applied for data smoothing.*? All

acquisition and data analysis procedures including NNLS
were realized in our own software written in Delphi.

4 | RESULTS

As a demonstration example of the performance of dVRI,
we used a pharmaceutical tablet consisting of a cellulose
matrix (Figure 2). The depth dependent exponential
decay of the intensity of the Raman spectrum of cellulose
(Figure 2a [red line]) is shown in Figure 2b (orange line).
The Raman signal intensity after exponential exposure
time correction is shown in Figure 2b (blue line). In a
homogenous medium, the presented dependence should
have a constant Raman intensity versus tablet depth. The
deviation from constant dependence behavior was caused
by inhomogeneity of material compression at the stage of
tablet production.**! Nevertheless, we demonstrated that
applied correction can significantly improve signal-to-
noise ratio in-depth dependent Raman mapping. The
depth cross section and the dVRI map of titanium dioxide
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FIGURE 2 Deep volumetric Raman imaging (dVRi) of a pharmaceutical tablet. (a) Raman spectra of a model tablet consisting of
titanium dioxide coating and cellulose, (b) depth dependent Raman intensity profile of the tablet matrix (cellulose) before (orange line) and
after (blue line) exponential correction, (c) depth cross section of the cellulose tablet coated with titanium dioxide, (d) dVRI map of titanium
dioxide coating represented at peak intensity of Eg mode (635 cm™") with an imaging depth of 45 ym

coating on the surface of the cellulose tablet represented
at peak intensity of Eg mode (635 cm™") and is shown on
Figure 2c,d (Movie S1). It is possible to observe small
titanium dioxide clusters on the surface of the tablet.
This result demonstrates that dVRi is applicable for
coating thickness determination, as well as for verifica-
tion of coating homogeneity. Such information is crucial
and can be used to optimize a tablet manufacturing
process.

As an example of dVRi applicability for mul-
ticomponent polymeric devices for drug delivery, we
demonstrate results obtained on MCs. Ketoprofen and
naproxen are poorly soluble drugs, and it was of utmost
important to evaluate their solid state once loaded into
MCs. The solid state influences the dissolution of the
drugs. For the purpose of chemical decomposition, we
measured Raman spectra of the pure chemical compo-
nents presented in the MCs (Figure S1a). Following this,
we identified the peak positions of amorphous and crys-
talline drug (ketoprofen), PVP, SU-8, and Si with mini-
mum peak overlapping. The selected peaks are 1,000,
1,688, 932.5, 809, and 520 cm ™", respectively.

The Raman intensity-based 3D plots are shown in
Figure S1b. We do not present a map of crystalline
ketoprofen as the response of crystalline drug was not
observed in the Raman map. The problem of overlapping
Raman peaks prevents the use of univariate data analysis
to map the distribution of components: Ketoprofen, PVP,
and Si responses are all present on the walls of the MCs
(Figure Sla,b). Drawing conclusions on the drug distribu-
tion is thereby not possible. To solve this issue, a
chemometric hyperspectral data analysis was applied.

Species contributions in multicomponent mixtures
can be determined from the spectral data using different
chemometric techniques.**! Most algorithms are based
on the fact that the recorded spectra are the weighted
sum of pure components spectra present in the investi-
gated mixture. Based on this assumption, the unfolded
data matrix X may be decomposed into a concentration
matrix C and a spectral matrix S*

X=CS"+E (1)

where E is the residual matrix (Figure 3a).



SLIPETS ET AL.

Journal of

WILEY_L_*

=z Z 727 7 7 7 2
LT T 777777 2

Lz Z ZZ Z 7 7 2
7777777 7 4

i
”””””
<27~ 4

3D chemica
data-cube aps;

LW W W W VD T

/
/
g
/
/
/
g

NN NN N

NSNS N NS N 2N

¢
g
g
g
g
¢
g

) e L O i L W T R

200pm v-

Amorphous PVP sus
ketoprofen

RAMAN
SPECTROSCOPY

—4D spectral—
_data cube_]|
component 1 A
component 2 —of residuals—]
component 3
component 4

200pm 200pm

Fluorescence

Silicon

FIGURE 3 Volumetric chemical imaging. (a) Illustration of the nonnegative least squares (NNLS) algorithm for the decomposition of
hyperspectral Raman data into normalized chemical responses, (b) volumetric chemical maps of MCs components (amorphous ketoprofen,
PVP, SU-8, and Si) built after NNLS analysis. The volumetric distribution of fluorescence is shown to the right

When the pure spectrum of each component is
known, their concentration can be obtained directly
using a classical least squares (CLS) approach!®):

Cc=Ds(s"s)" (2)

The limitation of CLS lies in the assumption that the
separately measured pure spectra of the chemical compo-
nents S” have identical profiles in the mixture (experi-
mentally measured matrix D).*! In the case of the MCs
analysis, we were able to (a) measure the pure spectra of
each component (Figure Sla) and (b) demonstrate that
there were no chemical interactions occurring between
components in the loaded MCs. Therefore, CLS algo-
rithm was a perfect solution for our case study. The LS
was limited with two constrains, applied to the matrix C:
nonnegativity and normalization. Such algorithm is usu-
ally called NNLS analysis.®! As an extra component, in
ST, we also included a spectrum generated from the
lenses of the microscope objective. Finally, we obtained
3D plots of the normalized distributions of amorphous
ketoprofen, PVP, SU-8, and Si (Figure 3b). Microscope
objective response was excluded from the normalization

procedure because it is not involved in the set of chemical
components of MCs. Comparing with the 3D maps
obtained by the peak intensity (Figure Slb), NNLS
decomposed maps of MCs components were clearly sepa-
rated and ready for distribution analysis.

Because the acquired spectral data set (matrix X) was
background corrected, the presence of fluorescence was
subtracted from the impact into the decomposition result.
However, the residuals obtained after the background
subtraction were used for the representation of the distri-
bution of fluorescence response (see pink image on
Figure 3b). It mainly represents the fluorescence from
SU-8 and fluorescent impurities outside of the MC.

In Figure 4a, we present the combined volumetric
chemical maps of the MCs components. It is possible to
conclude that (a) PVP was homogeneously distributed
throughout the MCs, (b) amorphous ketoprofen was
deposited on the top of MCs walls and over the surface of
PVP, (¢) no signal from crystalline ketoprofen was
recorded as we obtained zero values from the crystalline
ketoprofen channel, and (d) the Si substrate response was
recorded only at the bottom of the map. More visual
information can be obtained from Movie S2.
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The universality of the developed method for highly
sensitive volumetric Raman chemical imaging of fluores-
cent and highly absorptive samples was tested on several
drugs and MCs with different dimensions in our
previous study.*”’ As an example, the distribution of
naproxen loaded into the polymer matrix is shown on
Figure 4b (Movie S3). In this case, naproxen was concen-
trated on the top of the MCs, with limited penetration
into the PVP matrix. A minor amount of crystalline drug
was observed outside the MCs (Figure 4b). It is impor-
tant to notice that we were not able to distinguish
crystalline naproxen in our previous work*! due to
incomplete methodology of dVRi. In particular, fluores-
cence impact (see Figure 3b) was not taken into
account.

5 | CONCLUSIONS

Volumetric Raman chemical imaging method with
improved Raman signal detection has been developed
and applied for monitoring the coating thickness on
pharmaceutical tablets and the distribution of different
components in a drug-loaded polymer matrix in MCs
for oral drug delivery of poorly soluble drugs. According
to the location and the solid state of the drug, it is
therefore possible to better understand and predict its

release in vitro and/or in vivo. A confocal Raman
microscope with improved sensitivity and diffraction
limited axial resolution was developed for this purpose.
For efficient mapping of the absorptive MCs material,
exponential depth dependent exposure correction was
applied, and the sample was kept under continuous
cooling for efficient heat removal. The obtained 3D
Raman maps of MCs have been decomposed into chem-
ical volumetric images by the usage of NNLS analysis,
where the signal of fluorescence was extracted from
background correction as an individual contribution.
Crucial information on the distribution/state of drugs in
the polymer matrix (PVP) in MCs material (SU-8) was
hereby obtained.
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Wide Line Surface-Enhanced Raman Scattering Mapping

Oleksii llchenko,* Roman Slipets, Tomas Rindzevicius, Onur Durucan, Lidia Morelli,

Michael S. Schmidt, Kaiyu Wu, and Anja Boisen

Surface-enhanced Raman spectroscopy (SERS)-based molecular detection at
extremely low concentrations often relies on mapping of a SERS substrate.
This yields a large number (>1000) of SERS spectra that can improve the limit
of detection; however, the signal collection time is a major constraint. In this
work, a wide line (WL) laser focusing technique aimed at fast mapping of SERS
substrates is presented. The WL technique enables acquisition of thousands
of SERS spectra in a few seconds without missing any of the electromagnetic
“hot spots” in the illuminated area. In addition, the SERS signal averaging
across the line in the WL mode displays extremely high signal-to-noise ratios.
The advantages of the WL technique for SERS-based sensing are verified using
different analyte molecules, that is, p-coumaric acid and melamine. Results
show that the limit of detection can be improved by one order of magnitude
compared to results obtained using a commercial Raman microscope.

mapping is an advantageous approach
for obtaining statistically reliable and
reproducible results which significantly
improves limit of detection (LoD).B2I The
method is particularly relevant for quanti-
fication of low-abundance molecules, for
example, at sub-nanomolar concentra-
tions where recording large SERS maps
also greatly reduces the error of estimated
molecular concentrations.'>13 Typically,
if Raman active molecules display high
affinities toward a SERS surface, satisfac-
tory SERS signals can be obtained. How-
ever, a multitude of important molecules,
such as p-coumaric acid™! and glucosel'®!
do not bind to nanoplasmonic surfaces.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a well-
established analytical tool in various biosensing applications
that allows detection of analytes down to the single molecule
level.l?l It has been shown that the dominant part contrib-
uting to SERS is the electromagnetic (EM) enhancement
mechanism,*# which is based on extreme amplification and
localization of the incoming optical field by metal nanoparti-
cles that support localized surface plasmon resonance (LSPR).B!
Efficient LSPR coupling between nanoparticles leads to EM
enhancement factors >108. Sites containing highly confined
optical fields in the vicinity of metallic nanostructures are often
referred to as the EM “hot spots.”[5]

For SERS, despite its phenomenal sensitivity, reliable quan-
tification of target molecules has been hindered by i) non-
uniform nature of the plasmonic near fields, ii) fluctuation
in the SERS signal intensities due to unspecific binding,!
and iii) poor wafer-to-wafer reproducibility and uniformity of
SERS substrates.®l To circumvent these issues, large area SERS
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In these cases, obtaining reliable SERS

spectra already at concentrations <1 um is
a challenging task. The SERS signal intensity is low and typi-
cally comparable to the SERS substrate background originating
from, for example, surface contaminants. Here, large area
SERS mapping is highly suitable. However, the Raman signal
collection time is still a major constrain. For example, if we
use the following conditions: exposure time ¢ = 0.1 s, diffrac-
tion limited step size, 785 nm laser excitation wavelength, and
a 10x magnification objective, the time required to measure
the surface area of, for example, =20 mm? is around 77 days
(step = (0.66%0.785 um)/0.3 = 1.73 pum). Since this is practi-
cally impossible, the SERS map acquisition step size is usually
increased to 10-100 um, which still leads to a collection time of
32-3.2 h, respectively. Decreasing the step size might be coun-
terproductive since at ultra-low analyte concentrations (<nwm),
the probability for a target molecule to be situated in the EM
“hot spot” is extremely low, that is, most “hot spots” are unoccu-
pied. This leads to a very few detectable points on a SERS sur-
face. Even though statistical interpretation of such SERS data
has been theoretically investigated,'®l fast acquisition of SERS
signals over a large surface area with a diffraction limited step
size is still challenging and has not yet been addressed.

There are three basic fast Raman mapping methods devel-
oped for spontaneous Raman scattering applications: line-focus
(LF),[7-2%1 line-scan (LS),*?} and direct Raman or wide-field
(WF) Raman.?*% All three techniques require an imaging
design of the Raman setup with an aberration corrected spec-
trograph for simultaneous acquisition of spectra from multiple
points on a sample through a laser line illumination. How-
ever, the LF technique produces a static image of a laser line
on a sample, and therefore, it requires a lower laser power
density compared to a dynamic movement of the laser focus
point in the LS technique.?!! Since the LS method utilizes
extremely high laser powers, typically =5-100 mW focused into

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a diffraction limited spot, the technique is generally not suit-
able for SERS-based sensing applications. In SERS, in order to
minimize photo-induced effects and thermal processes, a laser
power on the order of =10 uW at the sample is generally pre-
ferred.?®l In the WF Raman technique, an acousto-optic tun-
able filter (AOTF),?%! instead of a spectrometer, can be used
to collect spectra. The technique is capable of simultaneously
acquiring a 2D Raman map at a selected Raman shift, and the
spectral scanning is performed via AOTF. However, there are
a few limitations. First, the laser intensity should be homo-
geneously distributed on the sampled area, which is a signifi-
cant experimental challenge. Second, the spectral resolution
is usually quite low (1040 cm™) and is highly wavelength
dependent. Third, the tuning range and transparency of AOTFs
is limited to =100 nm in the near IR range. WF Raman tech-
nique can also be realized by the use of fiber optic bundles
with a so-called “round to slit” configuration whereby a wide
area of a sample can be covered simultaneously.?% This method
provides high spectral resolution. However, due to the space
between fibers in the bundle and addition of optical elements
in the system, this method leads to a reduced lateral resolution
and decreased signal throughput. Since, the use of fiber optic
bundles for Raman signal detection is challenging to combine
with sample mapping, this technique is not well suited for
microscopy applications.

All the aforementioned methods have been aimed at sponta-
neous Raman scattering measurements, and the techniques are
not directly suitable/designed for SERS-based sensing applica-
tions. First of all, a SERS substrate is usually a 2D nanoplas-
monic surface; hence, confocal properties of the Raman system
can be omitted. Moreover, with respect to SERS, a fast Raman
mapping should be able to 1) simultaneously target multiple
EM “hot spots” across a large SERS substrate surface area
(=mm?); 2) perform SERS measurements at a relatively low
laser power density, that is, =1-50 uW um™ at a sample; 3) inte-
grate a depolarized laser illumination mode which is important
for probing all randomly oriented “hot spots.”

In this work, we implemented all the aforementioned cri-
teria and developed a new SERS substrate mapping technique
termed wide line (WL) SERS. The WL-SERS method is based
on the diffraction limited line (DLL) Raman mapping, where
the width of a laser line is increased by at least an order of mag-
nitude. This leads to a reduced spatial resolving power; how-
ever, a given SERS substrate area can be imaged 33 600 times
faster compared to using a classical point focus SERS map-
ping mode. The performance of the WL-SERS method is illus-
trated by mapping the Raman signal of p-coumaric acid and
melamine deposited on gold-coated silicon nanopillar (AuNP)
SERS substrates with LSPR optimized for near-IR range,®
where detection limit and signal-to-noise ratio are significantly
improved.

2. Results and Discussion

2.1. Wide-Line SERS Microscope

A schematic illustration of the WL-SERS experimental setup is
shown in Figure 1a. The main parts are the following:

Adv. Mater. Technol. 2020, 1900999
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(i) Laser beam delivery system where the laser point focus,
DLL, and WL laser illumination modes are implemented.

(ii) Custom-made, epi-detection-based microscope for simul-
taneously obtaining an optical image and a laser beam illu-
mination profile on the surface of the SERS substrate.

(i) Raman beam delivery system capable of projecting an
aberration-corrected laser line image onto a spectroscopic
imaging sensor.

The optical paths of laser beam delivery, microscope, and
Raman scattering were designed using the Zemax Optic Studio
19.4 software package. The optomechanical design of the
setup was performed using Autodesk Inventor 2019. Custom-
designed mechanical parts were milled from aluminum and
combined with commercially available optomechanical parts.

2.1.1. Laser Beam Delivery

The laser beam delivery layout consists of two geometries: the
first geometry is a point illumination mode (Figure 1b), and
the second geometry is for producing the DLL and WL sample
illumination modes (see Figures 1c and 1d, respectively). A
pair of motorized flip mirrors are used for switching between
point and DLL/WL illumination modes. The DLL-focus mode
is achieved when a sample is illuminated by a diffraction lim-
ited laser line, that is, dp;; = 2.8 um in width using a 785 nm
laser excitation wavelength and 10x magnification lens. The
WL mode is obtained by expanding the width of the laser line,
that is, dy; > 2.8 um and up to 64 um, which is achieved by
adjusting the position of a cylindrical lens f3 in the laser
delivery path (see Figure 1a). The laser beam profile is modi-
fied using a set of cylindrical lenses f1-f5, including laser line
generator lens f6. Detailed description of beam modification in
laser beam delivery system was described in our recent work.3"

In this work, we utilized a multimode high-power laser
(785 nm, P, = 500 mW) with a line-shaped beam output pro-
file as an excitation source. The obtained distribution of the
laser intensity in the DLL and WL modes is shown in Figures 1c
and 1d, respectively. Since the laser output profile consists of
multiple modes, =15-20% variation in the laser intensity across
the entire length of the focused laser line (Lpy w; = 2 mm) at
the sample focal plane was observed. The variation was cor-
rected by normalizing the laser intensity at each pixel on the
CCD camera.

In order to image the entire ~2 mm long DLL/WL laser pro-
file on a sample, the aperture for the laser beam (after a lens f7)
was designed to fit the field of view (FOV = 2.2 mm) of the
10x near-infrared (NIR) microscope objective. A WL-SERS
high-speed Raman mapping of 100 um trans-1,2-bis (4-pyridyl)
ethylene (BPE) in ethanol solution deposited on the AuNP sub-
strate, displaying only minor aberrations, is shown in Movie S1,
Supporting Information.

2.1.2. Microscope Construction
One of the main components in the Raman microscope is

a dichroic beamsplitter (BS) that reflects the incident laser

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. WL SERS microscope: a) WL SERS microscope optical design, b) point, ¢) DLL, and d) WL laser illumination modes in SERS microscope. The orien-
tation of EM vectors (blue arrows in (b)—(d)) represents depolarized laser irradiation. Laser polarization in WL mode is parallel to the surface of the SERS chip.

wavelength (785 nm) and transmits the Stokes-shifted Raman
spectrum. In this case, the laser beam is reflected from BS1
(Figure 1a) and guided through a set of mirrors into the 10x micro-
scope objective, and then focused on the SERS chip surface in
either the point, DLL, or WL illumination mode (see Figure 1b—d).

The sample surface is imaged by a camera while collecting
SERS spectra, which simplifies the measurement procedure.
This was realized by combining the incident laser beam with
visible light from a light emitting diode (LED) using BS2
(Figure 1a). To ensure that the white light source is not contrib-
uting to the recorded SERS spectra in the 785-1000 nm wave-
length range, the NIR emission from the LED source was sup-
pressed (on the order =10°) by an edge filter (Ed3).

An example of the WL-SERS surface scanning process is
shown in Movie S1, Supporting Information. The camera pro-
jection optics is designed to enable imaging of the entire micro-
scope objective FOV with a homogeneous sample illumination.
This is usually not the case for most commercial Raman micro-
scopes that only utilize the central part of FOV.

2.1.3. Raman Beam Delivery

The back-scattered Raman signal is collected and collimated
into a parallel beam using a 10x NIR microscope objective O1

Adv. Mater. Technol. 2020, 1900999
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(see Figure 1a). The beam is then reflected by a mirror M4,
BS2, and propagates through BS1, Ed1, and the lens f13. The
optical path from sample to spectrograph slit is designed to
transmit an aberration-free image of the DLL or WL laser pro-
file. This is achieved by combining a low numerical aperture
(NA) collimating lens with a high NA focusing lens in the
imaging spectrograph. The low NA collimating lens f14 allows
one to insert the lens f13 with equal NA. Therefore, the focal
length of f13 (113 mm) is sufficiently long for delivering the
DLL/WL image from the sample surface to the slit, and with
correct input angles at the spectrometer. In this way, beam
cutting inside the spectrograph is avoided. Alternatively,
the image delivery can be obtained using two intermediate
lenses between a microscope objective and a lens; how-
ever, this leads to losses in the Raman signal and increases
aberrations.[1%2%

Due to the low NA of the slit and collimating lenses, even
at dg;; = 100 um slit, the pixel size limited spectral resolution
is =1.8-2.5 cm™! throughout the Raman Stokes shift range of
350-2200 cm™.

Optomechanical design and photograph of the constructed
WL-SERS system is shown in Figure S1, Supporting Informa-
tion. The modification of the laser beam profile in WL mode
during propagation through the laser beam delivery optical
path is shown in Figure S2, Supporting Information.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2. Beam Polarization Parameters

The LSPR excitations that generate the EM “hot spots” in the
AuNP structures depend on the polarization of the incident
field.B2l Since AuNP clusters display random orientations,®!
which is often the case for SERS substrates,33] illuminating a
SERS substrate by a depolarized laser beam leads to more effi-
cient excitation of the EM “hot spots,” that is, achieving higher
surface-averaged EM field enhancement factors (EFs), leading
to stronger SERS signals since Isgps < |E[**2 The influence
of a depolarized laser excitation on different nanoparticle clus-
ters was investigated using COMSOL software package (see
Figure 2a,b). The electric field distribution around different
nanoparticle clusters shown in Figure 2b indicates that more
“hot spots” are generated using two incident polarizations. Fur-
thermore, the calculated ratios of surface averaged electrical
field EF R_gpps* and absorption Ryp, between orthogonal and
linear polarizations for different nanoparticle configurations,
shown in Figure 2a, indicate that depolarized excitation is ben-
eficial for obtaining higher SERS signals without introducing
additional heat which could cause desorption and decomposi-
tion of analytes.

To verify this experimentally, we decided to implement depo-
larized or circular irradiation in our WL microscope. However,
the control of the laser polarization state becomes a challenging
task when the angle of linear polarization differs from 0° and
90° with respect to the coordinate system shown in Figure 1a.34
In Figure S3, Supporting Information, we present polarization
simulation results obtained in Zemax Optics Studio for the laser
polarization propagation after beam reflection from mirrors.
Simulation was performed at three different input polarization
angles: 0°, 90°, and 45° for linear polarization (Figure S3b, Sup-
porting Information). It is clear that polarization states 0° and
90° orientation propagate without linear phase (LA) anisotropy
effects on dielectric mirrors and dichroic filters. However, if the

www.advmattechnol.de

angle of polarization differs from 0° or 90°, LP anisotropy takes
place, which is shown in Figure S3b, Supporting Information.
As a result, linear polarization becomes elliptical. It is impor-
tant to notice that the type of dielectric or interference coating
also has an effect on the LP anisotropy.

Polarization analysis was also performed for circular input
polarization (see bottom images in Figure S3b, Supporting
Information). Here, we see that LP anisotropy leads to the
transformation of circular polarization into elliptical on the
sample focal plane. Therefore, the summarized polarization
state will have a preferred orientation which will affect our
depolarization experiment.

