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Introduction

Chapter one

A pharmaceutical scientist is dedicated to developing promising drug compounds into
lifesaving medicines. The development process is a time consuming process typically
taking a number of years between chemical discovery and release on the market. A
large number of analytical techniques are employed by pharmaceutical scientists
during the development process, with each technique providing insight into different
physical and chemical properties of the compound under development. This
dissertation demonstrates coherent anti-Stokes Raman scattering (CARS)
microscopy as a tool for solid state pharmaceutical development suitable for early
stage analysis of pure powders and late stage analysis of complex dosage forms.
Variants of CARS microscopy are used to identify changes in solid state form both in
dry oral dosage forms and in situ during dissolution testing. Additionally, CARS
microscopy is applied to provide chemically selective imaging for formulation

strategies in the area of inhalation medicines and poorly water soluble medicines.



1.1 Pharmaceutical solid state

Pharmaceutical science is the area focused on converting pharmacologically active
molecules into marketable medicines. Formulation development is an integral part of
this process. Formulation development is loosely divided into two areas: solid state
formulations and liquid state formulations depending on whether the final dosage
form is a tablet, capsule, syrup, suspension, or injection. Liquid state formulations will
not be covered in this work. Instead the focus is on solid state formulations: primarily

tablets but also particles.

A solid state form is generally thought to refer to a crystalline structure where
molecules are arranged in a three dimensional (3D) repeating unit in a crystal lattice.
However, common usage of the term solid state also includes multi-component
crystals and non-crystalline amorphous structures. Polymorphism refers to different
crystal structures where under different environment conditions (i.e. Kkinetic,
temperature and pressure) molecules can arrange themselves in a different 3D
repeating unit resulting in different crystalline lattices. Figure 1 shows schematic
illustrations of these different solid state forms. Active pharmaceutical ingredients
(APIs) are known to exist in various solid state forms that can change during

processing, production and storage, creating challenges for formulation scientists.

An example of a multi-component crystal is that of a solvate. A solvate is a crystalline
material that has incorporated molecules of a solvent into the crystal lattice. A
commonly encountered solvate in pharmaceutical development is a hydrate in which
water molecules are incorporated into the crystal lattice of APIs. Hydrate formation
can occur during processing when the sample is exposed to moisture in the air or
potentially during dissolution testing when oral dosage forms are exposed to liquid
water. Further details about hydrate formation during dissolution can be found in

Chapter three.
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Figure 1. Schematic illustrating solid state forms of an active pharmaceutical

ingredient.

The majority of drugs currently under development have issues with poor water
solubility [1]. Solubility is of particular importance for solid formulations because the
drug molecules must first dissolve before being absorbed for a therapeutic effect.
This issue of solubility makes the amorphous form an interesting option during

formulation development.

The amorphous form has no long range order without a crystalline lattice and is often
considered to be a quench cooled liquid [2]. Due to the increased structural disorder
the amorphous form has a higher thermodynamic activity which leads to an increased
reactivity in many cases, a higher apparent solubility and increased dissolution rate
[2]. However, the higher thermodynamic activity also provides instability, giving the
amorphous form a tendency to crystallize during storage [3] and in some cases
during dissolution testing [4].

Overcoming issues of amorphous instability is the subject of a large area of
pharmaceutical research with numerous formulation strategies under investigation.
Examples of these strategies include solid dispersions [5, 6], co-amorphous mixtures
[7, 8], and drug loaded porous silica/ silicon microparticles [9, 10]. Figure 2 outlines
schematically these formulation strategies; it is apparent that the basis of these
stabilization strategies is physical separation with the APl molecules separated from



each other, thereby preventing crystallization. In some cases it has been shown that
there is also a chemical interaction between the API and the excipients involved in

the formulation [11].
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Figure 2. Schematic illustrating amorphous stabilization formulation techniques.

Solid-dispersions were first introduced as a potential formulation strategy for poorly
water soluble drugs by Sekiguchi and Obi [12] in 1961 where they dispersed
sulfathiazole in urea and found that the dispersed sulfathiazole had a higher
absorption into the blood. A solid-dispersion has been defined as “a dispersion of one
or more active ingredients in an inert carrier or matrix at solid state prepared by the
melting, solvent, or melting-solvent method” [6]. These methods allow
supersaturation of the drug in the mixture and quench cooling to form an amorphous
solid sample [5]. The inert carrier in the solid-dispersion needs to be freely water
soluble, non-toxic, thermally stable (melting methods) and chemically stable (solvent
procedures). Some examples of commonly used carriers include polymers (e.g.

polyvinylpyrrolidone and polyethylene glycol), sugars, and urea [5, 13].