Figure 2c illustrates laser beam path in WL mode obtained
in Zemax Optics Studio. Figure 2d represents polarization
analysis in wide line mode from four differently oriented
input polarizations (0°, 45°, 90°, and 135°). Such combina-
tion of polarization orientations makes it possible to simulate
a quazi-depolarized laser beam, after propagation through a
liquid crystal polymer depolarizer from Thorlabs (cat. number
DPP25-B) named Depol 1 in Figure la. LP anisotropy becomes
significant for input polarization components, which differ
from 0° and 90°.34 Polarization simulation analysis also shows
that this effect takes place at the edges of the line. However,
polarization artifacts are at the level of a few degrees and can
thus be neglected.

In order to check system polarization artifacts generated in
the Raman beam delivery path, we performed additional polari-
zation analysis in Zemax Optics Studio (see Figure S3c,d, Sup-
porting Information). Our signal collection setup was designed
in a way so that it has no LP anisotropy for any input linear
polarization. An example, with 45° orientation of polarization,
is shown in Figure S3d, Supporting Information. Due to the
presence of a dichroic filter in the beam path, the signal is
influenced by linear amplitude (LA) anisotropy, where S and
P components of EM wave transmit with different efficiency
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Figure 2. Depolarized laser excitation impact on SERS efficiency. a) Calculated ratios of surface averaged electrical field EF R_ggr.* and absorption Rapg
between orthogonal and linear polarizations for different nanoparticle configurations under same irradiance; b) simulated electric field distribution
around nanoparticle clusters under orthogonal and linear incident polarizations with same irradiance; c) illustration of the laser beam path in WL mode
obtained in Zemax Optics Studio; d) polarization analysis in WL mode performed in Zemax Optics Studio (depolarization effect from depolarizer was
simulated as a mixture of four differently oriented EM waves); €) the enhancement of BPE SERS signal obtained on NP substrate by changing from
linearly polarized (red line) to depolarized (black line) laser excitation condition The insert graph demonstrates optical system independency to the

orientation of laser polarization on the sample of liquid toluene.

Adv. Mater. Technol. 2020, 1900999

1900999 (4 of 8)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

through the filter. This effect leads to a tilt of polarization with a
maximum angle of 2° in the entire spectral range of the Raman
stokes shift.

Therefore, the most critical part of signal collection with
regard to polarization orientation sensitivity is the diffrac-
tion grating (named as grating in Figure 1a). It is important
to notice that our spectrograph is based on a low polarization
dependent transmitting fused silica diffraction grating from
Ibsen Photonics (cat. number RAMAN NIR-1500-908). Due to
low polarization dependency of the grating, we were able to
carry out quantitative Raman intensity comparison between
polarized and depolarized experiments as described below.

A depolarizer (Depol 1) was introduced into the laser beam
delivery part of the WL-SERS setup (see Figure 1a). The depo-
larizer was fixed on a manual flip mount. A difference between
polarized and depolarized laser excitation cases was realized by
inserting Depol 1 into the laser beam path. First, we evaluated
that the setup is insensitive to the polarization of the incident
field by recording Raman spectra of toluene in a cuvette using
the i) linearly polarized and ii) depolarized WL illumination
modes. Both spectra display virtually identical Raman mode
intensities (see the inset in Figure 2e). In order to be sure that
the Raman beam delivery optical path is insensitive to the polar-
ization orientation, we also verified that a Raman spectrum of
toluene has virtually identical intensities at different laser polar-
izations. Next, SERS spectrum of 10 um BPE deposited on the
AuNP surface was recorded in the depolarized WL mode and
it shows =50% increase in the SERS intensity compared to the
linearly polarized WL case (see Figure 2e).

It is important to notice that simulations in Comsol
(Figure 2a,b) were done under the assumption that depolar-
ized light is formed as a mixture of two orthogonally polarized
beams. However, the depolarizer produces multiple randomly
polarized beams. For a correct comparison with simulation
results, we repeated an experiment with two orthogonally polar-
ized beams focused on the sample as shown in Figure S4a,
Supporting Information. The orientation of the half wave plate
placed before polarized beam splitter can equalize the intensity
between orthogonal beams recombined on the second non-
polarized beam splitter. By rotation of the half wave plate we
can change polarization parameters in the sample focal plane
from the linear polarized case to the case with two orthogonally
polarized laser beams. In such geometry, equal total intensity
is maintained automatically in both experiments. This experi-
ment demonstrated similar increase in the SERS intensity of
BPE compared to the linearly polarized case (around =50%) as
shown in Figure 2e. For simplicity of optics, all further depolar-
ized experiments were done with the use of depolarizer Depol 1.

2.3. Signal-to-Noise Ratio Comparison

Pixel limited spectral resolution of the WL SERS system is
~1.8-2.5 cm™.. A relationship between dg;, and spectral resolu-
tion of the setup was evaluated using 100 um of BPE deposited
on the AuNP SERS substrates (see Figure 3a). The peak width
of the 1602 cm™ BPE mode is =10-15 cm™.. It means that the
spectral resolution obtained at dg; = 100 um can be reduced
by a factor of =4. At dg; = 400 um, the spectral resolution is
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Figure 3. a) Spectral resolution test in WL mode. Black plot: spectral reso-
lution dependence versus line thickness; blue plot: the linewidth of BPE
peak with central position 1602 cm™' versus line thickness. b) Comparison
of SERS microscope laser illumination modes. a) SERS spectra of BPE
(10 um concentration) measured on Au nanopillars substrate at point
(black), DL line (red), and WL (blue) illumination modes; b) zoomed
spectra in the range 1750-1950 cm™' for SNR demonstration. All presented
spectra were acquired at equal conditions: 0.2 mW um™ of laser intensity,
laser wavelength 785 nm, exposure time 0.1 s, 10x magnification micro-
scope objective. SNR was measured as signal divided on RMS noise.

~8 cm™!, which corresponds to dy = 64 um (Ly, = 2 mm) at
the sample focal plane when using a 10x microscope objective.
Therefore, the maximum possible width of a laser line in the
WL illumination mode is 64 wm, which is =22 times broader
compared to the diffraction limited line width (dpy;). It is
important to mention that such line widening only becomes
possible if the spectral resolution of the spectrometer is higher
than the expected spectral line width of the Raman peaks.

The performance of the setup in terms of signal-to-noise
ratios (SNR) has been evaluated for the point, DLL, and WL
focus modes, by measuring 10 um of BPE deposited on the
AuNP substrates in a droplet with volume 5 uL (see Figure 3b).
Results show that the WL mode yields a two orders of magnitude
higher SNR compared to the point focus mode under the same
measurement condition: 10x magnification lens, 0.1 s expo-
sure time, 0.2 mW pm~ irradiance, 400 pum slit size, =8 cm™
spectral resolution (see also Movie S2, Supporting Information).
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This can be explained by calculating laser illumination surface
areas for the three cases (Lpiwi. = 2 mm), which are =25 um?,
~6000 um? (dp;; = 2.8 pm), and =128 000 pm? (dy; = 64 um)
for the point, DLL, and WL illuminations, respectively. The
ratios between point/DLL and point/WL illumination areas are
1:240 and 1:5120, respectively. The improvement in SNRs can be
calculated as a square root of these ratios which yields 15 and
72 times higher SNRs for the two cases. Experimentally obtained
SNR ratios are: point: 1:310; DLL: 1:3950; and WL: 1:21 000 (see
Figure 3b). The measured improvements in SNRs for the DLL
and WL modes are 13 and 68 times, respectively, which is in
good agreement with the calculated values. The difference in
values can be explained by several sources of errors. First, point
and WL areas can differ from the calculated values. Second, cor-
rections for signal attenuation on the edges of the WL can be
applied with wrong coefficients. It is important to notice that
CCD pixels across spectral dimension were not averaged by post
processing or CCD binning in both point and WL modes.

Performance of our system can be compared with existing
commercially available Raman line-focus microscopes. Fun-
damentally, they should provide SNR at the same level as we
demonstrate for DLL focus mode. Our system would have an
advantage when the WL mode is applied. Based on the calcula-
tions presented above, SNR will be improved 5.2 times in WL
mode compared to DLL mode.

2.4. p-Coumaric Acid Detection

p-Coumaric acid (pHCA) is a precursor of phenolic compounds
which are extremely important for food®*! and cosmetics

(a) Laser point focus

Point mapping grid
80 steps

Point mapping

(e) WL focus 2 mm

L mapping grid
steps

WL mapping

www.advmattechnol.de

industries.% It has been shown previously that pHCA pro-

duced by genetically engineered Escherichia coli cultures can be
quantitatively detected using the point-focus-based SERS map-
ping technique with a reported detection limit (LoD) of 10 um
of pHCA in ethanol.® We used an x-y step size of 100 pm
to map the AuNP SERS surfaces. In order to demonstrate the
performance of the WL-SERS method, different concentra-
tions of pHCA down to 1 um in ethanol were deposited on the
AuNP substrates and detected using both 1) the point focus
and 2) WL illumination modes for comparison (see results in
Figure 4).

In point focus mode, 8 x 10 points (80 spectra, step size
263 pm in X direction, 423 um in Y direction) for each SERS
map were collected at 0.2 s per point exposure time, that is,
16 s per SERS map. A schematic illustration of the data acqui-
sition process and averaged pHCA SERS spectra is shown in
Figure 4a—c, and the process is visualized in Movie S3, Sup-
porting Information. The estimated LoD of pHCA using the
1187 cm™ and 1610 cm™ vibrational mode intensities is =10 pm,
which is in accordance with the aforementioned study.!"”!

Next, SERS spectra from the same samples were recorded
using the WL illumination mode (see Figure 4d—f). The WL
field is scanned in the y-direction with a step size equal to the
width of the WL profile, that is, dy; = 64 um in this case (see
Movie S4, Supporting Information). A SERS map for each
concentration of pHCA is collected using 80 steps at 0.2 s expo-
sure/step (16 s per map). Note, the total exposure time for
each SERS map is the same as in the point-focus case. The
obtained averaged SERS spectra for the WL mode are shown
in Figure 4e. In this case, the same characteristic pHCA vibra-
tional peaks are resolved well even at a concentration of 1 um.

=380

() —1mm (d)
—100 pm
£ 280 SNR 1:280
% 230 S = ::0 “mm 11 Exposure time: 0.2 s
£ 180 (map auverage)

130 [ (d)

o]
o

\

i Background

30
600 1000 1400 1800 500 550 600 650
Raman shift (cm'1) Raman shift (cm'1)
—1mM h
pHCA —10
Hm
240

SNR 1:12000
—1um :]:1 Exposure time: 0.2 s
(map average)

190

140 | (h)

©
o

......

E Background ;
1000 1400
Raman shift (cm'1)

H
o

600 1800 500 550 600 650

Raman shift (cm'1)

Raman intensity (10*Counts(s‘mW)') Raman intensity (10**Count:
N
[(e]
(o]

Figure 4. pHCA detection at point and WL illumination modes. a,e) lllustration of mapping algorithms at point and WL laser illumination, respec-
tively; b,f) SERS maps of pHCA represented at peak position 1604 cm™' for point and WL laser illumination modes, respectively; c,g) SERS spectra
of pHCA at different concentrations on Au nanopillars substrate measured with SERS microscope at point and WL illumination modes, respectively;
d,h) zoomed spectrum region of pHCA at 10 M concentration obtained at point and WL illumination modes, respectively. Point and WL illumination
SERS spectra were acquired at equal conditions: 0.2 mW pm™2 of laser irradiance, laser wavelength 785 nm, exposure time 0.2 s, 10x magnification

microscope objective.
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The results show that the WL-SERS method is highly suit-
able for molecular detection where both the SNR and LoD can
be significantly boosted compared to the standard laser point-
focus mode. In the illustrated pHCA case, the SNR and LoD
are improved by a factor of =43 and 10, respectively.

2.5. Melamine Detection

Melamine is a nitrogen-rich chemical that has received much
attention in recent years owing to a series of highly publicized
food safety incidents.l’” Several melamine detection methods
have been developed.’®l SERS-based detection is considered
a promising technique; however, the LoD needs to be further
decreased.™ We measured melamine using a microfluidics
platform. Melamine was spiked into raw milk at concentra-
tions 1, 20, 40, 60, 80, 100, 150, and 200 ppm. Samples with dif-
ferent concentrations were placed into different positions on a

www.advmattechnol.de

SERS disk and centrifuged according to the rotation algorithm
described in our previous work.['3]

At the end of the centrifugation process, each SERS chip was
scanned in WL mode. Raman mapping was performed on the
entire SERS chip surface with 0.2 s exposure time per WL; step
size in Y-direction was equal to 15 um. Total exposure time per
map was 80 s. Collected SERS maps with dimensions (X, Y,
wavenumber) were averaged through the X axis.

Averaged Raman maps for different melamine concentrations
are presented in Figure 5a. Graphical representation of mela-
mine peak intensity distribution at wavenumber 674 cm™! along
the SERS chip length is presented in Figure 5b. Similar to the
pHCA case, we were able to detect the melamine peak at 1 ppm
concentration level (Figure 5c). LoD obtained on commercial
research-grade point mapping Raman microscope using equal
sample pretreatment procedures was at the level of 10 ppm.['!
We consider this result an important achievement toward the
development of a highly sensitive melamine detection method.
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Figure 5. Melamine detection at WL illumination mode. a) Spreading distance versus Raman maps representing the distribution of melamine vibra-
tional mode (673 cm™) through the SERS chip surface as a function of concentration (experimental parameters: 0.2 mW um=2 of laser irradiance, laser
wavelength 785 nm, step size 15 um, width of line 15 um, exposure time per WL 0.2 s, 10x magnification microscope objective); b) graphical representa-
tion of melamine distribution though the SERS chip surface at different concentrations; c) SERS spectra of melamine at different concentrations on Au
nanopillars substrate measured with SERS microscope at WL illumination mode. Characteristic peak of melamine is shown by dotted line (678 cm™).
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3. Conclusion

We have developed a WL SERS microscope which provides
improved sensitivity of molecular detection from SERS sub-
strates. The system can operate in point, DL line, and WL
laser focusing modes. Summarizing optical novelty of the
setup, we can highlight two key benefits. First, WL illumina-
tion technique provides 8 cm™ spectral resolution in the case
of a sample illumination area of 2100 x 64 um. At such condi-
tions, the spatial resolving power of the microscope is reduced;
however, the SERS substrate surface can be scanned three
orders faster than the point-focus mode without losing any “hot
spots.” Second, laser polarization was designed to be parallel to
the sample surface and randomly polarized in the WL illumina-
tion mode. Such condition provides the most efficient way of
surface plasmon excitation on the NP SERS substrate.

Based on our previous results obtained on high-end com-
mercial Raman equipment, we can conclude that a WL SERS
microscope can provide at least one order lower LoD in WL
mapping mode compared to the point mapping mode at equal
exposure times.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S3. Polarization analysis for laser and Raman beams. (a) Optical schema of laser beam delivery
system, (b) laser beam delivery system analyzed on laser polarization propagation with input
orientation of 0°, 90°, 45° and circular polarization; (c) optical schema of Raman beam delivery
system; (d) Raman beam delivery system analyzed on Raman polarization propagation with input
orientation of 45°. Points 1 and 3 demonstrate the polarization state of Raman beam before and
after compensation of phase shift between S and P components of electromagnetic wave.

Compensation was realized by the proper orientation of mirrors between microscope objective and
dichroic filter.
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Crystalline solids can incorporate water molecules into their crystal lattice causing a dramatic impact
on their properties. This explains the increasing interest in understanding the dehydration pathways
of these solids. However, the classical thermal analytical techniques cannot spatially resolve the
. dehydration pathway of organic hydrates at the single particle level. We have developed a new method
. forimaging the dehydration of organic hydrates using Raman line-focus microscopy during heating
of a particle. Based on this approach, we propose a new metastable intermediate of theophylline
monohydrate during the three-step dehydration process of this system and further, we visualize the
complex nature of the three-step dehydration pathway of nitrofurantoin monohydrate to its stable
anhydrous form. A Raman line-focus mapping option was applied for fast simultaneous mapping
of differently sized and shaped particles of nitrofurantoin monohydrate, revealing the appearance
of multiple solid-state forms and the non-uniformity of this particle system during the complex
dehydration process. This method provides an in-depth understanding of phase transformations and
can be used to explain practical industrial challenges related to variations in the quality of particulate
materials.

: Interactions of water with solids are critical for most materials and can have a dramatic impact on their func-
. tionality’. In the pharmaceutical industry, the majority of the products are marketed as solid dosage forms.
. Approximately one-third of the existing drug compounds are estimated to have the ability to form hydrates that
© have different physio-chemical properties in comparison to their anhydrous counterparts®. There is an increasing
interest in understanding the dehydration pathways of hydrates because of their key importance to processability
and storage (preventing unwanted solid-state transformations)®. The dehydration of an organic hydrate, when
exposed to an external stress such as temperature, pressure or humidity, can result in a mixture of solid-state
forms making it challenging to reveal and track metastable intermediates®. This has inspired the development
of several mechanistic schemes’ for the classification of hydrates and most notably among them is the Rouen 96
model by Petit and Coquerel®. Rouen 96 assumes that every dehydration process results in the evacuation of water
from the crystal structure and the formation of new anhydrous material (NAM) with the optional reorganization
. of the NAM. Two general classes describe the dehydration pathway and the evolution of NAM in relation to
. the stable hydrate and the anhydrous product. Class I assumes that the stable anhydrous form has a completely
. different crystal structure to its stable hydrate, whereas Class II describes the topotactic relationship between the
. hydrate and the dehydrated product. The Rouen 96 model is based on inorganic materials, that have well-defined
. pathways of dehydration, but real-life organic material particles contain imperfections resulting in cases, where
. multiple and crossing pathways can occur simultaneously in the same particle. Morris and Rodriguez-Hornedo
© also proposed a general structural classification for hydrates due to the location of water in channels or isolated
sites in the crystal structure’.
Standard solid-state analytical techniques including differential scanning calorimetry (DSC), thermal gravi-
metric analysis (TGA) and x-ray powder diffraction (XRPD) are commonly used to study the dehydration of
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organic hydrates®. These methods typically require a minimum of a few milligrams of the sample, which means
that the analysis is based on several particles and does not consider differences between single particles. In addi-
tion, DSC and modulated DSC have a limited sensitivity to observe subtle thermal events, such as the appear-
ance of metastable intermediates or complex overlapping thermal events’. Revealing metastable intermediates
is of great pharmaceutical importance since they have different physical properties and are known to be more
soluble than their stable counterparts!’. Spectroscopic techniques such as Raman and near-infrared spectros-
copy (NIR) are used at different stages of the drug development process and are well suited to monitor hydrate
formation and dehydration during processing, but require long measurement times; risking dehydration on the
hydrate'"'2. Computational approaches have recently been used in order to determine the structural changes
during dehydration and to identify an amorphous intermediate of ampicillin trihydrate!®. These approaches pro-
vide a molecular-level understanding of dehydration pathways; however, they require experimental methods to
confirm.

Herein, we report the use of Raman line-focus microscopy to visualize, at a single particle level, the dehydra-
tion pathway of two model drugs; theophylline monohydrate (TP MH) and nitrofurantoin monohydrate (NF
MH II). We employ multivariate curve resolution (MCR)'*"> and non-negative least squares (NNLS) in the data
analysis in order to reveal their metastable solid-state intermediates, and to determine the dehydration pathways
of TP MH and NF MH II.

Results

The solid-state analytical methods applied in this study confirmed the solid-state form of the model compounds
of TP to be TP monohydrate (CSD refcode: THEOPHO1), TP AH form II (CSD refcode: BAPLOTO01) and NF to
be NF MH II (CSD refcode: HAXBUD) and NF AH 3 (CSD refcode: LABJONO2) (see Supplementary Figs 1, 2).
The thermogram from TGA of TP MH revealed a 9% (one mole of water per mole of drug) weight loss between
55-80°C. This weight loss occurred as a one-step process when using a heating rate of 10 °C/min. The DSC
thermogram of TP MH dehydration resulted in a broad endotherm between 63-95 °C indicative of a channel
hydrate’®. In comparison, the thermogram from TGA analysis of NF MH II revealed a weight loss of 7% (one
mole of water per mole of drug) at a heating rate of 10 °C/min. DSC results of NF MH II showed a sharp endo-
therm between 110-140°C. The shape of the DSC thermogram from TP MH is suggesting that the dehydration
process is a two-step process'’. Supplementary Figs 3 and 4 show the variable temperature XRPD (VT-XRPD)
results for the dehydration of TP MH and NF MH II. The diffractograms of both drugs showed the presence of
the intermediate forms, but they were highly overlapped making it challenging to discern the distinct peaks for
both drugs. An attempt was made to identify the subtle difference in peaks; however, preferred orientation played
a dominating role in these measurements, as both drugs are needle-like in shape. Additionally, the time needed
to collect an XRPD pattern is still relatively high and it proved to be a challenge to capture these short-lived
solid-state species with the VT-XRPD approach. Our Raman line-focus method circumvents these challenges.

Measurement setup. In order to visualise the dehydration pathway of TP MH and NF MH II during heat-
ing an in-house built Raman line-focus microscope (Fig. 1) was used (see “Methods section”). Temperature and
time-dependent Raman measurements were performed in combination with a Linkam hot stage (FTTR600 stage,
T95 Linksys controller) in order to image the single particle of the drug during heating. A single particle was
fixed with an aluminium clamp to ensure that the particle was immobile during the measurements. The 1.8 mm
laser line was illuminated on the particle during collection of the Raman spectra yielding 220 spatially separated
spectra per measurement. The optical images of the crystal(s) were collected simultaneously (Supplementary
Figs 5, 6). One of the main benefits of using hydrates in these experiments is due to the physical change in the
particles from transparent to opaque as a result of dehydration. This is due to the formation of nucleation events
that are occurring on the surface of the particle resulting in the formation of small-sized crystallites that can be
seen visually using optical microscopy by the formation of dark regions'®. The measured multiple single particles
of NF were recrystallized from NF AH (3 spiked with multiple single particles (different shapes and sizes) of NF
MHI, NF AH acand NF AH 3. A depolariser was used in order to eliminate particle orientation as a contributing
factor to all the experiments.

Experimental solid-state characterisation of TP and NF. It is challenging to obtain pure Raman spec-
tra of the metastable intermediates as they overlap with their stable counterparts. It is equally challenging to
capture these short-lived species with diffraction-based methods as shown by our VT-XRPD results and typ-
ically, synchrotron-based radiation is needed to observe these intermediates'®. Therefore, in order to confirm
the presence of the metastable intermediates of TP and NF, multiple isothermal experiments between 45-130°C
90 minutes (each experiment) were conducted using only a single particle per experiment and the residual inten-
sity maps were calculated from the raw Raman spectra taking into account the stable forms?*?!. This was a critical
step in the experiments because by subtracting the stable hydrate and anhydrous responses from the hyperspec-
tral Raman data we were able to study the dynamics of only the metastable intermediates of TP and NE This is a
method that has previously been applied to studying multicomponent systems (see refs'®!7).

In order to understand the dynamics of the metastable intermediates of the model particles, concentration
profiles and maps were obtained from the Raman data using MCR and NNLS. The isothermal dehydration of
a single particle of TP MH was conducted from 45-65 °C for 90 minutes (each experiment) using the Raman
line-focus setup and the hot-stage (Fig. 2a). These experiments showed the complex dehydration pathway of TP
MH and they revealed a new metastable intermediate (TP MS2). The concentration profiles at 50 °C for 90 min-
utes obtained after MCR analysis of the hyperspectral Raman data showed an initial decrease in the concentration
of TP MH accompanied by a simultaneous increase in the concentration of TP MS1 (Fig. 2b). The decrease of
TP MSI1 is followed by an increase in the concentration of TP MS2 via two steps after 32 min of the dehydration
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Figure 1. Optical setup of the in-house built Raman line-focus microscope. Where BS - beam splitter, O -
microscope objective, M — mirror, f - cylindrical lens, Pol - polariser, Depol - depolariser, LED - light-emitting
diode, CCD- visible camera. Image 1 is the laser beam profile from the multimode laser source (785 nm), Image
2 is the laser beam profile after the laser line generator lens (f6), Image 3 is from the laser beam profile before the
microscope objective (O1), Image 4 is from the laser beam profile on a given sample (after passing through O1)
and the Raman intensity profile (5).

process at 50 °C. TP AH form II increases in concentration up to the end of the experiment in a mixture with TP
MS2. Reported literature has shown that the dehydration pathway of TP MH to TP AH form II includes only one
metastable intermediate, which we refer to as TP MS1; however, to the best of our knowledge, we are the first to
experimentally reveal TP MS2. The concentration profiles were able to highlight the overlap of the solid-state
forms during dehydration, but do not give information with regard to the spatial location of both intermediates
in the TP particle; hence, chemical concentration maps were needed.

In order to visualise the heterogeneous distribution of the four solid-state forms of TP from its single particle,
NNLS was applied on the Raman data to obtain four chemical concentration maps of TP (Fig. 2c1-4). The TP
MH map showed specific regions in the single particle (0.02-0.38 mm, 0.48-0.72 mm, and 0.75-1.13 mm) with
high concentrations of TP MH and this is due to local defects that were present in the particle. TP MH and TP
MSI1 appear at the same time as in the concentration profile but are located spatially in different parts of the
particle. This level of spatially resolved information cannot be obtained with DSC and TGA, as they require bulk
samples for analysis. Fig. 2c1-2 show that TP MH and TP MS1 overlap and diffuse throughout the particle at the
end of the experiment at the ‘defect-rich’ areas. After 30 minutes, a gradual decrease in the concentration of TP
MS1 as it spreads throughout the particle. For 45 minutes, TP MS1 and TP MS2 were overlapping in different con-
centration profiles. This could be linked to their structural similarity as shown by the recorded Raman spectra and
potentially a small energy barrier that exists between these two metastable forms. The concentration profile and
map show that TP AH form II appears after 50 minutes when both metastable intermediates of TP were present
in varying concentrations.

Raman spectra of the four different solid-state forms of TP were obtained during previously described exper-
iments from the MCR analysis. The spectral changes during dehydration are shown in Fig. 2d1-4. A comparison
between TP MH and TP AH form II showed two peaks (1690 and 1730 cm™!), indicative of TP AH form Il and
are due to C=0, C=N and C=C stretching modes®?. This is indicative of the loss of hydrogen bonding® related
to the water molecules present in TP MH. As shown in Fig. 2d2-3, the spectral regions 500-750 cm ! (C-C ali-
phatic chain vibrations) and 16501750 cm™! are where the most differences were noted between the spectra of
the four forms. The Raman spectra of TP MS1 and TP MS2 differed in the regions around 1150 cm™~}, 1230 cm™,
and 1750 cm ™! due to deformation of the imidazole and pyrimidine ring. This deformation is critical in revealing
the small structural differences between the metastable intermediates even though they are overlapping during
dehydration®. The crystal structures of TP MH and TP AH form II are published®. To the best of our knowledge,
we are the first to publish the mid-frequency Raman spectra of TP MS1 and TP MS2. However, their structures
have not been determined due to their metastable nature.

The isothermal experiments (45, 50, 60, and 65 °C) demonstrated the solid-state transformation between TP
MS1 and TPMS2 (Fig. 2e1-4), where it should be noted that the result in the Fig. 2e2 is from another TP MH par-
ticle than the result presented in the Fig. 2b. The stable forms were taken into account, however, in the Fig. 2e1-4
only the metastable intermediates have been plotted. Both metastable intermediates are highly overlapped in the
isothermal conditions 50-65 °C. At 45 °C, only TP MS1 was observed, but at 50, 60 and 65 °C both TP MS1 and
TP MS2 were observed. The appearance of TP MS1 and TPMS?2 is slower at 45 and 50 °C and faster at a 60 and
65°C. At each isothermal condition, the dehydration profiles of the metastable forms are different with only TP
MS1 appearing at 45 °C, but TP MS2 appearing at 50, 60 and 65 °C. TP MS2 appears at the same time as TP MS1
at 60 °C and before TP MS 1 at 65°C.
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Figure 2. MCR and NNLS decomposed results of hydrate and anhydrous solid-state forms of theophylline.

(a) Optical image of TP MH at 25 °C with laser line illumination (white line) from the Raman microscope

(b) concentration profile of solid-state forms during isothermal dehydration at 50 °C for 90 minutes starting
from TP MH to TP AH form II, via TP MS1 and TP MS2 (c1-4) chemical concentration maps (cut out

artefacts from 1.8 mm laser line) of TP MH (c1), TP MS1 (c2), TP MS2 (c3), TP AH form II (c4) in the particle
during dehydration where the laser line is illuminated, (d1-4) Raman spectra for TP MH, TP MS1, TP MS2

and TP AH form II respectively, (e1-e4) area plots showing only the dehydration profiles of TP metastable
intermediates at four isothermal conditions (45, 50, 60 and 65 °C) where the colour under the area plots matches
the TP metastable intermediates as shown in the concentration profiles. The stable forms of TP were taken into
consideration for the area plots.

Since our Raman based method was able to reveal a new metastable form of TP, a more complex model com-
pound (NF) was studied where a limited amount of work has been done on its dehydration pathway. The crystal
structures of the four solid-state forms of NF have been published?® and formed the foundation for our proposed
dehydration pathway for NF MH II to NF AH §. The crystal structures presented in Fig. 3a were taken from the
Cambridge Structural Database (CSD) in order to show the differences in the arrangement of the water mole-
cules in each form of NF and how this translates into a complex dehydration pathway due to the presence of two
metastable intermediates (NF MH I and NF AH «). Hydrogen bonds play an important role in the stability of
hydrates. It has been reported?” that the C=0, N-H and C-H groups are strongly affected by hydrate formation
and it is thought that the dehydration of a hydrate also strongly affects these vibrational modes via intermolecular
bonding. Figure 3b shows the proposed dehydration pathway based on the hydrogen bonding arrangement from
NF MH II to NF AH 3. NF MH II consists of a complex hydrogen bonding herringbone arrangement (zig-zag)
whereas NF MH I has a chair like the arrangement of the hydrogen bonds indicating a partial loss of water. The
anhydrous forms possess a planar conformation with dimers forming a head-to-head bond between NF mole-
cules with NF AH « having two N-H---O bonding patterns whereas 3 has one.

Based on the crystal structure understanding of the NF forms, isothermal dehydration of a single particle
of NF MH II was conducted in the same manner as for TP MH, but at isothermal conditions from 90-130°C
each for 90 minutes using the in-house Raman line-focus setup and a hot-stage (Fig. 4a, Supplementary video
1). MCR and NNLS analysis described in the methods section was applied to the hyperspectral Raman data to
reveal the concentration and spectral profiles of NF forms during the isothermal experiments. Figure 4b shows
that at 120°C from 5 minutes, both hydrates of NF were overlapping, but NF MH I is decreasing in concentration
and NF MH I increasing, confirming a solid-state transformation of one monohydrate into another structurally
different monohydrate. NF AH « also appeared at the 10-minute mark with both monohydrates. These two
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Figure 4. MCR and NNLS decomposed results of nitrofurantoin solid-state forms. (a) Optical image of NF MH II at
25°C from the Raman microscope. (b) concentration profiles of solid-state forms during isothermal dehydration at
120°C for 90 minutes from NF MH II to NF AH (3 via, NF MH I and NF AH « (c1-4) chemical concentration maps
(cut out artefacts from 1.8 mm laser line) of NF MH II (c1) NF AH (3 (c2) NF MH I (c3) NF AH « (c4) in the particle
during dehydration where the laser line is illuminated (d1-4) Raman spectra of NF MH II, NF MH I, NF AH o, NF
AH (3. (e1-4) area plots showing only the dehydration of NF MH I and NF AH « five isothermal conditions (90, 100,
110,120 and 130°C) where the colour under the area plots matches the NF metastable intermediates as shown in the
concentration profiles. The stable forms of NF were taken into consideration for the area plots.
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Figure 5. Multiple particles of NF solid-state forms analysis using the Raman line-focus method at room
temperature. (a) Optical image of multiple particles of NF. (b1) NF MH I (b2) NF MH I (b3) NF AH ovand
(b4) NF AH (3 obtained after NNLS of a depolarised Raman map.

metastable intermediates appeared simultaneously as seen with TP during isothermal dehydration. The decrease
in the concentration of NF AH « at 30 minutes coincides with the formation of NF AH (3 at the same time point
and increases until NF AH {3 reaches a plateau. The four chemical concentration maps of NF show that the dehy-
dration is occurring from the centre of the particle to the boundaries heterogeneously with a gradual decrease
in the concentration of NF MH II from the middle of the particle to its edge®® (Fig. 4c1-4). In contrast to the
dehydration of TP MH to that of NF MH II occurs at a higher temperature (>90 °C), which is unusual and this
could be because it is an isolated site nature of this hydrate. The results showed that NF MH I is present at higher
concentrations inside the particle whereas residual amounts of NF AH « are present inside the particle at the
beginning of the experiment and it protrudes to the edge of the particle where a higher concentration is present.
The concentration profiles of NF metastable intermediates are different and this could be linked to their crystal
structure as well as NF MH I being trapped in specific local regions in the crystal. NF AH (3 appears during the
disappearance of the hydrated counterparts and is present from the centre to the end of the NF particle. The
Raman spectra highlight the structural difference of the NF forms.

The four Raman spectra of NF solid-state forms were obtained from MCR analysis. In Fig. 4d1-4 they have
pronounced differences that can be attributed to their conformational arrangement?. NF MH II and NF MH
I differ in their C=N linkage between the nitrofuran and the hydantoin moieties (1615 cm™). The regions in
the Raman spectra of NF AH o and NF AH (3 that have the most pronounced differences were 950-1000 cm™?,
1200-1300cm~}, 1310-1400cm ™1, 1550-1650 cm ™.

The isothermal experiments (90, 100, 110, 120, and 130 °C for 90 minutes) demonstrated the solid-state trans-
formation between two monohydrates (hydrate-hydrate transformation from NF MH II into NF MH I) between
90-120°C (Fig. 4e1-5) where it should be noted, as earlier, that the Fig. 4b,e4 are from different crystals of NF
MH II. The isothermal experiments of NF showed that dehydration occurred at a slower rate at below 110°C
in comparison to 120 and 130 °C. In addition, between 100 °C and 120 °C, both the NF MH I and NF AH « are
present, whereas only NF AH o at 130 °C for a few minutes. The difference in the dehydration rates of both 120°C
isothermal runs is due to a difference in particle size. As with TP, the dehydration profiles of the metastable forms
are different at each isothermal condition.

Visualization of the solid-state form diversity in real particles. The results presented above capture
the dehydration of TP MH and NF MH II using only a single particle of both compounds. However, in order to
have a more direct comparison of the Raman line-focus method with the standard thermal analytical methods
such as DSC and TGA, a Raman line-focus mapping option in an area of 1170 x 2109 pm with a step size of 8 um
was performed using a real-life powder sample with different particle sizes and shapes (Supplementary Fig. 7).
A batch of NF particles (Fig. 5a) that contained a mixture of its solid forms was mapped in order to simulate
potential real-life temperature-driven phase transformations (Supplementary video 3-5). The maps obtained
from NNLS (Fig. 5b1-4) were cut to show specific regions of interest. The maps confirmed the presence of four
different solid forms of NF in the randomly orientated particles as was identified in the single particle experiment
for NE Figure 5b3 shows that even though the single particle of NF (circled) appears to be fully dehydrated based
on the visual appearance of the optical image (dark particle) there are residual amounts of NF AH o present
within the particle.

Previous literature has shown the particle size dependence of the dehydration process®, which motivated us
to explore the possibility to visualize multiple particles at the same time. Typically, DSC and TGA analysis will
take an average thermal signal resulting from all the particles during the heating, making it challenging to reveal
subtle thermal events and overlapping signals that could be taking place in these particles, such as the appearance
of metastable intermediates®'. However, the Raman line-focus method was clearly able to identify NF MH I and
NF AH o in multiple single particles using NNLS of a depolarised Raman map.

Discussion

The experiments show the capability of our approach to visualize and spatially locate the different solid-state
forms of TP and NF at a single particle level. DSC and TGA show the quantitative amount of water loss for
hydrates, however, they are not able to spatially resolve the complex dehydration pathway at a single particle
level. The concentration profiles and the chemical maps of the solid-state forms provided a deeper insight into
the dehydration pathway of both model compounds, in particular, the dynamics of the metastable intermediates.
Both model compounds were structurally very different resulting in different dehydration pathways. TP MH con-
sists of a channel type crystal structure®, where water formed directional bonding between the water (anisotropic
dehydration) and TP molecules, whereas water of crystallization in NF MH II is located at isolated sites with van
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der Waals forces and hydrogen bonding resulting in planar conformation with direct water-to-host bonding. The
dehydration process of NF MH II can be considered ‘destructive’ as it contains two hydrogen bond donors and
seven hydrogen bond acceptors, which could*® play a role in the NF MH II transformation to NF MH I at high
dehydration temperatures. The single particles used in these experiments contained defects and this contributed
to their heterogeneous dehydration, with water disappearing at different rates in specific regions of the particle®.
Taking into account the Rouen 96 model (largely based on observations with inorganic materials), our results
show that there are crossing pathways of water release from TP MH and NF MH II. This is because these model
compounds represent real-life particles, which are inherently complex?.

Currently, there are four known forms of TP, and form IV is reported as the thermodynamically stable form at
room temperature®®. Seton et al. also noted the important role of the dimers between the TP and water molecules
ensuring the physical stability of the monohydrate network. TP MH is known to convert to its anhydrous form
IT and this is the form that was found at the final stages in our experiments®. The reported appearance of TP
MS1%%% show that it can transform to its stable anhydrous form during storage over a period of days or months
depending on the environmental conditions*’, hence TP MS1 was present at the beginning of the isothermal
measurements. To the best of our knowledge, we are the first to record experimentally the Raman spectra of TP
MS1 and TP MS2 in the region 400-1800 cm™'; however, computationally assisted approaches could give addi-
tional insight into these complex dehydration pathways*"*2. As previously noted, it was surprising for TP MS1
and TP MS2 to be present in the experiment for over an hour. This could be because we have created experimental
conditions in which the metastable form is stable and therefore appears for several minutes rather than seconds®.

For NF MH II dehydration, previously reported literature using standard analytical techniques indicates that
the dehydration pathway of NF MH II to NF AH 3 (120-145°C) is a one-step process*!. However, we discovered
using our method that it is a complex three-step process due to the presence of two known metastable interme-
diates. The proposed dehydration pathway of NF MH II to NF AH § is based on the crystal structures that high-
light the hydrogen bonding arrangement, which plays an important role during dehydration. Although there are
pronounced differences between these forms, the metastable intermediates are still overlapping with the stable
counterparts indicating that the energy difference could also be small between the four forms. This observation
follows the Ostwald’s rule of stages that states that matter at a high-energy state does not necessarily transform
directly into its most thermodynamically stable form but can pass through several metastable intermediates*.

Measuring multiple particles can be useful in resolving the particle-size dependence of metastable interme-
diates. This approach provides the possibility to resolve essential information regarding the transformation from
hydrated to anhydrous forms in particulate materials, and the spatial location of metastable intermediates*®4’.
The crossing pathways of water release from particulate matter can have a detrimental impact on the physical
stability of the drug and potentially its bioavailability. The limitations of our approach are that fluorescence can be
a challenge with the Raman analysis. The Raman line-focus method can be used in a variety of different fields of
research that require analysis of phase transformations at the particulate level and would naturally complement
molecular level investigation of phase changes using a computational method such as molecular dynamics®.
Mechanistic models and computer simulations are still challenging to implement for real-life particulate systems.
Our findings are pointing towards mechanistic models based on combining information at different levels: spec-
troscopic imaging visualizing molecular level phenomena, such as solid-state diversity during dehydration in a
single particle, combined with optical microscopy to visualize particle level phenomena, such as crack density
related to this phase transformation. This can provide a basis for multiscale mechanistic models* and experimen-
tal validation of computer simulations. This approach would have similarities with the deep learning process in
cancer diagnosis based on imaging of cellular samples*.

Conclusion

Here we demonstrated experimentally that Raman line-focus microscopy can be used to investigate different
crystalline solid-state transformations and reveal metastable intermediates that are of pharmaceutical relevance
at the single particle level. The obtained concentration profiles and maps with the usage of MCR and NNLS
analysis showed that the dehydration pathways of TP MH and NF MH II went through two intermediates and
this approach was able to spatially locate them, which classical thermal techniques cannot do. This resulted in the
discovery of TP MS2 and the dehydration pathway of NF MH II to its NF AH 3. The dehydration pathway of NF
MH II leads to a hydrate-hydrate transformation of one monohydrate structure into another structurally different
monohydrate at dehydration temperatures. In addition, a Raman line-focus mapping option was used to analyse
real-life particles, highlighting the diversity of solid-state forms present during dehydration. It is envisioned that
this method can be used in providing an in-depth understanding of phase transformations, as well for explaining
the practical industrial challenges related to variation in the quality of particulate materials.

Methods
Materials and general preparative methods. All particles were stored at room temperature before
conducting thermal measurements with the Raman microscope. A single particle of theophylline monohy-
drate (Cambridge Structural Database ref code: THEOPHO01)*! and nitrofurantoin monohydrate (CSD refcode:
HAXBUD)*? was used for these experiments. Particles from the same batch were used in order to carry out the
Raman measurements.

50g of anhydrous TP (Sigma Aldrich) was dissolved in distilled water (1L, 80 °C) and needle-like single par-
ticle (500 pm-3 mm) of TP MH appeared within 3-5 days from slow evaporation crystallization. Bulk powder
of nitrofurantoin (obtained from Unikem A/S, Copenhagen, Denmark) was identified as the stable anhydrous
form (3) using XRPD. NF MH II was recrystallized from one gram of bulk powder nitrofurantoin (Unikem
A/S, Copenhagen, Denmark) from a hot (55 °C) acetone-water solution (3:1). The solution was cooled to room
temperature and within 3 days yellow needle-like particles (500 pum-2 mm) formed. NF monohydrate (NF MH I)
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was recrystallized from 75 mg of NF (Unikem A/S, Copenhagen, Denmark) dissolved in 30 cm® of a hot (55 °C)
acetone: water mixture (2:1). The solution was then left in a sealed vessel and maintained at 40 °C allowing for
slow evaporation. Plate-like particles (100 pm-2 mm) appeared within 4 days. An optical microscope (LEICA DM
LM) was used to identify a single particle by observing the clarity of the particle and whether a large number of
crystal defects were present.

Sample characterization. Particles of TP MH and NF MH II were characterised by polarised light micros-
copy, x-ray powder diffraction (XRPD), differential scanning calorimeter (DSC) and thermogravimetric analysis
(TGA) and Raman microscopy.

X-ray powder diffraction (XRPD). A PANalaytical X’pert PRO X-Ray Diffractometer (purchased from
PANanalytical B.V., Almelo, Netherlands) consisting of a 6/0 goniometer and a solid state PIXcel detector was
used for solid-state form identification and verification. The radiation was nickel-filtered CuK, (A =1.5418 A)
generated at a tube voltage of (45kV) and current (40 mA), respectively. The samples were scanned in reflection
mode between 5° and 35° with a scan speed of 0.06734° 20 and a step size of 0.0263° 20. The data were analysed
using the X’Pert Data Collector software (PANalytical, Almelo, Netherlands). The measurements were done in
triplicate. The variable temperature-XRPD measurements were all performed using a steel sample holder (0.2 mm
in depth) on an Anton Paar CHC chamber (Anton Paar GmbH, Graz, Austria). The temperature was controlled
using a TCU 110 Anton Paar GmbH controller. A scan speed of 0.328 was used for NF and TP temperature meas-
urements. For NF MH II the measurement was performed at room temperature then the temperature was ramped
to 120°C at 35°C/min and held for 120 mins with an exposure time of 10 mins. For TP MH, the temperature was
raised to 50 °C at the same heating rate and held for 90 minutes. The particle size that was used for the temperature
measurements were between 50-150 pm.

Thermal analysis. A Discovery DSC (TA Instruments-Waters LLC, New Castle, USA) was used to per-
form the DSC measurements. The instrument is controlled by TRIOS software (TA Instruments, New Castle,
DE, USA). Samples around 7 mg were placed into T-zero aluminium pans and sealed. Samples were subjected
to a controlled heating rate of 10 °C/min under nitrogen purge (40 mL/min). The measurements were done in
triplicate.

The water content in TP MH and NF MH II was determined using a Discovery TGA (TA Instruments, New
Castle, DE, USA), which was controlled by TRIOS software (TA Instruments, New Castle, DE, USA). Samples
around 7 mg were analysed in an aluminium pan and heated at 10 °C/min from 25°C to 100 °C for TP MH and
25°C to 200°C for NF MH II. The measurements were done in triplicate.

Visualisation of crystal structures. The CSD was used in order to visualize and understand the intermo-
lecular arrangement of the bonds, unit cell dimensions, and faces of the crystals of the different TP forms (CSD ref
code: THEOPHO1, BAPLOTO01% and NF forms (CSD refcode HAXBUD, HAXBUDO01,LABJON01%, LABJONO02)
using Mercury 3.8 software that is provided by the Cambridge Crystallographic Data Centre, UK.

Raman line-focus microscope setup. An in-house built Raman microscope that is based on a line-focus
method was used to track the structural changes that occurred in the single particle during dehydration. The setup
consisted of three main units: laser delivery optical system, a visible light microscope and a Raman scattering opti-
cal system. A high power multimode laser (0.5W, 785nm) is used to generate an inhomogeneous laser line, which
propagates through a number of cylindrical lenses in order to achieve a homogenous beam on the particle (s). The
1.8 mm in length laser line was focused on the particle fixed on a Linkam FTTR600 hot stage during heating at a con-
trolled rate at 40-55% relative humidity (RH). The alignment of the particle onto the laser line was performed man-
ually in two stages: firstly, by placing the particle within the visual field of the microscope and secondly, by obtaining
amore precise alignment using the x, y and z stage controlled by the in-house Raman data acquisition software. An
exposure time 8 seconds for the acquisition of 220 Raman spectra along the line length was used for all the isother-
mal measurements in the main body of the paper. The laser intensity at 785 nm was 100 pW/pm for all experiments.
The line-focus method enables measurements that are two orders of magnitude faster than traditional point illumi-
nation Raman microscopy and requires less power per point™. At 100mW power using a point measurement mode,
this would generate 33.3 mW/pm?* whereas with laser line illumination this would generate 0.15 mW/um?. This is a
significantly less power point thereby reducing the likelihood of damage to the particle due to the laser.