There are similarities between co-amorphous mixtures and solid-dispersions, in that

both strategies involve formulating poorly soluble drugs with co-forming chemicals



designed to stabilize the amorphous form of the drug [14]. However, a solid-
dispersion carrier is typically a large molecule such as a polymer or bile salt while a
co-amorphous co-former is typically a small molecule such as citric acid [8], amino
acids [15], and other drug molecules [7, 11, 16]. Methods used to prepare the co-
amorphous mixtures also vary with mechanical activation by cryo-milling the most

common method used followed by quench cooling of the melt [14].

Mesoporous silica and silicon is another formulation strategy for poorly water soluble
drugs. Mesoporous materials contain nanosized pores between 2-50 nm [17-19],
allowing the loading of drug molecules inside the pores. The materials are
synthesized either using a top-down method [20, 21] where a non-porous sample is
etched to create pores or a bottom-up method [22] where the material is grown by
template synthesis. Porous silicon is most commonly fabricated top-down using
electrochemical anodization of monocrystalline silicon wafers while porous silica is
usually fabricated using the bottom-up approach by reacting tetraethyl orthosilicate
with a template made of micellar rods [10] resulting in an ordered layout of pores with

a controlled size.

Incorporation of drug into the pores can be performed using solvent deposition
methods [23-25], mechanical activation methods [26, 27] or vapor-phase mediated
mass transfer [19]. The solvent deposition method is based on dissolving the drug
into an organic solvent at a high concentration and mixing the solvent with the
mesoporous silica allowing the drug to migrate through diffusion into the pores of the
mesoporous silica particles. This process is followed by a solvent removal step where
the excess solvent is removed, leaving the remaining drug loaded in the mesoporous

silica.

Formulation development for medication delivery to the airways provides different
challenges to overcome. For instance, the airways provide a large surface area with
a good blood supply usually making drug absorption not an issue for drug delivery.
However, API| powder particle size is very important for deep penetration into the



airways. Research has shown that there is an optimal particle size of between 1-5
pm, with particles smaller than 1 ym being exhaled and particles larger than 5 ym

typically being swallowed instead of reaching the airways [28, 29].

One of the issues that arise when trying to prepare particles within this size range is
cohesion due to electrostatic interactions. In other words, small particles
preferentially clump together essentially losing the advantage of small particle size.
To overcome this issue attempts have been made to stabilize the small particle size
by combining finely powdered API with coarsely powdered carrier particles creating
mixtures where the API is coated on the surface of the carrier particles. These
mixtures are known as adhesive mixtures for inhalation and further details can be

found about this formulation strategy in Chapter four.

1.2 Pharmaceutical analytical techniques

Pharmaceutical analytical techniques play a fundamental role in solid dosage form
development. Different analytical techniques are applied at different stages of the
development process depending on the physical or chemical property of the material
of interest. Traditional analytical techniques include x-ray powder diffraction (XRPD),
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), scanning

electron microscopy (SEM), infrared (IR) and spontaneous Raman spectroscopy.

X-ray powder diffraction is based on the fact that when x-rays are incident on
crystalline solids they are scattered over a large area. Some of this scattered
radiation destructively interferes while some of it constructively interferes, leading to
strong intensity scattering peaks which can be detected using a diffractometer [30].
Bragg’s law describes the angles where constructive interference occurs for

crystalline materials:

nA = 2dsinf (1.1)



where A is the wavelength of the incident x-ray, d is the distance between the planes
in the crystal lattice and 6 is the angle between the incident x-ray and the scattered

radiation.

X-ray powder diffraction is often considered a gold standard in the analysis of
pharmaceutical materials and is used to both to investigate polymorphism [31] of
APls and to investigate onset of crystallization for amorphous samples [32]. XRPD is
capable of identifying different polymorphs due to differences in their x-ray
diffractograms, but it provides no information about the relative stability of the

polymorphs; for this other techniques are required.