Wavelength and spectrum-dependent intensity calibration of the Raman system were performed using tolu-
ene and cyclohexane. The intensity calibration included corrections on the quantum efficiency of CCD and the
transparency of optical elements in the system. The wavelength calibration was done automatically during the
start of the system software, and spectrum-dependent intensity calibration is done periodically every month. The
Raman spectra were collected according to the international standard guides ASTM 1840, ASTM E2911.

Raman optical system. A series of images (1-4) of the different laser beam profiles were captured in order
to illustrate how a homogeneous laser line was achieved with the use of cylindrical lenses (f1-£7). Image 1 consists
of five different spatial modes in the vertical direction as generated from the laser source. These five spatial modes
pass through f1 to f5 resulting in image 2, which shows a laser beam profile that is not yet homogenous. It is only
after image 3 goes through {7 that a homogeneous laser line in the vertical direction is achieved. Image 4 is based
on the field of view (FOV) of the microscope objective (10x NIR objective with a FOV of 2.2 mm). The laser
beam is then reflected from the dichroic beam splitter (BS1) before it reaches the microscope objective (O1) then
passes through a set of mirrors to O1. BS2 is used to combine the laser and visible light beams thereby allowing
for real-time visual inspection and collection of the Raman spectra. The light projected from the light-emitting
diode (LED) is cut off from the Near Infrared spectrum of the Raman shift (785-1000 nm) using an edge filter
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(Ed3). The visual inspection of the crystal (s) during dehydration was very useful for the monitoring of the crystal
(s) opacity, especially in “defect-rich” areas.

The microscope was designed in a manner that allowed the sample to be scanned in the X, Y and Z direc-
tions without being moved. This was important in order to ensure no misalignment of the laser and visible light
beams. In order for no misalignment to take place during measurements BS2, Mirror 4 (M4) and O1 moved as
one unit in the x-direction and M4 and O1 moved as one unit in the y-direction. As previously stated, image 4
is based on the projection of the laser line from the microscope objective. The Raman spectra were collected on
the particle and simultaneously collected on a deep-cooling spectroscopic charged coupled detector (CCD). This
setup provided the unique capabilities for simultaneous Raman mapping on an entire particle during temperature
ramping or under isothermal conditions. The spectrograph is protected under a patent (DTU Patent Application
No. PA201870044) and its aberration corrected imaging design provides Raman spectra from 350-2300cm™! at
785nm.

Multivariate curve resolution (MCR) and non-negative least squares (NNLS) methodology.
MCR-ALS***” and NNLS were both performed in MATLAB R2017a. Raman experiments resulted in a matrix
that has two dimensions [t, S(v)], where t corresponds to the temperature or time points, while S(v) corresponds
to Raman spectra. We registered 220 spectra from the laser line at each temperature/time point, and all spectra
were grouped as follows: My, = [t,(S(V), S(V)y, .. S(V)220)s t(S(W)1, S(V), - S(V) 220)5 - -+ ta(S(W) 1, S(V)y, ... S(V)
20)], where n is the number of temperature/time points. In order to extract information about the concentration
and spectral profiles of the studied model compounds, we used only one lateral point on the laser line that had the
highest Raman spectrum signal to noise ratio (SNR).

When using MCR-ALS the following constrains were applied: non-negativity on spectral and concentration pro-
files, closure and unimodality constrains on concentration profiles. The “mcr_main” toolbox was downloaded from
the “Multivariate Curve Resolution homepage”. Before running the “mcr_main” toolbox a spectral library for the
stable hydrate and anhydrous form for TP and NF dehydration experiments were created with four rows of which
two-reference spectral matrix were filled containing the Raman spectra of the stable forms of the model compounds.
These stable forms were used as the spectral profile constrains. The two unfilled rows in the library spectral matrix were
defined as not a number (NaN). After running the “mcr_main” function on MATLAB, the rows that filled the two NaN
rows contained the metastable intermediates. The best lack of fit (LoF) was reached in the case of using four Principal
Components (PCs) for TP analysis (two metastable intermediates observed) and four PCs for NF analysis (two meta-
stable intermediates observed). The averaged matrix of residuals was found to be less than 0.1% after the iteration pro-
cess. As a result, we obtained four concentration and spectral profiles from our dataset from the dehydration of TP MH
and NF MH II. The obtained spectral profiles of metastable intermediates of the model compounds were used as a spec-
tral library for NNLS analysis of line-focus Raman matrixes My;,.. NNLS results are shown in Fig. 2b-d4 and Fig. 4b-d4.
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heating rate of 10 °C/min. NF MH II showed a sharp endotherm between 110-140 °C and TP MH thermogram showed
a broad, two-step endotherm between 63- 95 °C.
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Supplementary figure 3. Variable temperature XRPD (VT-XRPD) of TP MH at 50 °C for 90 minutes. The
diffractograms of TP MH is at 25 °C and TP AH form II at 90 minutes. The metastable intermediates appear to be
present at 30 and 38 minutes into the experiment with the differences in peaks being marked by the asterix in
comparison to their stable forms.
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Supplementary figure 4. Variable temperature XRPD (VT-XRPD) of NF MH II at 120 °C for 120 minutes. The
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theophylline. a) Optical images showing the dehydration of TP MH to TP AH form II b) concentration profile of TP
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Supplementary figure 6: MCR and NNLS decomposed results of nitrofurantoin solid-state forms. a) Optical

images showing dehydration of NF MH II to NF AH B. b) concentration profile of NF MH II dehydration mechanism to

NF AH (B) c1-c4) chemical concentration maps and d1-d4) Raman spectra of NF MH II, NF MH I, NF AH o, NF AH

Contribution
1.0

b1 Contribution b2 Contribution p3 Contribution b4
§ g o .6 Bt . o (23

0

Supplementary figure 7. Multiple particles of NF solid-state forms analysis using the Raman line-focus method
at room temperature (uncut) a) Optical images NF forms. b1) NF MH II b2) NF MH I b3) NF AH o and b4) NF AH
[ obtained after NNLS of a depolarised Raman map.



Paper IV

Fast and Quantitative 2D and 3D Orientation Mapping Using Raman Microscopy
0. lichenko, Y. Pilgun, A. Kutsyk, F. Bachmann, R. Slipets, M. Todeschini, P.O. Okeyo,
H.F. Poulsen, and A. Boisen

Nature Communications 10 (1). 2019



ARTICLE

Fast and quantitative 2D and 3D orientation
mapping using Raman microscopy
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Matteo Todeschini?, Peter Ouma Okeyo', Henning Friis Poulsen® © & Anja Boisen® '

Non-destructive orientation mapping is an important characterization tool in materials sci-
ence and geoscience for understanding and/or improving material properties based on their
grain structure. Confocal Raman microscopy is a powerful non-destructive technique for
chemical mapping of organic and inorganic materials. Here we demonstrate orientation
mapping by means of Polarized Raman Microscopy (PRM). While the concept that PRM is
sensitive to orientation changes is known, to our knowledge, an actual quantitative orien-
tation mapping has never been presented before. Using a concept of ambiguity-free orien-
tation determination analysis, we present fast and quantitative single-acquisition Raman-
based orientation mapping by simultaneous registration of multiple Raman scattering spectra
obtained at different polarizations. We demonstrate applications of this approach for two-
and three-dimensional orientation mapping of a multigrain semiconductor, a pharmaceutical
tablet formulation and a polycrystalline sapphire sample. This technique can potentially move
traditional X-ray and electron diffraction type experiments into conventional optical
laboratories.
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any materials are polycrystalline, meaning that they are

composed of a large number of grains (crystallites) of

different crystallographic orientations. A full three-
dimensional (3D) orientation mapping of the grains (with
information about the position, size, morphology, and orientation
of each grain, as well as the topological connectivity between the
grains) is crucial to relate structure to properties.

Electron backscattering diffraction (EBSD) is a widespread
technique for such orientation mapping!2, but as a surface-based
method, it can only be extended to 3D by serial sectioning.
Moreover, it has challenges in the analysis of semiconductors and
dielectric materials!. Transmission electron microscopy can pro-
vide 3D orientation maps with 1 nm resolution, but only in thin
foils>. On the other hand, imaging based on X-ray diffraction
using synchrotrons can provide 3D maps of thousands of grains in
mm-sized samples with a resolution of 2 pm*5—in scanning® or
microscopy mode’ even down to 100 nm—but this is an expensive
and infrastructure-demanding technique. Recently developed
mapping of grain orientations in 3D by laboratory X-rays
(LabDCT) is a good alternative to the synchrotron measure-
ments; however, its spatial resolution is limited to 10-15 um®.

Polarized Raman microscopy (PRM) has the potential to be
developed into a relatively cheap orientation mapping technique®,
with a diffraction-limited spatial resolution of around 200 nm!. In
PRM, if the symmetry of the crystal is known, Raman tensors ¥;
for crystal modes j can be obtained!! and Raman intensities I(9§
versus sample rotation angle 6 can be simulated’. Correlation
between theoretical and experimental angular intensity depen-
dencies Iipeor(6) and Iec,(0) can, therefore, be used for the deter-
mination of the local crystallographic orientation® (see
Supplementary Note 1). The first studies regarding polarized
Raman spectroscopy began in 1964 when Loudon presented a
Raman tensor analysis theory under the form of Raman scattering
tensors for each of the 32 crystal classes!2. Later, this theory was
applied for crystallographic orientation analysis of inorganic!3-1°
and organic single crystals!7>18, as well as inorganic crystals present
in biological systems like calcite crystals in tergite exocuticles!.
Raman tensor analysis theory was also developed and applied
for the study of complex biomolecular crystals, including
nucleobases in the nucleic acid of DNA2%2L nucleosides??3,
antihuman immunodeficiency virus agents*4, amino acids and
peptides!725-27. PRM has also been used for partially orientated
biological systems like bone osseous tissues?® and collagen fibrils in
human osteonal lamellae?®. During the last few years, the method
has been applied to the study of crystallographic orientations,
defects, doping effects, and Van der Waals interactions in 2D
materials like graphene3%3!, MoTe,32, SnSe33, ReS,34, MoS,*,
GeAs3937, metal dehalogenases®®, and black phosphorous3>38,
PRM has additionally been used for the investigation of GaP
nanowires>® and carbon multiwall nanotubes®’.

Most of the listed papers were focused on the determination of
sample crystallographic orientations at the microscale, with the
Raman microscope working in backscattering mode”#!. There has
been a growing interest in confocal PRM studies of polycrystalline
ceramics during the last years*?43 including piezoelectric cera-
mics*4-46, More recently an orientation type contrast was exploited
in PRM studies of uranium oxide ceramics*’ and cancerous breast
tissue®S, In these papers, the PRM setup was used for improving
the contrast in crystal features differentiation. The 3D domain
orientation in BaTiO; crystals has been revealed after the sample
has been mapped in a polarized Raman microscope with an a-
plane crystal orientation?”. Orientation distribution mapping of
polycrystalline CulnSe, has also been demonstrated!? by a com-
bination of Raman contrast and EBSD mapping.

However, so far no one has presented a stand-alone orientation
map based on Raman scattering, due to several experimental and

theoretical problems. In particular, polarized Raman experiments
have so far been carried out by rotating the sample or rotating a
set of wave plates in the incident laser or on scattered beams in
the Raman setup?. Such optical layouts require multiple Raman
spectra measurements using numerous combinations of the
orientation of the polarization state of the incident laser and
orientation of the analyzer?!. Due to this, Raman orientation
mapping would need sequential polarization measurements at
each raster-scanning point, which would make such hypothetical
mapping procedures very complex and extremely slow and thus
practically impossible. In addition, existing experimental PRM
setups introduce ambiguities in measurements, implying that the
approach fails completely for some orientations. As an example,
in a scheme with normal sample illumination and on-axis col-
lection of scattered light, it is impossible to determine a rotation
of a (111) Si wafer around the [111] axis (Fig. 1a, Supplementary
Fig. 1, Supplementary Note 1). Such problem can be partially
avoided by tilting the sample or by realization of polarized oft-
axis Raman scattering registration®? (Fig. 1b). However, as we
show below, polarized Raman spectroscopy with off-axis regis-
tration also provides ambiguities in the determination of Euler
angles, thus some combination of on-axis and off-axis channels
must be used. To our knowledge, a theoretical investigation of the
optimal number of on-axis/off-axis polarized Raman scattering
channels in PRM has not been performed. Therefore, a mea-
surement strategy for how to perform quantitative orientation
mapping with an angular accuracy comparable with EBSD needs
to be developed.

Here, using a concept of ambiguity-free orientation determi-
nation data analysis and simultaneous registration of multiple
Raman scattering spectra obtained at different polarizations, our
approach allows for 2D and 3D quantitative orientation mapping
of multigrain materials. First results for silicon, a pharmaceutical
tablet and for sapphire reveal favorable specifications: sub-
micrometer resolution, fast data acquisition, and a high orienta-
tion resolution. The method applies to all Raman active materials
independent of crystal symmetry and requires no sample
preparation.

Results

Theoretical investigation of orientation ambiguity and error.
To assess the orientation determination ambiguity and error we
have performed simulations on Si. Si has cubic symmetry (Oy,
crystal class) and is well investigated by PRM®!! (Supplementary
Note 2). We simulated a test dataset of Raman intensity variation
versus wafer rotation angle y for three types of Si wafers with
surface oriented along (100) (Supplementary Fig. 2), (110)
(Supplementary Fig. 3), and (111) (Supplementary Fig. 4) planes.
The orientation determination results were obtained by fitting
Euler angles to simulated data and were represented in a crys-
tallographic color code using MTEX toolbox for Matlab>1>2, see
Supplementary Fig. 5. The color corresponds to orientation of the
wafer normal direction relative to crystallographic axes of Si.
Misorientation angle, which corresponds to undetermined rota-
tion of the sample, is depicted in Supplementary Fig. 5 as vertical
bars on the right side of each subplot.

Orientation fitting was done using varying numbers of
polarized channels (2-12 channels), see Supplementary Note 3,
Supplementary Fig. 5. An analysis of the simulation results
reveals, that basic orientation determination becomes possible for
four or more channels. However, for some specific orientations,
intensity data remains ambiguous and rotation angle y is not
recovered. This is clearly seen for the (111) wafer in misorienta-
tion plots in Supplementary Fig. 5, where the misorientation
angle varies from zero to the largest possible for cubic symmetry
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Fig. 1 Optimization of the polarized Raman signal collection geometry. Comparison between theoretical (red line) and experimental (blue circles)
responses of the sum of Si modes versus wafer rotation angle y plotted in polar coordinates for Si wafer with surface plane (111) for on-axis (a) and off-axis
(b) polarized Raman scattering channels (¢), illustration of the incident/scattering polarization and signal collection geometries for a solution with nine

polarized channels.

Table 1 Optimization of the orientation mapping configuration. Optimization results for different numbers of channels and
channel polarization combinations. Orientation error percentage represents geometric area on the sample, where reliable fit was
achieved. Misorientation angle column represents ambiguity of the fit; the chosen number of channels was nine (highlighted in
the red box).

On-axis channels Off-axis channels Number of channels Orientation error, % Misorientation, °
w; 0° 45° 90° 135° 0° 45° 90° 135° 0° 45° 90° 135°
ws 0° 90° 920°

o o [ ] [ ) H B E & A A A A 12 0.0 <1

o O ° ( H B E =& A A A n 0.6 <1

e o o HE B BN A A A A 1 0.8 <1

e o o [ I B | A A A 9 1.2 <1

e o o HE B BN A A 8 47 <1

o © [ J [ J H N || | 8 481 62.8

e O [ ] ([ J H N || 7 481 62.8

o © [ J H N || 6 48.0 62.8

e O [ ] | || 5 55.7 62.8

o © H N 4 63.5 62.8

o © [ ] 3 75.2 62.8

[ ] [ ] 2 88.2 62.8

62.8°. Nevertheless, even for such ambiguous data, some
orientation data is still recovered, and it is possible to clearly
distinguish wafers (100), (110), (111) even for four measurement
channels. Full wafer orientation determination is only possible for
nine or more channels.

Simulation results shown in Supplementary Note 4 and
Supplementary Fig. 5 revealed that some orientations, like those
appearing in the surface plane (111) of Si, are prone to introduce
ambiguity in measurement data. Although simulation helped to
define minimal number of polarization channels required to
determine orientation, it still has limited scope, because only
(100), (110), and (111) cases were considered.

To assess the quality of the orientation determination in the
general case, additional analysis using exhaustive search of

indistinguishable solutions over a range of all possible Euler
angles was performed (described in details in Supplementary
Note 4). That search revealed, that all measurement schemes with
only on-axis channels applied to samples with cubic symmetry
exhibit an ambiguity where two different orientations produce
exactly the same intensity measurements. These two orientations
have Euler angle w which differs by 180°. Adding off-axis
measurement channels removes this ¥ + 180° ambiguity.
Ambiguity simulation results for a multi-grain sample with
different numbers of measurement channels are summarized in
Table 1. The column “Orientation error” shows the percentage of
the area where the local orientation is correctly determined. The
maximum orientation error registered in the successfully fitted
zones is shown in the column “Misorientation” in Table 1. The
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same quantities versus total number of channels are plotted in
Supplementary Fig. 6.

According to these simulations, the ambiguity can be
successfully resolved when off-axis channels are added to the
measurement setup. Still, adding only two off-axis channels is not
sufficient to resolve ambiguity completely. Full resolution
becomes possible when adding three off-axis channels to six
on-axis channels, resulting in total nine measurement channels.
Further addition of up to in total 12 channels does not noticeably
increase the accuracy of the fit. Thus, in our experimental setup
we decided to use nine channels.

The chosen geometry with nine polarized channels is illustrated
in Fig. 1lc. Three polarized laser beams e; with orientations of
polarization state 0°, 45° and 90° interact with a multigrain
material with scattering properties dependent on local crystal-
lographic orientation and described by the Raman tensor with
rotation matrices @ and @T. The scattered Raman signal e (with
corresponding rotation matrix M) from the three incident lasers is
divided into nine backscattering channels (six on-axis and three
off-axis) after propagation through three analyzers with orienta-
tions 0° and 90° for on-axis Raman scattering detection and 90°
for off-axis Raman scattering detection. The information obtained
from the nine Raman channels is used for determining the
crystallographic orientation of a selected local volume. 2D or 3D
orientation mapping is obtained by scanning the sample in x, y, z
with respect to the incident beams.

Experimental setup. Based on theoretical investigation of quan-
titative orientation mapping by Raman microscopy, we have
developed and demonstrated a method, Single-Acquisition
Raman Orientation Mapping (SAROM), for the study of crys-
talline samples. Our self-made Raman setup provides two orders
of magnitude faster Raman polarization measurements compared
with existing techniques and the ambiguity issue is overcome. The
SAROM system is capable of simultaneously illuminating the
sample with multiple laser beams at different orientations of the
laser polarization state and detecting Raman scattering beams at
multiple on-axis/off-axis scattering directions without using any
moving parts (Fig. 2a, Supplementary Fig. 7). As shown in
Table 1, chosen configuration with nine channels provides the-
oretically estimated accuracy of the orientation measurements by
SAROM of <1°.

SAROM consists of a Laser Beam Delivery System (LBDS),
which directs three laser beams with different orientations of
polarization state on the sample focal plane (Fig. 2a), and an
aberration-corrected Raman Beam Delivery System (RBDS)
(Supplementary Figs. 8-12) with Wollaston Analyzer Unit
(WAU), capable of splitting the Raman beam into on-axis and
off-axis scattering geometries collected with different analyzer
orientations (Fig. 2b-e, Supplementary Fig. 13). In a 2D mapping
configuration, the sample is illuminated with a single laser source.
Three laser beams with different orientations of polarization state
are spatially separated on the sample and on the spectroscopic

a _ f v e —
2D-SAROM Grati Focusing 2D-SAROM SD-SAROM
rating lens
: Spectroscopic
N~
3D-SAROM Edge [N ﬂ
fiter Collimating
lens
Laser
785 nm I;g?er Laser Laser
AT | "M 783 nm 785 nm
c 1T i I T
7 Lo 7
LBDS in T ) '1'
2D-SAROM ‘
g l -
----------------------- -
LBDS in
3D-SAROM
Int'ensity (a.u.) '
, 1.50
e
‘\
2D-SAROM 3D-SAROM Mapping stage

Fig. 2 SAROM system design. a Optical setup of SAROM in 2D and 3D mapping configurations designed in Zemax Optics Studio 17, b images of polarized
beams on the spectroscopic slit focal plan, € on-axis and off-axis Raman scattering beam path through Wollaston Analyzer Unit (WAU), d sample

illumination by laser beams and Raman signal collection geometry in on-axis (0°) and off-axis (45°) scattering pathways, e microscopy images of the laser
spots on the sample in 2D- and 3D-SAROM configurations, f images of resulting Raman signals from carbamazepine drug obtained on a spectroscopic

CCD in the 2D and 3D-SAROM configurations.
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CCD focal planes (Fig. 2b-e). In a 3D mapping configuration, the
sample is illuminated with three laser sources. Three laser beams
with different orientations of polarization state overlap on the
sample, however, they become separated on spectroscopic CCD
focal plane (Fig. 1f) due to slightly different excitation
wavelengths (see “Methods” section for details).

Artifact correction in polarized Raman measurements is a
challenge. In order to reach an assessable error in SAROM,
corrections are needed for: wavelength dependent intensity
attenuation®, Raman intensity scaling and normalization*’,
Linear Phase (LP) and Linear Amplitude (LA) anisotropy of
each optical element®®, and depth-dependent birefringence!3.
Since each channel has its own correction parameters, an
experimentally based calibration becomes practically impossible.
Therefore, we build a model, which predicts the values of the
listed parameters (Supplementary Note 5, Supplementary
Fig. 14).

Previously, the correction related to the Numerical Aperture
(NA) of the microscope objective in PRM, has been realized by
taking into account the full aperture of the microscope
objective!l. Here, we performed correction taking into account
the NA values for on-axis and off-axis Raman scattering
registration channels (see Supplementary Note 6, Supplementary
Fig. 15).

Application examples. In the following, we demonstrate the
method with a few examples. As an application in 2D, we present
work on a polycrystalline Si (poly-Si) solar cell. The SAROM
scanning procedure used for the poly-Si sample is shown in Sup-
plementary Movie 1. We generated an orientation map of the poly-
Si surface as shown in Fig. 3a by performing a least square fit to the
Euler angles based on data from all nine polarized channels (Sup-
plementary Note 7, Supplementary Figs. 16-18). In order to esti-
mate the quality of the analysis technique, we compared this result
with an orientation map of the same sample area using EBSD
(Fig. 3b). A map of the local orientation difference: the mis-
orientation angle (Fig. 3c) exhibited an average orientation differ-
ence of ~2.1° (Supplementary Figs. 19, 20). We argue that this error
is dominated by a geometrical distortion of grains in the EBSD data
(Supplementary Fig. 21). In order to minimize this effect we cor-
rected the EBDS map for distortions and removed grain boundaries.
Nevertheless, several artifact are still present on the map (Fig. 3c).
Other sources of discrepancies may be connected with orientation
dependent ambiguity of SAROM (Fig. 1, Supplementary Fig. 5) and
an orientation determination error of EBSD.