Thermal analysis includes techniques such as differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). These techniques are capable of determining
the relative stability of polymorphs by investigating the energies involved in phase
changes between various polymorphs [33]. Thermal analysis is based on the
principle that a physical change in a material is associated with a release or
absorption of heat. Thermogravimetric analysis (TGA) is a commonly used thermal
analytical technique. A typical TGA instrument consists of a precision analytical
balance combined with a furnace that is programmed for a linear rise of temperature
with time [34]. In the area of pharmaceutical analysis TGA is commonly used to study
dehydration [35, 36] as well as for determining the loading of drug loaded
silica/silicon [37, 38].

Thermal methods are useful in early stage development where they can provide a
large amount of information about the APl under development. However, the thermal
methods are destructive techniques that are unsuitable for analyzing complex dosage
forms containing excipients such as tablets or capsules. When analyzing complex

dosage forms imaging methods are especially useful.



Scanning electron microscopy (SEM) is a widely employed imaging technique in
pharmaceutical development providing extremely high resolution (~1 nm)
morphological information for a wide range of solid samples [39-41]. Such high
resolution can be achieved by using a highly focused electron beam which is
scanned over the surface of the sample with scattered secondary electrons collected
by a type of scintillator-photomultiplier detector known as the Everhart-Thornley
detector [42, 43]. SEM is an extremely high spatial resolution technique providing
morphological information for complex dosage forms. However, in many cases SEM
is incapable of distinguishing between API and excipients and in these cases it is

necessary to employ a chemically specific technique.

In 1928 Raman and Krishnan [44] reported what they called “a new type of
secondary radiation” where they observed molecules in dust-free liquids or gases
exhibiting modified scattered radiation of degraded frequency. This scattering has
become known as spontaneous Raman scattering and is a form of inelastic
scattering of light where light is scattered at either a higher (anti-Stokes shifted) or
lower (Stokes shifted) frequency than the incident light. The frequency shift of the
scattered light is due to an interaction between the incident light and the vibrating
chemical bonds of the molecule, making Raman scattering a chemically specific
technique. If the electrons are in the ground state during the interaction they are
excited to a virtual state which then relaxes to a vibrational level while emitting lower
frequency photons (Stokes shifted). If however, the electrons are already in a higher
vibrational level, the excited electrons relax emitting higher frequency photons (anti-
Stokes shifted). These processes are illustrated in Figure 3. In environmental
conditions the electrons are mostly in the ground state making Stokes shifted

scattering the predominant effect [45].
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Figure 3. Jablonski energy level diagrams illustrating stokes Raman scattering (left)

and coherent anti-Stokes Raman scattering (right).

Raman scattering techniques can be loosely divided into spectroscopic or imaging
techniques. A typical spontaneous Raman spectroscopy system consists of a
continuous wave laser with a charge coupled device (CCD) spectrometer used to
collect the scattered photons and is capable of recording a full spectrum (400-4000
cm”) in a matter of seconds [46, 47]. Raman imaging is a spatially resolved
technique that collects Raman spectra from various spatial areas on the surface of a

sample which are then combined into a surface map [48].

Pharmaceutical applications of spontaneous Raman are numerous, including studies
on polymorphism [49-51], process induced changes [47, 52], drug loading of

mesoporous silica [53] and during dissolution testing [54, 55].

As mentioned earlier, oral solid dosage forms require the drug to dissolve before it
can be absorbed for a therapeutic effect. Dissolution testing involves immersing the
drug either in a powdered form or as a dosage form such as a tablet or capsule into a
liquid medium such as water and measuring how long it takes for the drug to dissolve

into the medium [56].



Dissolution testing is useful during both early stage development when it can help
decide which API molecule is worth advancing for further development and in late
development as part of quality control when it can be used to compare different

batches of dosage forms to ensure the production process is reproducible.

In 1897 Arthur Amos Noyes and Willis Rodney Whitney proposed an equation to
calculate in quantitative terms the rate at which a solid dissolves in a solvent using

what is now known as the Noyes-Whitney equation:

M

=7 G0 (1.2)

where ‘;—If is the change in mass per unit time, D is the diffusion coefficient of the

solute in the solvent, S is the surface area of the exposed solid, h is the thickness of
the diffusion layer, Cs is the saturation solubility of the solid and C is the

concentration of the solute in bulk solution at time ¢ [56].