Similar to EBSD>®, SAROM can be used for the study of
extended defects like dislocations and grain boundaries, which
e.g., directly correlate with the efficiency of solar cells.

a

11

110

Raman microscopy is often used for chemical mapping of
pharmaceutical and biological materials®. It has been shown that
PRM can be used to visualize particles on the surface of tablet
formulations®’, however so far no quantitative information on the
orientation of single particles has been provided. Here, we
performed a content uniformity Raman measurement on a tablet
containing carbamazepine dihydrate (CBZD) and polyvinylpyr-
rolidone (PVP). Using MCR, these components were decom-
posed including the fluorescence background as shown in Fig. 4a
(Supplementary Fig. 22). Applying SAROM to the same area on
the surface of the tablet, we obtained an orientation map of CBZD
(monoclinic symmetry, Cyy, crystal class) (Fig. 4b, Supplementary
Note 8, Supplementary Figs. 23-27, Supplementary Movie 2).
These findings show the potential for SAROM to provide insight
on crystal face functionality in pharmaceutical research and
potentially in materials science>®.

Following the SAROM workflow (Supplementary Fig. 7a), we
extended the method to 3D mapping of a semitransparent
polycrystalline sapphire sample having grain sizes between 5 and
40 um (Supplementary Note 9, Supplementary Fig. 28). 3D plots
of the Raman spectra versus y for different polarization
configurations and correlations between theoretical and experi-
mental responses of the Eg(5) mode are shown in Supplementary
Figs. 29-31, and in Supplementary Movie 3.

Nine maps of the intensity of E4(5) Raman mode, correspond-
ing to the nine differently polarized Raman channels, are shown
in Supplementary Fig. 35. Applying Supplementary Eq. 12
adapted to the trigonal symmetry of sapphire D §,, we fitted
the Euler angles at each measured point to these data (see
Supplementary Note 10). The resulting 3D-SAROM volumetric
orientation map is shown in Fig. 5 and in Supplementary
Movie 4. 3D grain mapping is very important in ceramics
technology, as properties such as fracture strength is strongly
influenced by the statistical distribution of grain orientation and
the grain boundary topology°.

Discussion

SAROM has some limitations. The theoretically determined
orientation resolution varies with the orientation of the grain.
Typically, the theoretical variation is well below 1° (Supplemen-
tary Fig. 6). Instrumental implementation implies that the error
may increase up to 2°, which however still is sufficient for most
applications. SAROM cannot be used on materials with high
fluorescence background at the excitation wavelength of the laser
source. However, the polycrystalline sapphire sample presented
fluorescence at the grain boundaries, which we used as a perfect
mark for grain visualization and exploited for further segmenta-
tion (Supplementary Figs. 32-34).

111

100 110 M

Fig. 3 2D-SAROM results for Si. a 2D-SAROM and b EBSD orientation maps of the surface of a polycrystalline Si sample. The colors refer to the
orientations shown by the inverse pole figures (inserted). Both, SAROM and EBSD orientation maps have a step size of 13.51 um, a map dimension of 131 x
120 pixels or 1770 x 1620 um and an exposure time per step of 60 ms. ¢ misorientation map between SAROM and EBSD data.
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Fig. 4 2D-SAROM for a compacted tablet. a Chemical map obtained from the surface of a compacted tablet containing CBZD and PVP (2:1), b 2D-SAROM
map showing the random orientation of CBZD particles on the surface of the tablet. The colors refer to the orientations as defined by the inverse pole figure
(bottom right). SAROM was performed at a step size of 8 um, map dimension 134 x 134 pixels or 1072 x 1072 um, exposure time per step was 150 ms.
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Fig. 5 3D-SAROM on a polycrystalline sapphire sample. The colors refer
to orientations as shown by the inverse pole figure (inserted). The green
boundaries between grains were generated as part of the segmentation
procedure (Supplementary Figs. 32-34, Table S1). SAROM was performed
at a lateral step size of 0.7 um, axial step size of 1.7 um. Map dimension is
57 x 56 x 18 pixels or 40 x 39.2 x 30.6 um with an average exposure time
per step of 180 ms.

The 3D-SAROM analysis has several limitations. The depth of
scanning is limited by the material transparency and Raman
scattering cross-section®® of the sample at laser/Raman scattering
wavelengths: for the polycrystalline sapphire study the maximum
depth is ~0.1 mm at 785 nm laser wavelength. In-depth SAROM
mapping is also limited by off-axis laser refraction effects leading
to Raman signal attenuation and decreased axial resolution®0-63.
In order to minimize these effects we used oil immersion
microscope objective for 3D measurements of polycrystalline
sapphire (Supplementary Fig. 36). These limitations of in-depth
scanning can be partly overcome by increasing the spectra
acquisition time.

Further development of SAROM may include the use of visible
range lasers. In comparison with near infrared lasers, used in the
present study, visible lasers will increase the Raman cross-section
and the SAROM spatial resolution. However, the choice of
excitation sources should also take into consideration the trans-
parency of material at the excitation wavelength and possible

resonance Raman effects which may change the Raman tensor
coefficients leading to errors in orientation determination or
modifications in Raman tensor analysis®4.

In summary, SAROM is a nondestructive quantitative orien-
tation mapping method with a high diffraction-limited spatial
resolution, similar to that of confocal Raman microscopy (Sup-
plementary Fig. 37). It applies to all Raman active inorganic and
organic crystalline material. Due to the simultaneous measure-
ment of multiple polarized channels, we have demonstrated fast
scanning capabilities: 16 min for the 2D orientation maps of
polycrystalline Si (131 x 120 pixels), 46 min for the 2D orienta-
tion map of tablet formulation (134 x 134 pixels) and 176 min for
the 3D orientation map of polycrystalline sapphire (57 x 56 x 18
pixels). Furthermore, since it is a confocal method, it does not
require complex tomographic data reconstruction as in the case
of 3D X-ray orientation microscopy®®. The equipment has a
relatively low price compared with 3D-EBSD and high-resolution
3D X-ray microscopy®. SAROM is applicable to a broad range of
problems in 2D materials, polymers, drugs, and biomolecular
research. It is useful in mineralogy, geology, semiconductors
(solar cells, microelectronic substrates), ceramics (piezo-, mag-
neto-, and ferroelectrics), and superhard materials (abrasives,
drilling tools, superhard transparent windows). Moreover, the
functionality of SAROM can be extended by combination with
e.g., confocal Raman microscopy, hyperspectral imaging, or
polarized light microscopy. Further development of SAROM can
be expanded into instantaneous polarized Raman mapping
similar to wide-field Raman microscopy®7:68,

The developed method is therefore likely to become a simple,
economically accessible, and broadly used characterization tool
for 2D/3D crystallographic mapping. Moreover, it expands the
range of materials that can be analyzed and could bring new
insight into our understanding of the structure of matter.

Methods
Materials. Silicon wafers with surface planes (100), (110), (111) were provided by
National Center of Micro- and Nanofabrication in Denmark.

Polycrystalline Si solar cell was provided by the factory Pillar (Kyiv, Ukraine).

Anhydrous carbamazepine was obtained from Sigma-Aldrich (CAS No.298-46-4).
Povidone (polyvinylpyrrolidone, PVP, K60) was obtained from Sigma-Aldrich
(CAS No. 9003-39-8).

Sapphire monocrystalline plates at a-, c-, m-, and r-planes were purchased from
Crystran Ltd.

Polycrystalline sapphire sample with dimensions 10 x 5 x 5 mm and average
grain size of 20 um was purchased from CoorsTek GmbH.

EBSD analysis of poly-Si. The surface of the polycrystalline Si was mechanically
polished prior to EBSD investigation. Silica microparticles having dimensions of 6,
3, and 1 um were sprayed on a rotating diamond grinding disc for the polishing.
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Starting with the larger microparticle size, the sample was alternately polished and
visually inspected using an optical microscope. The inspection was necessary to
verify that the surface was without scratches along a particular direction, index of
an inhomogeneous polishing. The same polishing procedure was repeated using
each microparticle size.

The polished sample was mounted on an EBSD holder with a 54° tilt respect to
the electron beam perpendicular. The holder was installed on a FEI Nova 600
NanoSEM stage and the sample was tilted 16°, to reach a total tilt of 70° respect to
the electron beam perpendicular. The microscope was equipped with a Bruker
QUANTAX EBSD detector and operated at an accelerating voltage of 15kV, a
beam current of 10 nA, a 40 um aperture and at a working distance of 12 mm. The
detector was positioned in such a way that the smallest distance between the
electron-beam focusing point at the specimen surface and the camera was 16.5 mm.
All measurements were performed in high vacuum mode. EBSD orientation map
was collected with a pattern resolution of 320 x 240 pixels, exposure time of 155
ms, and step size of 25 pm, total measurement time 3.3 h. The raw data were
processed using MTEX toolbox in Matlab.

Recrystallization of carbamazepine dihydrate, tablet preparation, and solid-
state analysis. Anhydrous carbamazepine was dissolved (25 mg/mL) in a vial
filled with a water-ethanol solvent composition (3:1) at 60 °C. The vial was then
removed from the hot plate and allowed to cool down to room temperature. After
around 4 days, needle and plate shaped particles of CBZD formed via slow eva-
poration crystallization and were harvested by filtration.

CBZD was identified using a PANalytical Xpert PRO X-Ray Diffractometer
(PANanalytical B.V., Almelo, Netherlands) with a nickel filtered CuKa (A = 1.5418
A) source that was generated at a tube voltage of 45kV and current of 40 mA. A
PIXcel detector with a 6/60 goniometer was used. The measurements were
performed at a reflection mode between 5° and 35° at a step size of 0.0263° 26 and a
scan speed of 0.06734° 26. The X’Pert Data Collector software provided by
PANalytical, Almelo, Netherlands was used in order to analyze the diffractograms.
For reproducibility purposes, triplicate measurements were performed.

In order to visualize the molecular structure (SF2), intermolecular interactions,
and different faces (SF3) of CBZD, Mercury CSD 3.10.3 (Build 205818) was used.
Mercury was provided by the Cambridge Crystallographic Data Centre, UK.

A tablet press (Gamlen Tableting Ltd, UK) with a 6 mm diameter cylindrical
flat-faced compacts was used in order to prepare the tablets. This tablet press was
equipped with a 500 kg load cell 8CT6-500-022). 200 mg (+10 mg) of CBZD and
100 mg (+10 mg) were compacted at a compression speed of 60 mm/min. The
tableting die was lubricated with magnesium stearate suspension prepared in
acetone. Tablets were prepared in triplicate.

X-ray powder diffraction (XRPD) was used in order to confirm carbamazepine
(CBZ) to be carbamazepine dihydrate (CBZD). In order to achieve this, the
experimentally obtained XRPD diffractogram of CBZD was compared with the
calculated diffractogram (CBZD, FEFNOTO02, monoclinic, P21/c)®® from the
Cambridge Structural Database (CSD).

Working principle of SAROM. In order to obtain high-quality 2D/3D Raman
orientation maps, we developed and experimentally verified all required data
acquisition and data analysis steps. The overview of SAROM workflow is shown in
Supplementary Fig. 7. It consists of six different steps: (i) the development and
construction of the Raman setup, which is capable to acquire simultaneously nine
polarized Raman spectra from each scanning point on the sample; (ii) the devel-
opment of preprocessing and artifacts correction algorithms applied to the
polarized Raman spectra; (iii) the development and verification of the Raman
tensor model; (iv) single acquisition Raman orientation mapping at multiple
polarization channels; (v) fitting of Euler angles at each mapping point and (vi) the
color code-based representation of the orientation map.

Simultaneous measurement of polarized Raman spectra. One of the most
critical steps which needed to be solved in SAROM is achievement of high speed of
polarization measurements. For this purpose, we designed and constructed a
Raman setup without moving parts, capable to illuminate the sample with multiple
laser beams at different laser polarizations and simultaneously detect Raman
scattering beams at multiple analyzer orientations (Supplementary Fig. 8). The
working principle of the simultaneous measurement with nine polarized Raman
channels is schematically shown in Supplementary Fig. 7b. Before starting the
optical design having such complicated structure, we performed test measurements
in a ‘traditional’ polarized Raman microscope layout*! in order to find the mini-
mum number of polarization measurements required for obtaining valid crystal
orientations (Table 1). The ‘traditional’ optical setup can acquire one polarized
Raman spectrum per measurement’. Therefore, it requires a set of sequential
measurements with different combinations of incident laser polarization angle y;
and analyzer angle y,. In order to get more flexibility in the definition of incident
laser/analyzer orientation we slightly modified the common used Porto notations>*
for the back scattering on-axis and off-axis measurement configuration to the
following form: z(yy, v;)z.

We performed test simulations and data fitting on the surface of
monocrystalline Si wafers with surface planes (100), (110), and (111), respectively.

It was determined that at least three differently polarized laser orientations and
three analyzer orientations are required, with mandatory presence of off-axis
channels. In total, we got nine combinations of polarization measurements which
can be defined as z(y' vz, z(v! vz, z(ylyoT 25z, 2(y? v1)z, 2(y? v2)Z,
2(yyoT)z, 2(v? vz, 2(y ¥z, 2(yiwT%)Z. The angles y;, y; generally
can have different values, however in the case of Si analysis with O}, symmetry we
used the following angles: v} = 0°, ¢? = 45°, y? = 90°, y! = 0°, y? = 90°,
@05 = 90°. We chose these values as a result of optimization (see
Supplementary Note 4, Table 1). Simultaneously obtained experimental data in
SAROM setup are shown in Supplementary Figs. 2-4. In general, our system can
work at any y;, ¥, which can be beneficial for a specific crystal symmetry. If
required, SAROM is capable to work with more than nine simultaneously acquired
polarized channels. The actual number of channels is limited only by the optical
design of the system and spectroscopic sensor dimensions.

Laser beam delivery system (LBDS). The technical realization of the three dif-
ferently polarized laser spots on the sample focal plane can be performed with two
different laser beam delivery optical layouts: 2D- and 3D-SAROM configurations.
LBDS in 3D-SAROM consists of three thermally stabilized diode lasers L;, L,, L3
operated at slightly different wavelengths 781 nm, 783.5 nm and 784.8 nm,
respectively. Wavelength of each laser can be finely adjusted by the change of diode
temperature in order to get the best spectral distance between vibrational modes.
The laser beams have polarization angles y; = 0°, y? = 45°, y? = 90° with respect
to the x axis in laboratory coordinate system (x, y, z) (Supplementary Fig. 8). The
beams are collimated and centered in the optical layout and then focused at the
same spatial point on the sample focal plane. Raman scattering responses from the
three differently polarized laser beams are then divided on the spectroscopic CCD
focal plane due to the spectral difference in the laser frequency, which is around 20
cm~! (Fig. 2f). 3D-SAROM is beneficial for 3D mapping and for materials with low
number of phonon modes, where Raman peaks overlap does not lead to significant
data analysis problems.

In 2D-SAROM, three differently polarized laser channels were formed via
splitting of the beam from one laser source with a wavelength of 785 nm. Three
laser beams then focused at different coordinates on the sample focal plane
(Supplementary Fig. 8). Similar concept was demonstrated in polarization-resolved
Raman measurements in liquids”?.

Comparing with 3D-SAROM, spectral profiles in 2D-SAROM are not
overlapped at spectroscopic CCD. Therefore, 2D-SAROM is beneficial for 2D
mapping with complex Raman spectra, where peaks overlapping can lead to
uncertainties in vibration mode responses.

On the other hand, 2D-SAROM needs separate rows on the spectroscopic CCD
for the registration of Raman signals from differently polarized laser beams. In the
case of 3D orientation measurements in 2D-SAROM configuration, the diffraction
limited laser points become blurred and overlapped, due to reflection index-caused
aberrations when the laser is focused in the depth of the material*®. Therefore, for
the 3D orientation mapping of polycrystalline sapphire we decided to use 3D-
SAROM configuration. In such a way, the responses from differently polarized
laser spots become non-overlapped on spectroscopic CCD.

Raman beam delivery system (RBDS). Another big challenge in SAROM setup is
connected with the design of the Raman beam delivery optical path, including
Wollaston Analyzer Unit (WAU), which provides simultaneous measurements at
three different analyzer orientations: 0° and 90° in on-axis registration and 90° in
off-axis registration.

The key module of RBDS is the WAU. It consists of quartz Wollaston prism,
analyzer, and mask (Supplementary Fig. 13). Wollaston prism splits on-axis Raman
scattering into two analyzer configurations 0° and 90°, off-axis Raman beam pass
through the analyzer. Mask works as a spatial filter for improved separation
between on-axis and off-axis channels.

After the WAU, Raman beams are coupled by slit focusing lens with a self-
designed and patent pending imaging spectrograph (application number PCT/
DK2019/050027) (Supplementary Fig. 9). It is a lens-based spectrograph with a
transmission fused silica grating. This grating provides almost polarization-
independent spectral efficiency at the level of 96%, which leads to the minimized
artifacts in polarized Raman measurements and high sensitivity of the
spectrograph3. Unique feature of the spectrograph design consists in combination
of low NA collimation lens with high NA focusing lens. These lenses provide
magnification equal to 0.2x, which leads to the compression of the Raman beam
energy down to the size when an entire Raman spectrum covers only one row on
the spectroscopic CCD (Supplementary Fig. 36). The spectrograph focusing lens is
a self-designed achromatic double-gauss type lens, which consists of six spherical
elements (Supplementary Fig. 10). It has a diffraction limited spot size through the
entire focal plane, equal to the size of the spectroscopic CCD (30 mm), which
provides excellent imaging conditions required for the multichannel SAROM
setup. The overall photograph of the SAROM setup is shown in Supplementary
Fig. 11.

Linear phase and linear amplitude effects in SAROM setup. The most critical
problem in optical path is related to the polarization artifacts compensation for

| (2019)10:5555 | https://doi.org/10.1038/s41467-019-13504-8 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

each polarization channel. For this purpose, we performed numerical polarization
analysis using Zemax Optics Studio and obtained estimation about LP and LA
anisotropy parameters for propagation through each optical element (Supple-
mentary Fig. 14). In order to minimize LP effects produced by the dielectric
mirrors and dichroic beamsplitters during beam propagation from the laser source
to the detector and from the sample focal plane to the WAU, we optimized the
geometry of beam propagation as shown in Supplementary Fig. 14. In this layout,
the phase shift between the S and P components of the Raman scattering vector e,
produced on the first reflective surface was compensated by the next reflective
surface and finally delivered to the sample with minimized artifacts.

LA effects are mostly produced by the dichroic mirrors DM1, DM2 and which
leads to the rotation of e, in the range of 0—2.2°, depending on the original e,
orientation. This deviation was compensated by corresponding choice of
polarizations during least square fitting of Euler angles.

Custom microscope objective. In order to provide efficient simultaneous off-axis
and on-axis Raman scattering signal registration we designed and constructed
custom Raman microscope objective (Supplementary Fig. 12). Zoomed area in
Supplementary Fig. 12A illustrates the difference between collecting cones of light
scattered in the Silicon sample at on-axis and off-axis geometries. Immersion-type
objective allows performing off-axis measurements at 45° with regard to the surface
normal. However, due to high reflective index of Si, real collected scattering angle
from depth of the sample was around 15°. We confirmed resulting internal angle by
the fit of off-axis experimental data on Si wafer with plane (111) (see Supple-
mentary Fig. 4E).

Optical path and components description in SAROM. Here we provide a
detailed description of the Raman system, where all components are listed at its
appearance in the optical path from the source to the detector. The names of the
component correspond to those in Supplementary Fig. 8.

As an excitation sources a single mode diode lasers from Thorlabs LD785-
SE400 (785 nm, 400 mW) were used.

The laser clean-up filters Lfl-Lf4 (Semrock, cat. no. LD01-785/10-12.5) are
placed on the beam path after the laser output in order to block unwanted emission
background from the laser pumping, reducing its intensity of about six orders of
magnitude.

In 2D-SAROM setup, the collimated beam from laser was expanded in beam
expander (two NIR coated spherical lenses, f1 =20 mm (Edmund Optics, cat. no.
45-792) and f2 = 100 mm (Edmund Optics, cat. no. 45-806)) up to the diameter of
10 mm. Expanded beam was divided into three beams by a set of beamsplitters
BS1-BS3 and polarized BS1 (Edmund Optics, cat. no. 49-005, Edmund Optics, cat.
no. 49-870).

In 3D-SAROM setup, we used three diode lasers stabilized at different
temperatures in order to control laser wavelength. Each laser beam propagates
through separate beam expanders (lenses f1, f2). Final beam diameter for three
laser beams was 10 mm. All beams combined by polarized beamsplitter BS2
(Edmund Optics, cat. no. 49-870) and non-polarized beamsplitter BS4 (Edmund
Optics, cat. no. 49-005).

The collimated beams from LBDS in 2D and 3D configurations reflect from
mirrors M1-M6 (Thorlabs, cat. no. BB1-E03) and pass through a motorized power
attenuation filter wheel (Standa, cat. no. 10MWA168) with seven optical density
(OD) filters inside.

SAROM can be commutated to the 2D-SAROM or 3D-SAROM geometries by
switching of the motorized flipper mirror MEM (Newport Corp., cat. no. 8893-K-
M, mirror from Edmund Optics, cat. no. 63-145).

Then the laser beams reflect from dichroic mirror DM1 (Semrock, cat. no.
Di02-R785-25x36) and passes through the dichroic mirror DM2 responsible for
the coupling with a visible microscope. Finally, laser beams are delivered to the
custom made microscope objective (NA = 1.2, focal length 4.1 mm, Supplementary
Fig. 12).

The microscope is equipped with a white light LED illumination unit (Thorlabs,
cat. no. MNWHL4) and imaging CCD (ToupTek, cat. no. E3CMOS02300KPB).
White light from the LED collimates and passes through the edge filter (Semrock,
cat. no. FF01-650/SP-25), in order to block the NIR part of the LED emission
spectrum. In such a way a visible real-time image can be monitored during the
registration of Raman spectra (see Supplementary Movie 1). After that, a white-
light beam is reflected by 2-in. mirror M7 (Thorlabs, cat. no. BB2-E03) and focused
at the back focus of the microscope objective using a focusing lens f7 (Edmund
Optics, cat. no. 47-317). Commutation between illumination and light reflection
from the sample is organized via beamsplitter BS5 (Thorlabs, cat. no. BSW10R).
The sample illumination unit of the microscope is combined with Raman channel
via short-pass dichroic beamsplitter DM2 with cut-off wavelength 749 nm
(Semrock, cat. no. FF749-SDi01-25 x 36 x 3.0).

The collected Raman beam passes through microscope objective and DMI,
DM2 to the slit lens f3 (Edmund Optics, cat. no. 47-271). Lens f3 is a NIR
achromatic doublet pair which focuses Raman beam on the motorized
spectrograph slit (Newport, cat. no. 77738).

Spectrograph consists of NIR achromatic doublet pair lenses f4 (Thorlabs, cat.
no. AC508-750-B), custom designed Double-Gauss focusing lens f5, transmission
fused silica polarization independent grating (Light Smith) and edge filter Ef2

(Semrock, cat. no. BLP01-785R-50). Raman spectra collected on the air cooled
CCD (Andor, iDus 416).