Dissolution testing usually involves removing aliquots of the dissolution medium over
a series of time points to determine the concentration of dissolved drug. This method
provides indirect information about the dissolution process but it gives no direct
information about potential changes in solid state form that may be occurring on the
surface of the dissolving dosage form. This lack of direct information has led to
attempts to combine in situ analytical techniques such as spontaneous Raman
scattering [4, 55], IR imaging [57], UV spectroscopy [58] and imaging [59, 60] and
now coherent anti-Stokes Raman scattering microscopy (see Chapter 3) with

dissolution testing.

10



1.3 Coherent anti-Stokes Raman scattering (CARS)

microscopy

Coherent anti-Stokes Raman scattering is a nonlinear optical technique that can
probe the same molecular vibrations as spontaneous Raman. Nonlinear optics
describes the behavior of intense light usually from a laser light source in the
presence of nonlinear materials [61]. A nonlinear material is a material which
responds to the strength of the applied optical field in a nonlinear manner. In other
words, if the material generates light at a different frequency than of the input light it
is said to be a nonlinear effect. One of the first demonstrations of nonlinear optics
was second harmonic generation by Franken et al. [62] in 1961, in which 694.3 nm

light incident on crystalline quartz produced light at 347.15 nm.

Another way to look at an optical nonlinearity is to consider the polarization P(t), of
the material which depends on the strength E(t) of an applied optical field. In linear
optics the induced polarization depends linearly on the strength of the electric field:
[61]

P(®) = eoxWE®) (1.3)

where y(V is the linear susceptibility and ¢, is the permittivity of free space. Nonlinear
optical responses can be written showing the polarization P(t) as a power series in

the field strength E(t):
P(t) = e[ xVE® + xPE@) + xPE®) + -] (1.4)

where y® and y® are second and third-order nonlinear optical susceptibilities

respectively [61].

Coherent Raman scattering is a term that covers the techniques CARS and
stimulated Raman scattering (SRS) and variants of these techniques. CARS is a

third-order nonlinear optical technique that was first reported by Maker and Terhune

11



in 1965 [63] but was originally known as a three wave mixing experiment. The term
coherent anti-Stokes Raman scattering was coined in 1974 when Begley et al. [64]

published their article about CARS spectroscopy.

Further development in the area lead Duncan et al.[65] to introduce a scanning
CARS microscope in 1982. They used two synchronously pumped continuous wave
dye lasers to produce the pump and stokes beams which were scanned with a
scanning mirror across a sample of onion skin cells [65]. Zumbusch et al.[66] utilized
a high numerical aperture in their CARS microscope with co-linear beam alignment
making implementation of the CARS technique easier to standard optical
microscopes. In addition to easy implementation of the technique they showed that,
due to the nonlinear effect, the excitation was limited to the small volume of the laser
foci resulting in reduced background signal, reduced photodamage and the ability to

perform three-dimensional microscopy [66].

There are a number of ways to realize a coherent Raman system microscope
system, with each setup having its own capabilities and limitations. Coherent Raman
techniques are loosely divided into narrowband and broadband techniques, where
the division is based on the excitation lasers used, with narrowband systems typically
employing two picosecond pulsed lasers while a broadband system employs a
femtosecond laser combined with a picosecond laser. The distinction between CARS
and SRS is based on differences in detection methods with CARS measuring a
wavelength separated signal while SRS detection relies on detecting a gain or a loss
due to modulation of one of the excitation beams. Narrowband CARS systems have
been more commonly used in the analysis of pharmaceutical samples and are the

focus of this dissertation so they will be discussed first and in most detail.

A typical narrowband CARS microscope consists of two picosecond pulsed laser
sources overlapped in space (spatially) and time (temporally) which are focused on
the sample with a high NA microscope objective and scanned across the surface

using a pair of XY scanning mirrors. The generated CARS signal is scattered in both

12



the forward direction (propagation direction of the lasers) and the backward direction
(known as epi-CARS) and is first filtered from the excitation light before being
detected typically using photomultiplier tubes (PMT) [67]. Practically, the picosecond
pulsed laser source is usually a Nd:YVO,4 or Nd:YAG laser which pumps an optical
parametric oscillator (OPO) which produces two lasers known as signal and idler that
are tunable in wavelength. Usually the fundamental laser source is combined with the
signal beam by free space optics and the overlapped beams are directed into a beam

scanning microscope.

A typical broadband CARS microscope setup consists of two laser sources one of
which provides femtosecond pulses while the other provides picosecond pulses. The
femtosecond pulses are commonly provided by a Ti:Sapphire laser source which
produces 60-70 fs pulses with a 80 MHz repetition around 800 nm [68, 69]. The
narrowband picosecond pulse source can be an electronically locked Nd:YVO, laser
[68], or it is possible to use a beam splitter to divert a portion of the femtosecond light
source into a dispersion-less filter to prepare a narrowband pulse source [69]. As with
the narrowband CARS systems the broadband setups also have pulses spatially and
temporally overlapped before focused on the sample using a high NA microscope
objective. In contrast to the narrowband CARS systems the broadband setups

typically use a CCD spectrometer to collect the scattered CARS signal.

Stimulated Raman scattering (SRS) is a more recent addition to the tools of coherent
Raman scattering but is now implemented in both broadband [70] and narrowband
configurations [71]. A typical SRS system is very similar to that of a CARS system
with overlapped focused pulsed lasers, but instead of detecting the anti-Stokes
scattered light using a PMT or CCD spectrometer, the modulation on one of laser
sources is detected using a photodiode with a lock-in [71]. The modulation that is
detected during SRS is usually generated by placing an acoustic optic modulator or
an electro optic modulator in the beam path of one of the excitation lasers prior to
beam combination. This modulation results in either a gain or loss to the stimulated
Raman signal depending whether the pump (gain) or Stokes (loss) beam is

13



modulated which can be detected using the lock-in with a photodiode. Figure 4.

shows a schematic illustrating the pump and Stokes pulse trains in SRS.

+ =

Pulse intensity

Input pump pulse train Input Stokes pulse train Output SRL pulse train

Figure 4. Schematic illustration of the pump (blue) and Stokes (red) pulse trains in

stimulated Raman scattering adapted from Freudiger et al. [71].

Coherent Raman techniques are well established in biomedical imaging where
narrowband CARS is particularly suitable for investigating lipid content in biological
cells [67]. Up until recently, pharmaceutical research has been primarily focused on
spontaneous Raman spectroscopy and mapping but it is slowly gaining interest in
coherent Raman techniques. Most of the work done in this area was performed using
narrowband CARS with some of the earliest work performed analyzing the
composition of dodecane emulsions [72]. Still in the area of emulsions Day et al.[73]
used narrowband CARS to discriminate between undigested oil and lipolytic

breakdown products without labeling.

In the area of solid dosage forms Kang et al. [74-76] investigated drug loaded
polymer films initially imaging the drug distribution in the film. This was followed by
imaging the drug release using a static medium. The authors found that CARS
microscopy provided visual evidence for an accelerated burst release of drug which
was followed by a slower sustained release of drug. Windbergs et al.[77] and Jurna
et al.[78] went a step further and imaged drug dissolution from lipid based extrudates
and tablets using a dynamic medium. They reported that the drug theophylline
crystallized into theophylline monohydrate during dissolution when prepared from
pure powdered samples while this was not the case for tablets produced from lipid

extrudates.

14



There has also been work done in the area of pharmaceutical analysis using other
variants of coherent Raman techniques namely SRS and broadband CARS
microscopy. Slipchenko et al.[79] employed SRS to investigate drug and excipient
distributions in commercial available tablets. They found that by using SRS it was
possible to distinguish between amlodipine tablets provided by six different
manufacturers. Wang et al. [80] used SRS to investigate the drug distribution of drug
loaded polymer films as part of their work done on developing the SRS technique.
Broadband CARS microscopy was the technique employed by Hartshorn et al.[81] to
image the APl and excipient distribution in tablets containing the model drug
indomethacin. Additionally they investigated the ability of broadband CARS to

distinguish between the a and y forms of indomethacin.