Aberration corrected design of the spectrograph and double-gauss lens design
are shown in Supplementary Figs. 9 and 10. Spectrograph design is covered by
the patent of Technical University of Denmark (application number PCT/
DK2019/050027). Unique protected feature of the spectrograph design
consists in combination of low NA collimation lens with high NA focusing lens.
Focusing lens is a double-gauss type lens which consists of six spherical
elements. It is corrected on coma, astigmatism and spherical aberration in the
entire focal plane equal to the size of CCD (30 mm). The quality of objective can
be verified by MTF curves (Supplementary Fig. 10E, F). Point spread function
adjusted to the size of CCD pixel (Supplementary Fig. 10C). Spectrograph stray
light parameters were optimized using nonsequential analysis mode in Zemax
Optics Studio 17. It was experimentally verified that stray light level at
wavenumber shift of 30 cm~! from laser line was at the level of 2.1 x 10~% which
is very good result taking into account relatively small spectrograph dimensions
and focal lengths. Spectrograph inside view is shown in Supplementary Fig. 9B.

SAROM measurement conditions. In the case of SAROM microscopy of mono-
and polycrystalline Si laser power on the sample in each polarized channel was 50
mW, laser spot size was 3 um, exposure time per mapping point was 0.05s, CCD
readout mode was multitrack.

In the case of SAROM microscopy of CBZD drug laser power on the sample in
each polarized channel was 10 mW, laser spot size was 3 pm, exposure time per
mapping point was 0.15s, CCD readout mode was multitrack.

In the case of SAROM microscopy of mono- and polycrystalline sapphire laser
power on the sample in each polarized channel was 100 mW, laser spot size was
0.8 um, exposure time per mapping point was varied from 50 ms to 2's
(exponentially scaled depending on the mapping depth), CCD readout mode was
multitrack.

Data availability

The source data for Figs. 3-5 are provided with the paper. The data that support the
other findings of this study are available from the corresponding author upon reasonable
request.
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Supplementary Note 1: Raman tensor analysis

Raman scattering in crystalline media is described by second-rank symmetric tensor R L. Intensity
of Raman scattered light is dependent on polarization of incident and scattered photons, and also
on orientation of a crystal in space. It means that sample crystallographic orientations can be
determined by the investigation of Raman scattering anisotropy. In turn, anisotropic parameters
can be determined by the measuring of Raman intensity passed through the analyzer in the Raman
scattering beam.

Raman scattering intensity | of the phonon mode in the case of back scattering Raman setup is
given by the following equation?:

I~ |eiT§R e’ 2, (1)
CoSy, Cosy/
e, =|siny, |, e,=Me,=M|siny, |. (2)
0 0

where €, and e, are the unit vectors of the polarization of the electric field for incident and
scattered irradiation, respectively. In order to describe Raman intensities in off-axis registration
geometry, vector e is multiplied by rotation matrix M which result in €, (in the case of on-axis
registration e, =e_.) Matrix M depends on off-axis tilt angle B defining rotation of scattered
light collection optics around laboratory x axis

1 0 0
M={0 cosfg -sinpg|. (2a)
0 sing cosp

Elements of Raman scattering tensor are usually defined in crystal coordinate system, and should
be transformed with the change of reference coordinate system. In order to move from crystal
related coordinate system (X,Y,Z) to the laboratory coordinate system (X, y,z) we need to apply

a rotation matrix ®(0,¢,y) :
R, (X, Y,2) =@(0,4.9)R,(X,Y, )07 (0,4,p). 3)

Here ®'(0,4,v) is an inverse matrix; (6,4,w) are the Euler angles, j is an index of phonon

mode under consideration. Euler angles vary in the following ranges:
0<0<7,0<¢<27, 05y <.

For Euler angles defined as in reference? rotation matrix has the form:
cos@ cos¢@ cosy —singsiny  —sin¢g cosy —cosf cos@siny  sSin O cos ¢
D(0,4,¥)=| cos@singcosy +cosgsiny  COS¢CoSy —cosgsingsiny  sin@sing | (4)
—sin6@ cosy sin@siny cos6
Owing to orthogonality of rotation matrix @ its inverse can be found by simple transposition:



cos@ cos¢cosy —singsiny  cosOSIN@CoSy +Cos¢sSiny  —sinf cosy
@' (0,¢,)=| —sinBcosy —cosOcos@siny  cospcosy —cosdsingsiny  sin@siny
sin@cos¢ sin@sing cos6

(5)

Finally, Raman intensity in Supplementary Equation 1 can be written as:

2
(.0 5p) ~ ) 70760 H XV, D00, 6.0e| . ©

where summation occurs over the all degenerate phonon modes j and order of matrix
multiplication is reversed.

Supplementary Note 2: Si Raman tensor model development

In order to develop a Raman orientation mapping model for Si analysis we need to apply
Supplementary Equation 3 to the Si case. Silicon belongs to On crystal class, and its sole Raman
active phonon mode is Fzg. Since it is triply degenerated, Raman intensity is determined by
summation over three modes represented by the Raman tensors’

00 0 00 d 0d 0
®,=[0 0 d|, ®,=/0 0 0|, ®,=/d 0 O] (19)
0d 0 d 0 0 000

Here d is a material constant. Tensor R, corresponding for the longitude crystal mode LO, tensors
R, R, corresponding for the transversal crystal modes, TO1 and TOZ2, respectively.

l10,(0,0,w;w,,p.) =sin*O(2cos O sin ¢ cos(y +,) cos(y +w,) +Cosdsin(Qy +y, +y.))?
l10,(0,8,w5w,,w,) =sin>O(singsin(2y +y, +y,) —2¢0s6 cospcos(y +w,)cos(y +y,))? (20)
Lo (60,6,w;v,,y7,) = (cos® Osin(2¢) cos(y +;) cos(y +v,)

+c0s0sin(2¢)sin(2y +y, +y,) —sin(2¢) sin(y +y,)sin(y +vy,))*

Supplementary Note 3: Orientation determination error

In order to get a quantitative answer with regard to the orientation determination error, we
simulated a testing dataset of Raman intensity variation versus v . The dataset consists of intensity

values calculated for three classes corresponding to silicon wafer cuts (100), (110) and (111). Each
orientation class has 1440 positions of wafer rotation angle v in the interval 0°-360° taken with
step 0.25°.

The orientation determination results were obtained by fitting of Euler angles to simulated data
and were represented in a crystallographic color code using MTEX toolbox for Matlab®®, see
Supplementary Figure 5. The color corresponds to orientation of the wafer normal direction (ND)
relative to crystallographic axes of silicon. Misorientation angle, which corresponds to



undetermined rotation of the sample, is depicted in Supplementary Figure 5 as vertical bars on the
right side of each subplot.

Orientation fitting was done using varying number of polarized channels from 2 to 12 channels,
see subplots in Supplementary Figure 5. Analysis of simulation results reveals, that basic
orientation determination become possible for four or more channels. However, for some specific
orientations, intensity data remains ambiguous and rotation angle w is not recovered. This is

clearly seen for (111) wafer in misorientation plots in Supplementary Figure 5, where
misorientation angle varies from zero to maximal possible for cubic symmetry angle 62.8°.
Nevertheless, even for such ambiguous data, some orientation data is still recovered, and it is
possible to clearly distinguish wafers (100), (110), (111) even for four measurement channels.
According to simulation, the ambiguity can be successfully resolved when off-axis channels are
added to the measurement setup. Still, adding only two off-axis channel is not enough to resolve
ambiguity completely. Full resolution become possible when adding three off-axis channels to six
on-axis channels, resulting in total nine measurement channels. Combination of polarizations used
in this simulation for different number of channels is in correspondence to Fig. 1c. Further addition
to number of channels up to 12 does not noticeably increase accuracy of fit, so we decided to use
nine channels in our experimental setup as reasonable minimum ensuring unambiguous
measurements.

Supplementary Note 4: Analysis of ambiguities in Raman orientation
mapping

Simulation performed in Section 4 revealed that some orientations, like those appearing in surface
plane (111) of silicon, prone to introduce ambiguity in measurement data. Although simulation
helped to define minimal number of polarization channels required to determine orientation, it still
has limited scope, because only (100), (110) and (111) cases were considered. To confirm
possibility of orientation determination in general case additional analysis was performed.
Ambiguity analysis was done by exhaustive search of indistinguishable solutions over range of all
possible Euler angles. Each Euler angle was incremented in 0.5° step and calculated Raman
intensities for corresponding orientation were stored in a list. At next step, for each orientation
defined by three Euler angles, other orientations having nearest Raman intensities were searched
in the list using Euclidian norm as a distance function. Only matches with resulting distance less
than predefined threshold 5% of maximal level were selected. Number of matching orientations
was recorded as metric of ambiguity. For absolutely unambiguous case, recorded metric should
equal to one for all tested orientations. However, such ideal case is never realized it practice,
because presence of symmetry elements in tested crystal class make some orientations inherently
indistinguishable. Thus in present analysis we are mainly interested in minimal realizable
ambiguity metric.

Ambiguity analysis of many polarization combinations containing only on-axis channels quickly
revealed, that all of them have ambiguity metric not less than 2. That directly indicates, that each
tested orientation have at least one competitive orientation with indistinguishable Raman
intensities, but different Euler angles. Quick check showed that this competitive orientation have
Euler angle v which differs to 180° from true orientation.



Applying off-axis measurement scheme, that means rotating scattered light collecting channels
away from direction of irradiation channels, removed v +180° ambiguity. Most of the orientation

space in this case have ambiguity metric equal to one, except zones associated with symmetry
elements, and some new zones, which appeared due to specific selection of off-axis angle and
polarization directions. Using combined scheme, where both on-axis and off-axis channels are
present, allowed to minimize volume of orientation space where ambiguity persist.

To verify ambiguity analysis further, test fit was performed. Synthetic 2D map containing grains
with different crystal orientations was prepared, and corresponding Raman intensities were
calculated. Using simulated intensity data, orientation fit was carried out with different
combination of polarization channels (see Table 1). For each channel combination geometric area
were fit was erroneous was determined, and presented as percentage of total map area (column
“Orientation error” of Table 1). Maximal misorientation angle registered in successfully fitted
zones is recorded in column “Misorientation” of the table. The same quantities versus total number
of channels are plotted in Supplementary Figure 6.

For number of channels less or equal than 5 orientation of larger part of the map fitted incorrectly.
For number of channels from 6 to 8 part of successfully fitted data point approach 50%, that means
fit is successful in half of the cases. It is explained by v +180° ambiguity and is the result of mere

luck — fitting algorithm correctly guessed orientation only in half of points. Misorientation is still
62.8° (maximal possible in cubic symmetry), because we can not be sure which orientation v or

w +180° is actually correct. For number of channels greater or equal to 9, which must include off-
axis channel, part of incorrectly fitted points is around 1% or less, with minimal misorientation.

Supplementary Note 5: Intensity corrections in SAROM channels

Experimental realization of off-axis scheme (Supplementary Figure 11a) revealed, that obtained
measurements are highly sensitive to variations of the sample surface profile when large off-axis
angles are used. Defocusing caused by varying surface height results in change of intensity of
scattered light. These changes of channels intensities should be compensated before orientation
fitting. One possible solution is to use level of fluorescence background for Raman intensity
normalization, as being insensitive to crystal orientation.

Another solution, which proved to be also effective, is to rely on relative intensity between
channels but not on absolute intensity. To make this possible, fitting procedure should be modified
to use normalized values instead of absolute ones. We implemented such normalization as division
of intensity in each off-axis channel by Euclidian norm of vector composed of all off-axis
intensities. It is done in assumption that all off-axis polarization channels experience the same or
similar variation of intensity due to changes in the sample surface profile. The same normalization
can also be applied to on-axis channels if they experience uncompensated intensity variation. Our
experiments show, that such procedure generally is not required for on-axis channels, but for off-
axis channels it allows to efficiently compensate even large intensity variations and obtain reliable
orientation fit. Normalization applied to channels which are already well calibrated results in
slightly decreased accuracy of the fit, because it actually reduce the effective number of
independent channels in group of channels. For the best results, number of channels which are
normalized in one group should be at least three or more. Proposed normalization can be applied
on different groups of channels independently based on actual quality of registered data.



Supplementary Note 6: Artifacts correction

Geometries and optical coatings in SAROM setup were optimized for the minimum effect of LA
and LP anisotropy using Zemax Optics Studio (Supplementary Figure 14). In order to determine
the Jones matrix coefficients, we performed numerical polarization analysis and obtained values
of phase shift and attenuation between S and P components of the EM field in LBDS and RBDS.
LA and LP anisotropy compensation. During signal propagation through the reflective and
transmitting optical elements LA and LP anisotropy usually take place®. These effects can be
described by the usage of Jones matrix formalism*, where each optical element is represented by
matrix J with dimensions 3x 3.

When the signal is propagating through the multiple optical elements of LBDS described by

matrices J,,J,,...,J, effective matrix can be expressed as:

J;=J,L J,J,. (7)
During the propagation through the RBDS the matrix will be expressed as:
Ji=JuLl J3J;, (8)

where J;,J5,...,J}, describe elements in the path of scattered light with required coordinate

transformations applied to represent on-axis or off-axis channel.
Therefore, Raman intensity in Supplementary Equation 1 can be re-written as:

2
I~ ) [eTI07(6,6, R, (X. Y, 2)PO, b, 9 ei] ©
j)

In the case of LBDS, orthogonal laser beams propagate with angle of polarization state: y; = 0°,
w’ =45°, y>=90°. LP anisotropy do not appear at y' =0° and y’=90°° and present laser
intensity attenuation can be experimentally measured and corrected. However, J;, will acquire
more complex view at w” = 45° where LP and LA anisotropy must be taken into account.

Objective NA compensation. Before, we assumed that the laser beam has normal incidence to
the sample surface (Supplementary Figure 12). However, we use apertures for on-axis and off-
axis Raman scattering collection that have certain NA value. This effect becomes especially
critical for high NA objectives® relevant for confocal 3D-SAROM measurements. Taking into
consideration this angular distribution Raman intensity can be described in the following way:

Ip ~ E f e T JTDT (6, 6, )R, (X, Y, )P0, b, W) e;| dd 2, (10)
g
LV,
J



where Q,,Q. - solid angles of incident and scattering irradiation, respectively. Integration is
done within the range of cones formed by optical setup for incident and scattered path.

Raman microscopy require high-power illumination to obtain suitable signal-to-noise ratio, thus
the sample is irradiated with coherent laser source. Most of Raman response comes from focus

spot, where laser beam have parallel or near-to-parallel wave fronts, which means that actual
polarization of irradiating wave does not change much over the registration volume. Thus we can

safely drop integration over €; in Supplementary Equation 10 assuming we have irradiation
conditions similar to plane-wave case.

Effect of registration of scattered light coming from different angles due to integration over a
collecting aperture can be estimated analytically. For uniform intensity response of the collecting
lenses, registered intensity is proportional to an integral

27T
Os
0
Y0
]

where Oy is half-angle of collection aperture. It is convenient to calculate this integral in local

spherical coordinate system (Supplementary Figure 15), where z axis is oriented along optical axis
of collection lens and polarization e lays in the XOZ plane.

Scattered polarization €5 is perpendicular to wave vector K and explicitly depends on
integration angles 6 and ¢ . Components of vector e can be found via rotation matrices
cosp —sing 0)( cos® 0 sin@ ) cosp sing 0)(1
e, =|singp cosep O 0 1 0 | -sing cose 0| 0] (12)
0 0 1){ —sin@ 0 cosé 0 0 1){0

Raman tensor R’ rotated to local coordinate system and incident polarization vector €/ remain
constant during integration. Result of their tensor multiplication we define as a vector

Py
Py =| Py |=Re: (13)
P,
To make comparison easier we normalize aperture-integrated intensity on solid angle
27 05
Q = j Isin9d9d<p:27z(1—coses) (14)
00

Normalized intensity integral (S11) transforms to

21 0
Ig ~ ———— S|e'T | sin6 do d (15)
S 2m(1—cosfs) 0 Sp] ¢
. Y0
J



This integral can be computed analytically. For specific angle 6, total intensity is

]

I ~ 2(4%(33+12c0595 +3¢0826,) p; +
1 2
E(3—4c059S +C0s26,) p;, + (16)

4—18(12—8coseS —4c0s26,) pfj

For small 6, most intensity comes from term p? , which is in accordance to used selection of
local coordinate system. For increasing 6, coefficient near p’ decreases, and contribution from
p? correspondingly increases. Effect of p§ is much smaller and can be neglected even for as
large 6, angles as 30°.

For transparent samples collection angle value should be corrected for refractive index of a
material when signal collection is done from internal sample volume. All samples in this work
were collected at aperture with half-angle of 24°. Silicon has quite large index of refraction n=3.8
at 785 nm, so internal collection angle decrease significantly comparing to external collection

angle and is limited to 65 =6°. Corresponding contributions from different components of vector
p; are
Is ~ Zj(0.9971p,% + 1.37 X 10‘6p32, + 0.0029p22) @an

Resulting intensity change due to component intermixing will be smaller than 0.3%, so this effect
can be safely ignored in Silicon samples. For CBZD and poly-sapphire samples intensity change
caused by component intermixing will be around 1.5% due to lower refractive index. For larger
collection apertures or samples with lower refractive index collection aperture effect can be fully
taken into account by introduction of three multiplicative correction factors applied to the squares

of p; vector components according to Supplementary Figure 15.

Sample birefringence. Sample birefringence can also leads to the artifacts in the Raman spectra®.
Depth dependent birefringence correction becomes especially important for 3D-SAROM
measurements. Therefore Supplementary Equation 6 will take form:

2
Io ~ f [ letrem@.0.0X3,0.7. 20X 00,0, 0)1e dd 0, (19)
s
.Yy
]

where X, ; are the birefringence correction matrixes.

Background correction and denoising. Before applying artifact correction procedures described
above all Raman spectra in nine polarized channels were background corrected and Savitzky—
Golay noise reduction algorithm was applied.



Supplementary Note 7: Poly-Si mapping

The surface of poly- Si is shown on the visible image of Supplementary Figure 16a. We performed
mechanical polishing of the sample, in order to reach a surface flatness comparable with that of
single-crystal Si wafers. This was a methodologically important step, which helped us to obtain a
Raman intensity and reflectivity comparable to those of the single crystal Si. We used a
fluorescence intensity map of the surface of the polycrystalline Si plotted at the maximum of Si
fluorescence band for Raman intensity calibration (Supplementary Figure 16b). To compensate
intensity variations during scanning the sample, we applied intensity normalization procedure
described in Section S6 for off-axis group of channels. On-axis channels were initially calibrated
using single-crystal samples and weren’t re-normalized during processing of Poly-Si data. The
polarized Raman maps collected simultaneously from the nine channels are presented in
Supplementary Figure 17. The polycrystalline structure of the Si sample can’t be seen on the
visible microscopy image (Supplementary Figure 16a) due to the polishing, however it can be
clearly recognized in the polarized Raman maps (Supplementary Figure 17). Giving a closer look
at the data, it is possible to reveal that each single crystal in the polycrystalline sample has different
Raman intensity for each polarized channel. The crystals which are not discernible in one polarized
channel can be clearly separated in another one.

Due to the high throughput of the SAROM system from the sample to the detector (9.8% of energy
for each polarized channel, 88% in all nine channels) and a spectral binning up to 16cm™, we
obtained a high signal-to-noise ratio (SNR) of 1500:1 for each channel in the acquired maps, which
is comparable to the SNR ratio of the single-crystal Si (Supplementary Figure 2-4).

Supplementary Note 8: CBZD Raman tensor model development

Monocrystalline CBZD has point group symmetry C,, %, Therefore, it has two Raman active
modes A, and B, ! with the following Raman tensors:

a 0 d

0
R, ={0 b 0, R; =|e
0

e O
Ay . o f|. (21)
f 0

a, b, c, d, e, f — material parameters.
According to Supplementary Equation 3 intensity of Raman modes can be expressed as:



I A ©6,¢,w,a,b,c,d,y,,y,) = % (cos?(0) cos(y + i) cos(y +s)((a—b)cos(2¢) +a+b) —
2d sin(20) cos(¢) cos(y +y;) cos(y +v) +2bsin®(y) cos(y, ) cos(y, ) cos’ (¢) +
2asin® () cos(y, ) cos(y, ) sin’ (¢) + 2d sin(9) sin(2y ) cos(w, ) cos(y, ) sin(¢) —
2d sin(@) sin” (w) sin(y;) cos(w, ) sin(¢) + asin(2y) sin(y; ) cos(y, ) sin®(¢) —
2d sin(@) sin” (y) cos(w, ) sin(w, ) sin(¢) + asin(2y) cos(y; ) sin(y, ) sin®(¢) +
2csin?(0)sin®(y)sin(y, ) sin(y, ) — 2sin(@) sin(w ) cos(w ) (sin(y, )(csin(0) cos(y,) +
2d sin(y, ) sin(¢)) +csin(@) sin(y, ) cos(y. ) + 2cos’ (w ) (sin(y, )(asin(y, ) sin®(¢) +
bsin(y, ) cos’ (¢) +d sin(0) cos(y, ) sin(¢)) +sin() cos(y, )(csin(@) cos(y, ) +
d sin(y, ) sin(¢))) — (a—b) cos(8) sin(2¢) sin(2y +v, +y,) +bsin(2y) cos® (¢)sin(y, +v,))?
(22)
ls, (0.0.v.e, T.w,,) =116(—2cos(¢)(4esin(¢)sin(w +y)sin(y +y,)+ f cos(6 -2y —y, —y,) -
f cos(0 + 2y +y, +y,)) +cos(8)(4e cos()sin(2¢) cos(y + ;) cos(y +y) —
2esin(—2y —y, —w, +2¢) + 2esin(2y +y, +w +2¢)— fcos(0 -2y -y, -y, —¢) +
fcos(@—-2y -y, —w, +¢)— fcos(0+2y +y, +y,—¢)+ fcos(0+2y +y, +y +¢) -
f cos(0+y, —w, —¢)+ f cos(0+y, —w, +¢)— f cos(0 —w, +w, —¢)+ f cos(0 -y, +y, +¢)))

(23)
For surface plane (001) Raman intensity has the following view:
1, 0.0y, ab.c.dy,y,) =%((a—b>cos(2w +y ) +(@+b)cosy, —v,))  (24)
I, (0,0,w,a,b,c,d,y,,w.) =€sin(y +y, +y )’ (25)

For surface plane (010) Raman intensity has the following view:

Ly, (%,O,W,a,b,c,d,wwws) =%((c—b)008(2v/ +y; ) +(b+c)cosly, —w,))  (26)

Iy (%,O,w,a,b,c,d,y/i,ws)= f2sin(2y +y, +y,)? 27)
For surface plane (100) Raman intensity has the following view:
IAg(%,%,y/,a,b,c,d,y/i,y/s)=%((c—a)cos(2y/ Ly, ) + 20 SiN(2y +y, +yr,) +(@+C)cos(y, —v.))’
(28)
|Bg(%,%,l//,a,b,C,d,l//i,l//S)=0 (29)

By the fitting of experimental angular Raman intensity dependencies of the several CBZD
vibrational modes we verified that peak at 1636cm™ (vCC vibration) belongs to the Ag mode. We
made this conclusion because fitting the same peak to Raman tensor which corresponds to B; mode
was not possible and produced inconsistent results. After the fitting procedure based on Ag mode
Raman tensor (Supplementary Figure 27) we obtained the following values of the material
parameters: a=0.43, b=0.06, c=0.45, d=—0.81.
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Supplementary Note 9: Sapphire Raman tensor model development

Crystallographic structure of monocrystalline sapphire belongs to point group D,, and space
group D2, . As a result we have the following irreducible representation for optical modes'?:

Lo =2A, +2A, +3A,, +2A, +5E, +4E,, (30)
And the following representation for the phonon modes:
thonon = AZu + AJ (31)

Due to the fact that elementary cell has the center of inversion, the Raman active vibrations are
not present in the IR spectra, and vice versa. As a result, we have seven modes, which are active
in Raman spectra: two A and five E; modes (Supplementary Figure 30). Raman scattering

tensors in the crystal coordinate frame have the following form?:

a 0 o0 c 0 O 0O —c —d
Ry, =|0 @ 0}, R =|0 —c d|, K, =-¢c 0 0} (32)
0 0 a 0 d O -d 0 O

Here a,b,c,d — material parameters.

By the use of Supplementary Equation 3, Raman intensity of A, and E;, modes can be written
as:

Ly, 0.0y, v, v,) =é((a—b)COS(29—2v/—v/i —y,)+(a—-b)(cos(20 + 2y +y; +y ) +

(33)
+C08(20 +y, —y ) +C08(20 —y, +y,) —2¢0s(2y +y; +w,)) +2(3a+b) cos(y, —y,))?
I (0.0..w,y,) = (Sin(l//i)(Sin((b)(Sin(l//)COS(l//)COS(l//S)(C(COSZ(O) +1)sin(¢) +d sin(ze))_
—cos(8)sin® () sin(y, )(c cos(8) sin(¢) + 2d sin(0)) +c cos® (w) sin(w, ) sin(¢)) -
—c0s(¢) cos(2y +w)(2c cos(0)sin(¢) +d sin()) —iccosz(qﬁ) (—4 cos®(0)sin®(w)sin(y, ) +
+(cos(20) +3) sin(2y ) cos(y ) + 4 cos’ () sin(l//s))) + (34)

+cos(y;) (COS(I//S) (sin(y/) (csin(y/) sin?(¢) —csin(y) cos®(¢) — 2d sin(@) cos(y) cos(¢)) -

—2¢0s(0) cos(y ) sin(¢)(2csin(y ) cos(¢4) + d sin(@) cos(y)) + ¢ cos? (0) cos® () cos(2¢)) +

+sin(y/S)(sin(y/)cos(y/)sin(¢)(c(cosz(0) +1)sin(g) +

+d sin(29)) —cos(2y ) cos(¢)(2c cos(B)sin(¢) + d sin(0)) —jc(cos(ze) +3)sin(2y) cos® (¢)JD
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le 0.0y, vy, = (sin(y/i)(cos(yzs)(cos(@)(—ccos(Zq/)cosz(qb)+ccos(2q/)sin2(¢)—
—2d sin(@)sin(y) cos(y) cos(¢)) +sin(¢)(csin(2y/)cos(¢) +dsin(@)sin’ (w) —dsin(0) cosz(z//))+
+2ccos®(0)sin(y) cos(y ) sin(¢) cos(¢)) +2sin(y )(cos(@) sin(y) cos(¢) + cos(y ) sin(¢))(sin(y )(d sin(@) —
—ccos(0)sin(¢)) +ccos(y) cos(g)) ) + cos(z//i)(cos(e) (c sin?(@)sin(2y +w,) —ccos’ (¢)sin(2y +y,) +
+2d sin(0) cos(y ) cos(4) cos(y +v,)) +sin(¢)(2c sin®(w) cos(y, ) cos(¢) +csin(2y ) sin(y ) cos(¢) +
+d sin(@) sin’ (y) sin(y ) —d sin(0) cos® () sin(y ) — 2d sin() sin(y ) cos(y) cos(y/s))—
—ccos?(0) cos(y) sin(2¢) cos(y +z//s)))2
(35)

The general-form Raman intensity for E; mode:

le, 0.0.w vy )=21c (0..v.v,v, )+ le,, 0.0y v vw) (36)

Using Supplementary Equation 32- 36 it possible to obtain Raman intensity for different cuts of
monocrystalline sapphire as a function of v , v, , y..

c-plane/a-axis (6 =0,¢=0)

Ly, (0,0,y7,y;,,) =¢” cos’ (y; —v/,) (37)
I, (O,O,W,Wi,l//s):% (38)

a-plane/c-axis (0 = % ,$=0)
L, (%,O,I//,t//i,t//s) = %((0I —c)cos(y; +2y +y )+ (c+d)cos(y, -y ,))* (39)

le, (%’O’W,wi,ws) = l(—CCOS(l//i +2y +y ) +ccos(y; —y,)+2dsin(y, + 2y +y,))° (40)

T T
m-plane/c-axis (t9—E :E)
1
G v wow) = (A =) 0os(y, + 2y +y) + (e +d)costy, ) (A1)
l Q(E VoV y,)= —( 2¢° cos(2(; +y)) +c” cos(2(y; +2y +y,)) +C* cos(2y; —2y,) —
—2¢% cos(2(y +w,)) +2¢* —4d? cos(2(y, + 2y +y.)) +4d?)
(42)
587
r-plane/a-axis (0=m ¢——)
'%(izg ’2[1,/1,/, w,) = ((0.36d —0.36¢) cOS(y, + 2y + )+ (0.64c +0.36d ) cos(y; —y'.))’
(43)
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le, (% , % WYL Y) = 0.5(((—0.640 —0.45d) cos(y, + 2y +y,) +(0.36¢ —0.45d ) cos(y; —w,))* +

+(cos(y;)((0.53c —0.85d) cos(2y ) sin(y ) + (1.06¢ —1.7d) sin(y ) cos(y) cos(y ) +

+(0.85d —O.53c)sin(1//i)(23in(y/)cos(y/)sin(n//s)—cos(2.1//)cos(y/s)))2)
(44)
Raman intensity of A, mode for a— and m—planes are identical. As a result, it is better to use

Raman intensity of Eg mode for the orientation determination.

Supplementary Note 10: Poly-sapphire 3D mapping

As an example of raw polarized Raman spectrum of monocrystalline sapphire we show spectrum
acquired at r-plane in on-axis configuration z(0 90)# (Supplementary Figure 30). For the sapphire

model development experiments we performed measurements in 2D-SAROM configuration
(Supplementary Figure 8). System in 2D-SAROM configuration gave us an opportunity to collect
non-overlapped polarized spectra of a-, c-, m- and r-planes at multiple polarization combinations
and fit intensity versus rotation dependencies using Supplementary Equation 3.

By the analysis of obtained data in 2D-SAROM configuration, we verified that polarized Raman
spectra of sapphire are rather similar for a- and r- planes. Among two Aig modes (417 and 645cm”
1y and five Eq modes (378, 430, 451, 578 and 750cm™?) of sapphire? we chose fifth E; mode (750cm™
1y for the further analysis because it provides more variation in polarized Raman spectra than other
modes where a- and r-planes were successfully distinguished (Supplementary Figure 29). Raman
tensor element values obtained by fitting are ¢c=0.045, d=—0.49 which are rather close to the values
presented in reference?.

An example of 3D plots of the Raman spectra of sapphire for polarization configuration z(0 90)

versus sample rotation angle v for a-, c-, m- and r-planes is shown in Supplementary Figure 29.

Comparison between theoretical (red line) and experimental (blue circles) responses of the Ey(5)
mode versus sapphire sample rotation angle y plotted in polar coordinates for polarization

configuration z(0 90)# is shown in Supplementary Figure 31.

In order to keep comparable signal to noise ratio of Raman spectra captured at different depth
during 3D mapping of the sample, we implemented depth-dependent acquisition algorithm which
exponentially increases exposure time for each mapping Z stack. Therefore, polarized 3D
measurements of polycrystalline sapphire were performed with exposure time per point varied
from 50ms to 2s resulting in total mapping time 176min. Due to the aberration corrected SAROM
system design, we were able to reach a diffraction limited axial resolution without a pinhole which
is used in classical confocal microscopy schemes. The confocal mode was organized in a cross slit
geometry, where the vertical slit orientation is implemented at the entrance of the spectrometer
and the horizontal slit orientation is performed by the readout of the selected rows on the
spectroscopic CCD focal plane (Supplementary Figure 37).

We performed a simulation of lateral (Supplementary Figure 36f, 36g) and axial (Supplementary
Figure 36d, 36e, 36h, 36i) resolution for typically used high resolution dry metallurgic objective
in confocal Raman microscopy (Supplementary Figure 36a) and self-designed oil immersion
objective for 3D measurements in Raman microscopy (Supplementary Figure 36b). For the correct

13



comparison, as a dry objective, we have chosen an infinity-corrected, semi-apochromatic
microscope objective having an N.A. of 0.85 at laser beam diameter 6.5mm which provides a
magnification of 50 times when used with a telescope objective having an effective focal length
of 183 mm (Olympus patent US04417787) (Supplementary Figure 36a). Our self-designed
objective has similar parameters: NA=0.85 at laser beam diameter of 8.8mm, magnification 45x
at telescope objective having an effective focal length of 183 mm (Supplementary Figure 36b).
Therefore, both objectives provided equal lateral resolution on the sample surface (black lines in
Supplementary Figure 36f, 36g). However, Huygens point spread function (PSF) simulation has
shown that axial resolution becomes significantly worth in the case of dry objective in the depth
of sapphire (-50um) (Supplementary Figure 36h) rather than for oil immersion objective
(Supplementary Figure 36i). Taking into account the values on the scale bar in Supplementary
Figure 36d-36i, it is possible to conclude that aberration driven signal attenuation in the depth of
50um is around 55% for dry metallurgic objective and 11% for oil immersion objective.

During 3D mapping of sapphire using oil immersion objective (Supplementary Figure 36b) we
observed much more signal attenuation than 11% due to signal absorbance and reflections on
grains in polycrystalline sapphire.

Polycrystalline sapphire manifested fluorescence at the grain boundaries, a perfect mark for grain
visualization. In this particular sample we decided to realize grain segmentation based on the
combined response from fluorescence and Raman channels. Fluorescence-based signal helped us
to avoid ambiguities in the determination of grain boundaries which could be present when Raman
signal is used (for example, when neighboring domains have identical or close orientation).
However, the usage of only Raman maps obtained at different polarization configurations for
segmentation is also a good decision in the general case. A comparison of segmentation results
obtained on fluorescence and Raman responses is shown in Supplementary Figure 32. The
illustration of segmentation procedure applied to the nine acquired polarized Raman maps at first
2D layer in 3D map presented in Supplementary Figure 33, where grain boundary distribution map
based on the fluorescence peak intensity at 1418 cm™ shown on top, segmented domains based on
combined fluorescence and Raman responses are shown under it. Described segmentation was
applied to each layer in 3D (Supplementary Figure 34).

3D orientation map of polycrystalline sapphire was visualized in Paraview software.
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Rotation angle y, degrees

Supplementary Figure 1. On axis and off-axis registration differences. a, On-axis scheme
with normal sample illumination and on-axis collection of scattered light and b, corresponding
Raman intensity dependence on wafer rotation angle v, c, off-axis illumination scheme and d,

Raman intensity dependence on wafer rotation angle ¥ . HH - horizontal/horizontal

polarizer/analyzer configuration, HV — horizontal/vertical polarizer/analyzer configuration, HD -
horizontal/tilted at 45 degrees polarizer/analyzer configuration.
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Supplementary Figure 2. Wafer rotation experiment on Si (100). a,b, Top and 3D view of Si
unit cell. Comparison between theoretical (red line) and experimental (blue circles) responses of
the sum of Si modes versus wafer rotation angle ¥ plotted in polar coordinates for Si wafer with

surface plane (100) for on-axis (c,d) and off-axis (e) polarization channels of SAROM system.
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Supplementary Figure 3. Wafer rotation experiment on Si (110). a,b, Top and 3D view of Si
unit cell. Comparison between theoretical (red line) and experimental (blue circles) responses of
the sum of Si modes versus wafer rotation angle ¥ plotted in polar coordinates for Si wafer with

surface plane (110) for on-axis (c,d) and off-axis (e) polarization channels of SAROM system.

285°
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Supplementary Figure 4. Wafer rotation experiment on Si (111). a,b, Top and 3D view of Si
unit cell. Comparison between theoretical (red line) and experimental (blue circles) responses of
the sum of Si modes versus wafer rotation angle ¥ plotted in polar coordinates for Si wafer with

surface plane (111) for on-axis (c,d) and off-axis (e) polarization channels of SAROM system.
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Supplementary Figure 5. Simulation based orientation determination error versus a number
of polarized channels. The colors refer to the orientations shown by the inverse pole figure
(inserted). Misorientation data presented separately on each set. Refer to colored scale bars for
misorientation angle range.
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Supplementary Figure 6. Simulation based orientation determination error and

misorientation versus the number of polarized channels.

Lcobrcode representationJ 2w e o

Supplementary Figure 7. SAROM principle. Illustration of a SAROM workflow (a) and
schematic representation of simultaneous measurements with nine polarized Raman channels (b).
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Supplementary Figure 8. Detailed illustration of SAROM optical design. Abbreviations:
LBDS — Laser Beam Delivery System, Lf — laser filter, P — polarizer, f — lens, BS — beam splitter,
Pol.BS - polarized beam splitter, M — mirror, MFM — motorized flip mirror, DM —dichroic mirror,
WAU - Wollaston Analyzer Unit, Ef — edge filter.

Unique properties of spectrograph design covered by pending patent of Technical University of
Denmark (application number 18183474.8).
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Supplementary Figure 9. SAROM spectrograph. a, Photograph of the spectrograph coupled
with spectroscopic CCD, b, photograph of the spectrograph optical components, c, stray light
analysis, d, optical design of the spectrograph. Unique features of spectrograph design are covered

by pending patent of Technical University of Denmark (application number
PCT/DK2019/050027).
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Supplementary Figure 10. Spectrograph focusing objective. a, optical design, b, photograph,
¢, point spread functions at different fields (0, 8 and 10.7 degrees), d, achromatic focal shift,
experimental (e) and designed (d) modulus of OTF versus spatial frequency for different fields (0,
8 and 10.7 degrees).
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Supplementary Figure 11. Experimental setup development process. a, Photograph of setup

for off-axis polarization experiments only, b, photograph of final SAROM setup with simultaneous
on-axis and off-axis polarization measurements
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Supplementary Figure 12. Custom designed microscope objective. a, optical design of the
objective (zoomed area illustrates the difference between collecting cones of light scattered in the
Silicon sample at on-axis and off-axis geometries), b, objective photograph.

Supplementary Figure 13. Wollaston Analyzer Unit (WAU). a, lllustration of the Raman
scattering beam path through WAU, b, photograph of WAU inserted into experimental setup.
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Supplementary Figure 14. Laser polarization propagation. a, Optical schema of Laser Beam
Delivery System (LBDS), b, LBDS analyzed on laser polarization propagation with input angle of
polarization state of 45°. The polarization state of laser beam focused onto diffraction limited spot
on a sample focal plane before (c) and after (d), compensation of phase shift between S and P
components of electromagnetic wave. Compensation was realized by the tilt of mirror M1 on 0.8°.
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Supplementary Figure 15. Local spherical coordinate system associated with collection
aperture.
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Suplemenary Figu re 16. Visible light and fluorescence microscopy of polycrystalline Si. a,
Light microscopy image of the sample of polycrystalline Si, b, map of the surface of the
polycrystalline Si plotted at the maximum of fluorescence intensity band.
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Supplementary Figure 17. Raman itensity map of polycrystalline Si. a, On-axis simulated
and experimental Raman intensity maps at polarization channels z(0 0)z , z(45 0)z ,z(90 0)Z , b,
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on-axis simulated and experimental Raman intensity maps at polarization channels z(0 90)Z ,
2(4590)7,2(090)Z , c, off-axis simulated and experimental Raman intensity maps at polarization
channels z(0 90)z, z(4590)z,z(090)Z .

On-axis channels
z(45 0)z

Intensity (a.u.
0.05

1 0.04

0.03

0.02

Off-axis channels
z(45 90)z

0.01

Spplementary Figur 18. Residual Raman itnsitymaps. a, On-axis residual Raman
intensity maps at polarization channels z(0 0)z, z(45 0)z,z(90 0)z, z(0 90)Z, z(45 90)Z and
2(090)Z , b, off-axis residual Raman intensity maps at polarization channels z(0 90)Z , z(45 90)Z
,2(090)Z . Residual Raman intensity maps were obtained as a result of subtraction between
simulated and experimental polarization data from each of the nine polarized channels.
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Misorientation angle
Supplementary Figure 19. Histogram of the misorientation map from the sample of
polycrystalline Si.

SAROM
(011)

EBSD
(011) (111)
Y,

0
Supplementary Figure 20. Inverse Pole Figures of polycrystalline Si. Comparison between
Inverse Pole Figures (IPF) plotted on SAROM (a) and EBSD (b) orientation maps of
polycrystalline Si.
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SupEIementary Figure 21. Geometrical distortions. Illustration of the geometrical distortions
of the EBSD map demonstrated on overlapping SAROM and EBSD images.
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Supplementary Figure 22. Raman spectra of a pharmaceutical tablet. a, Raman spectrum of
CBZD, b, Raman spectrum of PVP, c, fluorescence spectrum potentially due to magnesium
stearate (tablet die) and impurities on the surface of the tablet.
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Supplementary Figure 23. XRPD diffractograms of CBZ. a, Calculated XRPD diffractogram

of CBZD, b, experimentally obtained XRPD diffractorgam of CBZD and (c) CBZ and PVP
(2:1).

Supplementary Figure 24. Carbamazepine dihydrate molecular structure
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Supplementary Figure 25. The illustration of SAROM rotation experiments (see movie S4)
applied to the CBZD. The predicted CBZD crystal morphology (CSD refcode FEFNOTO02,
monoclinic crystal system).

Supplementary Figure 26. Polarized Raman maps. Polarized Raman intensity maps of the
surface of CBZD tablet obtained at polarization configurations z(0 0)# (a), z(0 90)# (b),

2(90 0)# (c) and z(90 90)¥ (d).
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Supplementary Figure 27. Polarized Raman responses of CBZD. Comparison between
theoretical (red line) and experimental (blue circles) responses of Ag mode of CBZD versus wafer
rotation angle ¥ plotted in polar coordinates for the monocrystal of CBZD around axis [020] (a,b)

and [011] (c,d) at polarizer/analyzer orientations z(0 0)# (a,c),z(90 90)# (b,d).

Supplementary Figure 28. Sapphire photographs. a, Photographs of the monocrystalline
sapphire plates with cut at different surface planes, b, photograph of the polycrystalline sapphire
sample.
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Supplementary Figure 29. Polarized Raman spectra of sapphire. 3D plots of the Raman
spectra of sapphire for different on-axis polarization configurations versus sample rotation angle
v for a- (a), c- (b), m- (c) and r- (d) planes.
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Supplementary Figure 30. Polarized Raman spectrum of sapphire with illustration of Eq and
Ag modes.
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Supplementary Figure 31. Polarized Raman responses of sapphire. Comparison between
theoretical (red line) and experimental (blue circles) responses of the Eg(5) mode versus sapphire
sample rotation angle ¥ plotted in polar coordinates for polarization configuration z(90 90)# at

a- (a), c- (b), m- (c) and r- (d) sapphire planes.
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Supplementary Figure 32. SAROM mapping of polycrystalline sapphire. a, Polarized Raman
maps of Eg(5) mode at different polarization configurations, b, grained boundaries plotted based
on fluorescence band, c, grained boundaries plotted based on Raman maps, d, comparison of
segmentation results obtained on fluorescence and Raman responses.
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Supplementary Figure 33. Grain boundaries in polycrystalline sapphire. On top is grain
boundary map based on the fluorescence, under it there is segmented domains based on combined
fluorescence and Raman responses are shown, below are nine polarized Raman intensity maps for
Eg(5) vibrational mode.

Supplementary Figure 34. Segmentation. Illustration of segmentation procedure applied to the
nine acquired polarized Raman maps for 18 depth layers in 3D map, where segmented domains
were plotted based on combined fluorescence and Raman responses.
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Supplementary Figure 35. Volumetric polarized Raman maps of polycrystalline sapphire for
the nine polarization channels based on the Eg(5) mode. a, on-axis channels with analyzer
orientation 0°, b, on-axis channels with analyzer orientation 90°, ¢, off-axis channels with analyzer
orientation 90°. Intensity scale is in arbitrary units.
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Supplementary Figure 36. Point spread function (PSF) of microscope objectives. a, an
infinity-corrected, semi-apochromatic dry microscope objective (N.A.=0.85 at laser beam



diameter 6.5mm, magnification 50x, b, self-designed oil immersion objective for 3D
measurements in Raman microscopy (NA=0.85 at laser beam diameter 8.8mm, magnification
45x), ¢, illustration of air-sapphire interface with regions of simulated PSF, d, axial PSF of dry
objective in air, e, axial PSF of oil immersion objective in oil, f, cross sections of lateral PSF of
dry objective in air (black line) and in the depth of sapphire at -50um (red line), g, cross sections
of lateral PSF of oil immersion objective in oil (black line) and in the depth of sapphire at -50um
(red line), h, axial PSF of dry objective in the depth of sapphire at -50um, i, axial PSF of oil
immersion objective in the depth of sapphire at -50um.
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Supplementary Figure 37. Slit based confocal Raman setup. a, Slit based confocality principle
used in aberration corrected Raman microscopy setup, b, the typical image from spectroscopic
CCD Raman signal; zoomed region shows that spectrum compressed into one row on CCD sensor.
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ABSTRACT: To enhance oral bioavailability of poorly
soluble drugs, microfabricated devices can be utilized. One
example of such devices is microcontainers. These are
cylindrical in shape with an inner cavity for drug loading
and with only the top side open for release. Supercritical CO,
(scCO,) impregnation is an interesting technique for loading
drugs into polymeric matrices in, for example, microcontainers since it avoids the use of organic solvents and is cheap. One of
the main drawbacks of this technique is the unknown three-dimensional drug distribution in the polymer matrix. The aim of this
study was to investigate the loading of two poorly soluble drugs, naproxen and ketoprofen, by scCO, impregnation into
confined polymer matrices of different sizes. Three different sizes of microcontainers (small, medium, and large) and, thereby,
different surface areas accessible for impregnation were compared. From in vitro studies, the amount of naproxen and
ketoprofen loaded into the different microcontainers and their corresponding release profiles were seen to be similar. A custom-
made Raman microscope facilitated volumetric Raman maps of an entire microcontainer filled with polyvinylpyrrolidone (PVP)
and scCO, impregnated with either naproxen or ketoprofen. In all microcontainer sizes, the drugs were only detected in the top
layer of the polymer matrix, explaining the observed similar release profiles. Using X-ray powder diffraction and Raman
spectroscopy, the solid state form of the drugs was evaluated, showing that ketoprofen was amorphous in all microcontainer
sizes. Naproxen was found not to be crystalline nor amorphous but in a less ordered configuration than the crystalline state. In
conclusion, volumetric Raman mapping is a powerful technology for imaging drug distribution and drug crystallinity in
polymers and allowed us to conclude that (i) scCO, impregnation depth does not depend on surface area and (ii) impregnated
drugs are noncrystalline.