1.4 Dissertation overview

CARS microscopy is a nonlinear optical imaging technique that provides rapid
chemically selective imaging without the requirement of labels and is free from single
photon fluorescence. CARS microscopy is capable of three dimensional optional
sectioning resulting high resolution diffraction limited images. The previous work
mentioned earlier investigated the potential for CARS microscopy as a tool for
pharmaceutical analysis. This dissertation expands upon the previous work and
demonstrates coherent anti-Stokes Raman scattering (CARS) microscopy as a tool in
pharmaceutical solid state development. CARS microscopy is suitable for early stage
development, analyzing pure APl powders as well as late stage analysis of more
complex dosage forms. The strengths and weaknesses of CARS microscopy are
explored in the context of pharmaceutical analysis over a wide range of samples

covering a number of commonly used pharmaceutical formulation strategies.

Chapter two introduces and discusses hyperspectral CARS microscopy as a tool for

determining pharmaceutical solid state form capable of distinguishing between

15



hydrous and anhydrous polymorphic forms as well as between crystalline and

amorphous forms.

Chapter three presents CARS and hyperspectral CARS as a tool for dissolution
analysis capable of correlating visualized changes on the surface of a dosage form
with changes observed in the dissolution rate. Chapter 3 begins with details about the
design and building of the dissolution setup and is followed by results obtained from a

number of theophylline containing oral dosage forms.

Chapter four introduces the area of inhalation medicine and looks at the capabilities
of CARS microscopy to provide useful information about the formulation strategy
known as adhesive mixtures. The chapter begins with analyzing drug distribution
followed by particle size calculations and ends with correlative imaging combining

CARS with scanning electron microscopy (SEM).

Chapter five looks at a drug loaded mesoporous silica particles, which is a
formulation strategy aimed at stabilizing the amorphous form of poorly water soluble
drugs. CARS and hyperspectral CARS were utilized to firstly identify the three
dimensional drug distribution of the loaded silica particles and secondly to confirm the
amorphous nature of the loaded drug. Finally more correlative CARS and SEM
imaging was performed to confirm that the loaded drug was contained within the

pores of the silica.

16
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Hyperspectral CARS
microscopy for solid state
form determination

Chapter two

Hyperspectral CARS is a recent development expanding the capabilities of CARS
microscopy from single frequency imaging to hyperspectral imaging where images
are recorded rapidly for a large number of vibrational frequencies. This chapter
explores the ability of hyperspectral CARS to determine the solid state form of drugs.
Systems were investigated involving changes in crystalline polymorphs including
conversions from anhydrous to hydrous forms as well as differences between
amorphous and crystalline forms. Aspects of this work have been published in
Garbacik et al. [1], Fussell et al. [2], and presented at conferences including SPIE

Photonics west and the PBP world meeting.
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2.1 Introduction

Active pharmaceutical ingredients (APl)s can exist in a number of solid state forms
including various crystalline polymorphs, the amorphous form and multi-component
crystals including co-crystals and salt forms [3]. In the pharmaceutical industry there
is a particular interest in identifying solid state forms and their physicochemical
properties during the drug development process. Properties such as apparent
solubility, physical and chemical stability, and dissolution rate can vary between
different solid state forms and have a great influence on the developability of the API
[4, 5]. There are reports of ever increasing issues of poor water solubility of drugs in
the development pipeline with estimates suggesting around 60% of all molecules in
development having solubility issues [6]. One of the strategies employed to overcome
issues of poor water solubility is using the amorphous form of the API under

development.

The amorphous form refers to a form where long range molecular order has been
broken down [7]. This breakdown in order results in a high energy disordered state
which has been found in many cases to have improved solubility and dissolution rate
[8] compared to crystalline forms. Karmwar et al. [9] reported a 9-fold increase in
dissolved concentration after 60 minutes of dissolution for amorphous indomethacin
prepared by cryo-milling for 240 minutes when compared to both alpha and gamma
crystalline indomethacin. The amorphous form is a thermodynamically high energy
state and has a tendency to crystallize which is a drawback for the drug development
process. There is a large area of research in the field of amorphous form stabilization
including solid dispersions [10, 11], co-amorphous mixtures [12, 13] and drug loaded
silica [14, 15] and silicon particles [16, 17].

Traditional solid state analytical techniques such as differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), x-ray powder diffraction (XRPD), Fourier
transform infrared spectroscopy (FTIR) and Fourier transform spontaneous Raman
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spectroscopy (FT Raman) are well established in studying the different solid state
forms of APIs. For example, Grzesiak et al. [18] published work where they used
XRPD, DSC, hot stage microscopy and FTIR to study the four anhydrous polymorphs
of carbamazepine. They reported that all used techniques were capable of
distinguishing between the different polymorphs but the most reliable way to
determine the polymorphic form was with XRPD as each form provided a number of
high intensity distinguishing peaks. Taylor and Langkilde [19] investigated the
potential of FT Raman to identify the solid state form of a number of APIs including
ranitidine, theophylline, prednisolone, enalapril and warfarin contained in tablets and
capsules. For most of the APIs they reported that FT Raman is capable of identifying
the solid state form of the drug in commercially available dosage forms even though

in some samples the API was present in a low concentration.

CARS microscopy is a third order non-linear optical imaging technique that probes
the same molecular vibrational frequencies as spontaneous Raman scattering.
Coherent Raman techniques such as CARS and stimulated Raman scattering allow
rapid chemically selective imaging up to video rate [20]. CARS microscopy can be
roughly divided into two groups, namely narrowband and broadband CARS.
Narrowband CARS is performed using lasers with picosecond pulse duration,
whereas broadband CARS uses a femtosecond pulse for either the pump or Stokes

beam and a picosecond pulse for the other beam.

A narrowband CARS microscope generally consists of two picosecond pulsed lasers
one of which is tunable in wavelength. In practice this is normally achieved by using a
frequency doubled Nd:YAG or Nd:YVO, laser source which pumps an optical
parametric oscillator (OPO) producing a further two output beams known as signal
and idler. Imaging is usually performed by spatially and temporally overlapping the
fundamental laser (called Stokes) with the signal beam (called pump) from the OPO
and directing the beams into an inverted microscope where they are focused on the
sample using a microscope objective. If the frequency difference between the two
incident lasers matches a Raman vibrational resonance, an anti-Stokes (blue shifted

with respect to the pump beam) CARS signal is generated. The CARS signal can be
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collected in either the forwards direction or in the backwards direction where it is
collected using a photomultiplier tube (PMT). For this work the CARS signal was
detected in the backwards direction. CARS signal is diffraction limited and only
generated within the focal volume, making it an inherently confocal, imaging

technique.

Narrowband CARS microscopy is images a single Raman vibrational mode which
can make it difficult or even impossible to distinguish between different solid state
forms of the same API. This difficulty occurs because usually there are only minor
differences between vibrational spectra for various solid state forms. Broadband
CARS is a potential solution to this issue as it is capable of probing a wider spectral
range (around 600-3200 cm™) but with a reduced spectral resolution of about 10 cm™
and a slower imaging speed (about 50 ms/pixel) when compared to narrowband
CARS systems [21, 22]. Hyperspectral narrowband CARS microscopy is a recently
developed technique capable of rapidly imaging over a wide spectral range
overcoming the drawback of single vibrational mode imaging [23, 24]. Hyperspectral
CARS has been used to rapidly identify various amino acids in physical mixtures [23]
as well as investigating polymorphism in a number of pharmaceutically relevant

chemicals [1].

In this chapter hyperspectral CARS microscopy is introduced and the application of
this recently developed technique to rapidly and visually identify various solid state
forms of the model drugs carbamazepine, theophylline, griseofulvin and itraconazole
is investigated. The focus is initially on polymorphic conversions from anhydrous to
hydrous forms for carbamazepine and theophylline. This is followed by analyzing
differences between crystalline and amorphous forms for griseofulvin and
itraconazole. Finally, issues and drawbacks with the hyperspectral method are

discussed.
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2.2 Materials and Methods

2.2.1 Materials

United states pharmacopeial (USP) grade carbamazepine (CBZ) form Il (Sigma-
Aldrich, USA) was purchased and used to prepare CBZ form |, and CBZ dihydrate.
USP grade Theophylline anhydrate (TPa) and theophylline monohydrate (TPm) were
gifted from BASF (Ludwigshafen, Germany). Crystalline itraconazole (ITRA) (Orion
Pharma, Finland) was used to prepare amorphous ITRA, while crystalline griseofulvin
(GRIS) (Sigma-Aldrich, USA) was used to prepare amorphous GRIS.