KEYWORDS: microdevices, polymer matrix, drug distribution, poorly soluble drug, supercritical CO, impregnation,
Raman spectroscopy

1. INTRODUCTION stable counterpart during storage or dissolution.” There are

Among the different administration routes for drugs, oral various techniques to improve the physical stability of the

delivery is preferred by patients since the drug can be self-
administered leading to high compliance." However, oral drug
delivery is often challenging due to, for example, harsh
conditions in the stomach and poor permeability over the
intestinal wall.' Many drugs are classified as poorly water-

amorphous form, for example, coamorphization of two drugs’
or use of polymers as excipients.” Another approach for
protecting the amorphous drugs is the use of micro-
containers.” Microcontainers are cylindrical, polymeric micro-
devices with an inner cavity for drug loading and with only the

soluble in the biopharmaceutics classification system (BCS, top side open. Previously, confinement of the amorphous
class 11 and IV).>* For oral delivery of poorly soluble drugs, poorly soluble drug indomethacin reduced the recrystallization
solubility and dissolution rate need to be improved to obtain rate by 1.8-fold compared to unconfined bulk samples.” In
an acceptable bioavailability. One approach for achieving this, particular, for microcontainers with cavity diameters of 174
is to convert the drug to its amorphous form.* Here, the long- um, 29.0% =+ 2.6% of the amorphous indomethacin crystallized
range order in the crystal lattice is lacking and the disordered

structure results in improved solubility and dissolution rate.¥® Received: April 10, 2019

The disadvantage of the amorphous form is its physical and Accepted: May 10, 2019

chemical instability. It can convert back to its metastable or Published: May 10, 2019
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over a period of 30 days compared to 38.3% =+ 1.5% in
microcontainers with diameters of 223 ym. This indicates that
microcontainers with smaller diameters enhance the stability of
the amorphous drug loaded inside.” Unconfined indomethacin
crystallized within a few days. In addition to the stabilization
properties, microcontainers have been used for improving oral
drug delivery by protecting the drug from the harsh gastric
environment and providing a release in the small intes-
tine.'”'? Furthermore, it has been demonstrated that
microcontainers adhere to the intestinal mucus layer leading
to higher relative oral bioavailability in rats of model drugs
such as ketoprofen and furosemide compared to controls.'>"

In spite of the advantages of utilizing microdevices for oral
drug delivery, loading drugs into the small cavities can be
challenging since all of the well-known techniques for
preparing oral formulations, such as tableting, cannot be
used. Supercritical CO, (scCO,) impregnation is one of the
techniques that can be used for loading drugs into polymer-
filled microcontainers. The critical point of CO, is 31.1 °C and
73.8 bar, and due to those mild conditions, this technique is
suitable for drug loading. In addition, it can be used in
combination with various polymers."*' It has previously been
demonstrated that the hydrophilic polymer polyvinylpyrroli-
done (PVP) can be loaded into microcontainers as a polymer
matrix and impregnated using scCO, with the drug
ketoprofen.'”'® It was found that ketoprofen was in its
amorphous form after impregnation in the PVP matrix inside
the microcontainers.'* However, the influence of the size of
the confined polymer volumes loaded by supercritical
impregnation has never been investigated. One of the main
challenges for systematic studies of drug loading with this
technique has been the unknown three-dimensional (3D) drug
distribution in the polymer matrix after CO, impregnation.
Therefore, it has not been possible to understand the influence
of the parameters on the release profiles and the drug—polymer
interactions.' """

In the literature, the distribution of impregnated or
encapsulated material has been studied with various
techniques. Polymeric membranes have been examined with
energy dispersive X-ray analyses, obtaining a two-dimensional
map, ~ and this technique has also been successfully used for
3D mapping of nanoparticles.”’ Dispersive X-ray absorption
spectroscopy (uED-XAS) tomography has been utilized and
was able to resolve both 2D and 3D spatial distribution of
chemical species from different iron mineral standards.”'
Alternatively, Raman spectroscopy has been used to evaluate
the distribution of a drug inside a 3D printed tablet.””
Previously, a 2D map of a cross section of tablets using Raman
spectroscopy has been obtained, revealing the distribution of
three different components in an area of 4 mm X 4 mm.”’
Raman spectroscopy has successfully been used as a
quantification technique in the case of inkjet-printed
pharmaceuticals requiring, however, the sectioning of the
sample prior to analyses in order to measure a cross section.”*
Cross sectional mapping with Raman spectroscopy is a
destructive method, and in case of a confined polymer matrix
(i.e., for microcontainers), this application is not possible.
Furthermore, for investigations with Raman spectroscopy, the
polymer and drug normally have a relatively low transparency
under laser excitation. For reaching an acceptable Raman signal
at the bottom of samples as deep as, for example, a
microcontainer reservoir, a highly sensitive method for
confocal Raman microscopy has been developed.
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The aim of this study was to investigate the loading of two
BCS class II drugs, naproxen and ketoprofen, using scCO,
impregnation into confined polymer matrices of different sizes.
For this purpose, three different sizes of microcontainers
(small, medium, and large), and thereby different surface areas
accessible for impregnation, were compared. Furthermore, the
quantity and solid state form of ketoprofen and naproxen
loaded into the microcontainers were evaluated. Finally, the
3D distribution of the drugs in 225 ym deep polymer matrices
was analyzed by confocal Raman microscopy.

2. EXPERIMENTAL SECTION

2.1. Materials. Silicon (Si) wafers (4-in, b100ON n-type) were
provided by Okmetic (Vantaa, Finland). SU-8 2075 and SU-8
developer were purchased from Microresist Technology GmbH
(Berlin, Germany). Polyvinylpyrrolidone (PVP) (Molecular weight of
10000 Da), ketoprofen powder (>98%, racemate) and phosphate
buffered saline (PBS) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Naproxen was purchased from Fagron (Newcastle upon
Tyne, England). Deionized water (18.2 mQ) was acquired from
Merck KGaA (Darmstadt, Germany).

2.2. Methods. 2.2.1. Fabrication of Microcontainers. Squared
chips of microcontainers with dimensions of 12.8 X 12.8 mm* were
fabricated on Si wafers in the epoxy-based photoresist SU-8 using a
similar procedure as described previously.” Three different sizes of
microcontainers were produced having three different cavity
diameters (small, medium, and large) and the same cavity height.
The number of microcontainers per chip for the three different sizes
was chosen to keep the total polymer surface exposed to the scCO,
per chip constant and thereby also the total polymer volume constant.
The dimensions of the microcontainers were measured using an
Alpha-Step IQ Stylus Profilometer (KLA-Tencor Corporation,
Milpitas, USA) and an optical microscope.

2.2.2. Loading of Naproxen and Ketoprofen into Micro-
containers Using Supercritical CO, Impregnation. The micro-
containers on Si chips were manually filled with PVP powder. Excess
powder between the microcontainers was blown away using an air gun
in a similar setup as described previously.'* One chip of each size
(small, medium, and large) was placed within a supercritical CO,
chamber, together with 4.8 & 0.1 mg (n = 3) of ketoprofen powder or
60 + 0.03 mg (n = 3) of naproxen. The impregnation with
ketoprofen was conducted by bringing CO, to its supercritical state at
120 bar and 45 °C keeping it under stirring for 1 h. The impregnation
with naproxen was performed by bringing CO, to 100 bar and 40 °C.
These parameters were chosen to have a solubility in the supercritical
CO, of 0.06 g/L for both drugs.b’26 The pressurization and
depressurization rates were 3.9 and 2.5 bar/min, respectively, for
both drugs. The chips with microcontainers were weighed before and
after filling with PVP to determine the amount of polymer loaded into
the microcontainers. A tabletop scanning electron microscope (SEM)
TM3030Plus (Hitachi High-Technologies, Tokyo, Japan) was used to
visualize the microcontainers after filling with PVP and after the
impregnation process.

2.2.3. In Vitro Release of Ketoprofen or Naproxen from
Microcontainers. For determining the release of ketoprofen or
naproxen over time, a u-Diss profiler (pION Inc, Woburn, MA),
equipped with in situ UV probes with a path length of 10 mm for
ketoprofen and S mm for naproxen was used. The release studies were
performed in PBS at pH 6.5 for 120 min. Standard curves of either
ketoprofen or naproxen were obtained before each release experiment.
In order to prepare the standard curves, aliquots of a stock solution of
ketoprofen (S mg/mL in ethanol) or naproxen (3 mg/mL in ethanol)
were added to known volumes of PBS, and the absorbance was
assessed in a wavelength range of 250—260 nm for ketoprofen and at
a wavelength of 230 nm for naproxen.

For release experiments, the chips with drug-loaded micro-
containers were attached to cylindrical magnets and placed inside
glass vials. Ten milliliters of PBS buffer was added to the vials
immediately before starting an experiment. All the release studies
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were run at 37 °C stirring the chips at 100 rpm. The experiments were
performed in triplicate for each drug and for each size of
microcontainers, the data are presented as mean (normalized by the
quantity of PVP filled) + SD.

2.2.4. Three-Dimensional Distribution of Drugs in Micro-
containers. Volumetric Raman microscopy was used to evaluate the
distribution of ketoprofen or naproxen in the microcontainers. The
microscope collected Raman spectra in the range of 350—2400 cm™
with a spectral resolution of 2.5 cm™" under the excitation of a 785 nm
laser. The laser power was 35 mW, and the diffraction limited spot
size was equal to 1.7 pm with the use of a 100x/0.75 HD DIC Zeiss
microscope objective. The chip of microcontainers was placed on the
surface of a custom-made Peltier stage and kept at 8 °C during Raman
measurements. These Raman spectra were studied performing a non-
negative least-squares analysis to obtain %uantitative chemical
response, visualized as voxel based 3D images.””**

2.2.5. Solid State Analyses of the Drugs Loaded into Micro-
containers. X-ray powder diffraction (XRPD) was used to determine
the solid state form of ketoprofen or naproxen in the microcontainers.
An XPert PRO X-ray diffractometer (PANalytical, Almelo, The
Netherlands, MPD PW3040/60 XRD; Cu KR anode, 4 = 1.541 A, 45
kV, 40 mA) was utilized. A starting angle of 5° 20 and an end angle of
28° 26 were employed for the scans with a scan speed of 0.67335°
260/min and a step size of 0.0262606° 26. Data were collected using
X’Pert Data Collector software (PANalytical B.V.). The diffracto-
grams of naproxen or ketoprofen loaded in the microcontainers were
compared to the pure crystalline drugs. In addition, Raman
microscopy was used to investigate the solid state form of the
drugs. The spectra measured from the naproxen or ketoprofen loaded
into the microcontainers were collected as described in section 2.2.4.
For the spectra of crystalline and amorphous ketoprofen, naproxen,
and PVP, the laser power was 35 mW and the exposure time was 2 s.
The amorphous ketoprofen was prepared by melting the crystalline
ketoprofen powder at 98 °C on a heating plate followed by immediate
measurements of the sample.

2.2.6. Statistics. All data are expressed as mean =+ standard
deviation (SD). Statistical analyses were carried out, where relevant,
using Student t tests (GraphPad Prism, La Jolla, CA, USA, version
7.04). P values below 5% (p < 0.05) were considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1. Fabrication of Microcontainers. Cylindrical micro-
containers with three different sizes were successfully
fabricated (Table 1 and Figure 1). The cavity depth of the

Table 1. Numbers Showing the Dimensions of the SU-8
Microcontainers, Amount of Microcontainers per Chip, and
Total Polymer Surface Area per Chip“

internal number of total polymer surface area
microcontainer  microcontainers exposed to scCO, per
sample  diameter [ym] per chip chip [mm?]
small 97 £ 6 1024 31+4
medium 191 +9 256 30+3
large 413+ 5 64 34 +1

“The data represents mean + SD in 8 replicates.

microcontainers with the different sizes was kept constant at
225 pm. The number of microcontainers per chip was chosen
to keep the total polymer volume and the total surface area
exposed to the supercritical CO, similar for the different sizes
(Table 1). Due to this, it was possible to compare the influence
of the microcontainer size on quantity and distribution of the
poorly soluble model drugs loaded using supercritical CO,
impregnation.
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Figure 1. SEM images of SU-8 microcontainers in the size of (a)
small, (b) medium, and (c) large having an internal diameter of 97 +
6, 191 + 9, and 413 + S um, respectively.

3.2. Loading of Ketoprofen or Naproxen into Micro-
containers Using Supercritical CO, Impregnation. Every
chip was manually filled with approximately 0.9 mg of PVP
powder (Figure 2a), the amount varied slightly for the different
sizes (Table 2). Following filling with PVP, one chip per size
was then simultaneously loaded with ketoprofen or naproxen.
An SEM image of the medium size microcontainers after
scCO, impregnation with ketoprofen can be seen in Figure 2b.
In a previous study, the amount of PVP filled per chip was
higher.'* This is because even if the medium size micro-
containers have similar dimensions to thos used in the
previously reported study, the number of microcontainers is
here reduced from 625 to 256.

3.3. In Vitro Release of Ketoprofen or Naproxen from
Microcontainers. The quantity of ketoprofen or naproxen
loaded into the microcontainers with different sizes was
evaluated in order to assess if there was an influence of the
dimension of the surface exposed to scCO,. The quantity of
the loaded ketoprofen or naproxen in small, medium, or large

DOI: 10.1021/acshiomaterials.9b00495
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Figure 2. SEM images of medium sized microcontainers (a) filled
with PVP and (b) loaded with ketoprofen using scCO, impregnation.
These images are representative examples of the PVP filling and the
drug loading with the supercritical impregnation method.

Table 2. Amount of Ketoprofen or Naproxen Loaded in the
Three Different Sizes of Microcontainers”

total amount of
naproxen loaded per

total amount of
ketoprofen loaded per

amount of PVP
filled per chip

[mg] chip [ug] chip [ug]
small 0.94 + 0.36 1283 + 659 89.7 + 40.95
medium  0.82 + 0.1 91.3 + 20.1 160.54 + 42.8
large 1.03 + 0.17 86.1 + 28.7 12823 + 26.50

“The data represents mean + SD in triplicates.

microcontainers was obtained from the release studies (Table
2 and Figure 3). The release profiles of the small, medium, and
large microcontainers loaded with ketoprofen showed similar
release profiles without any significant differences (Figure 3a).
The same behavior was observed in the case of naproxen
(Figure 3b).

The total amount of ketoprofen loaded in the small size
microcontainers compared to the medium and large micro-
containers was not significantly different (p-value 0.4049 and
0.3667, respectively). No significant difference was observed
between the loaded quantity of ketoprofen in the medium and
in the large microcontainers (p-value 0.8098). The similarities
observed for ketoprofen were found for the total amount of
loaded naproxen. In fact, the amount of naproxen in the small
size microcontainer was not statistically different from the
amount of drug in the medium or large microcontainers (p-
value 0.1071 and 0.2431, respectively). Comparing the
medium with the large size microcontainers, the total amount
of loaded naproxen also did not result in statistically different
drug loadings (p-value = 0.3286).
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Figure 3. Release profiles of (a) ketoprofen and b) naproxen from
small, medium, and large microcontainers performed on a p-Diss
profiler in PBS at pH 6.5. The inserts represent the same profiles
zoomed in on the first 10 min. The graphs represent mean + SD in
triplicate.

Since the solubility of the two drugs in the scCO, was set to
be the same, the release experiments allowed for comparison of
loading the two poorly water-soluble drugs into the micro-
containers with three different sizes. Within the first 10 min,
90% of ketoprofen or naproxen was released (Figure 3) from
all sizes of microcontainers even though the release from small
microcontainers loaded with naproxen showed a larger
variability. No statistical difference in the loaded amount of
ketoprofen or naproxen was discernible, independent of the
size of the microcontainers. Comparing the loaded amount of
ketoprofen and naproxen in small microcontainer sizes, the p-
value was equal to 0.4374. For medium and large micro-
container sizes, the p-values corresponded to 0.0642 and
0.1351, respectively.

Consequently, there was no difference in loading a BCS class
II drug such as ketoprofen or naproxen in a polymer matrix
(PVP) having smaller or larger surfaces exposed to the scCO,.
This suggests that the size of the microcontainer opening has
no influence on the quantity of drug loaded into the
microcontainers. Furthermore, both BCS class II drugs were
released with similar kinetics from the different sizes of
microcontainers.

3.4. Three-Dimensional Distribution of Drugs in
Microcontainers. It was possible to obtain 3D maps of
polymer and drug-loaded microcontainers down to a depth of
225 pm (the entire height of the microcontainer) using our
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custom-made Raman microscopy technique. To avoid heating
of the sample, due to relatively high absorption of the laser, the
temperature was kept constant at 8 °C. To distinguish the
various materials (PVP, ketoprofen/naproxen, SU-8, or Si) in
the samples, a chemical decomposition was performed on the
spectra (Figure 4). In Figure 4, the same microcontainer 3D
map reconstruction is shown in three different perspectives: an
overview, a cross section view and a top view.

Overview

Lateral view Top view

—a—f iy

KETOPROFEN
Large Medium Small

Small

NAPROXEN
Medium

Large

Figure 4. Volumetric Raman maps of ketoprofen or naproxen loaded
into the microcontainers. The overview, the lateral view, and the top
view can be seen from left to right for each of the different sizes of
microcontainers: small, medium, and large from top to bottom.
Ketoprofen or naproxen are represented in red, PVP in green, SU-8 in
yellow, and Si in black. The scale bars correspond to 50 pum.

For all sizes of microcontainers loaded with either
ketoprofen or naproxen, the drug was mainly impregnated in
the top layers of the polymer matrix confined within the
microcontainer walls. The results obtained in the in vitro
release studies showed that both drugs reached 90% release
within 10 min. The fast release could be explained by the fact
that the drugs were mostly in the top part of the polymer
matrix and not deep inside the microcontainer cavity. It is
important to notice that the drug was distributed with the
same morphology as PVP. It can therefore be speculated that,
in a more porous polymer matrix, the drug could have
penetrated deeper during the supercritical impregnation. In the
top view of the microcontainers, it is possible to notice that
both drugs were homogeneously distributed on the PVP.
Furthermore, ketoprofen and naproxen were absent at the edge

of the microcontainers meaning that both drugs were
preferentially deposited in the PVP matrix and not in
microcontainer material, SU-8. This technique can be useful
to analyze polymer matrices for drug delivery in tissue
engineering since the drug depth in the polymer matrix affects
the release kinetics of the drug.”” A pharmaceutical application,
in which this technique can also be successfully used, is the
characterization of tablet coatings as the presence of holes or
different thicknesses can change the solubility kinetics of the
tablet.*’

3.5. Solid State Analyses of the Drugs Loaded into
Microcontainers. It has previously been shown that loading
ketoprofen in a PVP matrix led to its conversion into its
amorphous form."*'® In Figure Sa, the diffractograms from
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Figure S. (a) XRPD diffractograms of crystalline and amorphous
ketoprofen and PVP small, medium, and large microcontainers filled
with PVP followed by impregnation with ketoprofen. (b) XRPD
diffractograms of crystalline naproxen and PVP small, medium, and
large microcontainers filled with PVP followed by impregnation with
naproxen.

XRPD of the small, medium, and large size microcontainers
loaded with ketoprofen showed a halo, indicative of an
amorphous form. This indicated that the loaded ketoprofen
was amorphous. In the case of naproxen loaded into the PVP
matrix in the different sizes of microcontainer, the diffracto-
grams also showed a halo for the small microcontainers (Figure
Sb). For the medium and large microcontainers, the halo still
appeared but with a few peaks comparable to those of the
crystalline diffractogram of naproxen. Probably, a low
crystallization of the drug occurred in the medium and large
microcontainers. In the literature, studies have showed that
when naproxen has been combined with excipients or other
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drugs, a stable amorphous form could be obtained™’" despite
the high tendency of naproxen to recrystallize.”” In particular,
Liu et al. showed that naproxen was amorphous even after 4
months when it was thermally treated and combined with
PVP.® A connection between the microcontainer size and the
stability of the amorphous form of naproxen may therefore
exist. This confirms what has previously been shown: smaller
sizes of microcontainers prolong the stability of the amorphous
form of indomethacin (a BCS class II drug).’

The results obtained by means of XRPD were confirmed by
Raman spectroscopy for both drugs (Figure 6). The spectra
from the microcontainers loaded with ketoprofen were similar
to an amorphous ketoprofen spectrum, confirming that
ketoprofen is amorphous when loaded in PVP matrices by
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Figure 6. (a) Raman spectra of PVP and crystalline and amorphous
ketoprofen small, medium, and large microcontainers filled with PVP
followed by impregnation with ketoprofen. (b) Raman spectra of PVP
and crystalline naproxen small, medium, and large microcontainers
filled with PVP followed by impregnation with naproxen. The zoom-
in areas show the peak shifts in naproxen loaded in microcontainers
compared to its crystalline form.
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scCO, impregnation (Figure 6a)."* Due to the instability of
naproxen, it was not possible to obtain a Raman spectrum of its
amorphous form. Therefore, the peak shifts were analyzed
(Figure 6b). In particular, the peaks at 1626, 1390, and 740
cm™ in the crystalline naproxen spectrum are shifted to 1630—
1632, 1387—1389, and 742 cm ™" in the spectra corresponding
to microcontainers loaded with naproxen meaning that
naproxen loaded in the microcontainers is not in its crystalline
form. The Raman signal from large microcontainers loaded
with naproxen, at the wavenumber of 740 cm™, showed a
larger peak shift compared to the other sizes of micro-
containers (Figure 6b, zoom-in). This might be because the
Raman spectra were acquired from a random spot within a
microcontainer in which also the contribution from other
materials might be measured. Previously, the same peak shifts
have been considered, together with other techniques, to show
the amorphous state of naproxen when comilled with
cimetidine.*®

4. CONCLUSIONS

In this study, the influence of the surface exposed to scCO,
was evaluated for two poorly water-soluble drugs loaded in a
PVP polymer matrix confined in microcontainers. The release
studies showed that the amount of loaded naproxen or
ketoprofen was the same, when the total surface area was kept
constant, and the release profiles were similar, 90% of the drug
being released within 10 min. For microcontainers of different
sizes, the loaded amount of drug nicely correlated with the
surface area of the PVP matrix exposed to supercritical CO,
during impregnation. To evaluate the 3D distribution of the
drug in the polymer matrix in the microcontainers, a custom-
made Raman microscope allowed obtaining volumetric Raman
maps of the complete microcontainer volume. In the small,
medium, and large microcontainers, ketoprofen or naproxen
was impregnated in the top of the polymer matrix, explaining
the fast release observed in the release studies. Moreover, the
solid state form of the drugs was evaluated, showing that
ketoprofen was amorphous in all microcontainer sizes and
naproxen, despite its instability, was found only to be partly
crystalline.
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Figure S1. SEM images of microcontainers filled with PVP in the size of a) small and b) large.

S1



Figure S2. SEM images of microcontainers filled with PVP and loaded with ketoprofen using

scCO, impregnation in the size of a) small and b) large.
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Figure S3. SEM images of microcontainers filled with PVP and loaded with naproxen using

scCO, impregnation in the size of a) small, b) medium and c) large.
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