2.2.2 Methods
Hydrate formation

CBZ dihydrate and TPm were prepared through recrystallization from CBZ form Il
and TPa respectively. Samples of the anhydrous APIs were placed on a microscope
slide and distilled water was added dropwise until all of the material was covered the

sample was then left to allow the excess water to evaporate.

Amorphous formation

Amorphous ITRA and GRIS were prepared through quench cooling of melted
crystalline ITRA and GRIS.

Carbamazepine form | formation

CBZ form | was prepared through recrystallization of CBZ form Ill. CBZ form IIl was
heated in an oven for three hours at 150 °C. The sample was then allowed to cool

over silica gel and stored in the fridge before analysis.

Pellet preparation
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Pellets (75 mg, @ 8 mm) were compressed using a manual pellet press with a
pressure of about 0.1 ton applied for about 30 s. The pure chemical CARS spectra
were compared before and after pellet preparation to ensure changes did not occur

during compression.

CARS microscope setup

The CARS microscopy system is illustrated in Figure 1 and is described in more
detail elsewhere [23]. A Nd:YVO, picosecond pulsed laser (Coherent Inc., USA)
operated at a fundamental wavelength of 1064 nm was frequency doubled to pump
an optical parametric oscillator (OPO) (APE Berlin GmbH, Germany) which produced
two dependently tunable laser beams. The fundamental laser beam was combined
with the signal beam from the OPO and directed into an inverted laser-scanning
microscope (Olympus IX71/FV300, Japan) where they were focused onto the sample
using a 20X/0.5 NA objective. The backscattered CARS signal was collected by the
focusing objective, spectrally filtered to remove the excitation wavelengths, and
detected with a photomultiplier tube (Hamamatsu R3896, Japan). The CARS
microscope system using a 20X/0.5 NA objective had an axial spatial resolution of

about 10 um and a lateral spatial resolution of about 1 ym.

Coherent Paladin ps pulsed
- Nd:YVO4 laser
APE
Levante
Emerald l Fundamental Olympus
Optical — IX71
Parametric |Signal .
Oscillator JICOPSCRLI N
Inverted
=] Idler Microscope

Figure 1. Schematic illustration of the custom built CARS microscope system

Hyperspectral imaging
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The method to record and project hyperspectral CARS images has been published in
great detail in Garbacik et al. [23]. Briefly, CARS images are recorded rapidly while
the wavelength of the OPO produced signal beam is swept using stepwise changes
in the Lyot filter position resulting in a large number of frames (around 50) with each
frame corresponding to a different vibrational frequency. After image collection every
pixel in the hyperspectral data is normalized in intensity and then projected using an
arbitrary color look-up table wherein each frame of the hyperspectral data is colored
using a different color and the brightness of each pixel is scaled by its intensity. The
projection of the hyperspectral data is performed using additive mixing with a
maximum intensity projection creating an output image that contains maximum pixel
values over all images in the data stack. The resulting hyperspectral image is a two
dimensional projection of the hyperspectral data with each color representing a
different chemical compound or solid state form. Figure 2 is a schematic illustrating

the hyperspectral process.
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Figure 2. Schematic illustrating hyperspectral imaging process using plastic beads as

a model sample. Reproduced from Garbacik et al.[23]
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2.3 Results and Discussion

Crystalline polymorphic form discrimination

The first solid state conversion to be investigated using hyperspectral CARS
microscopy was the conversion from anhydrous to hydrous for both theophylline and
carbamazepine. Theophylline is known to convert from anhydrate to monohydrate in
the presence of water or moisture [25, 26]. Mixtures of TPa and TPm were
compressed into pellets and analyzed using hyperspectral CARS. Figure 3 shows a
hyperspectral CARS image (Figure 3A) and the extracted CARS spectra (Figure 3B)
for TPa and TPm covering the range of 3050 cm™ to 3150 cm™. Looking at the
hyperspectral image (Figure 3A) TPa can be seen as a yellow color (for the color
table displayed on top of Figure 3B) while TPm appears as a pink-red color. The
color change in the hyperspectral image can be explained due to a peak shift which
is seen in the CARS spectra (Figure 3B). TPa has a peak maximum around 3118 cm’
" while for TPm this peak has shifted to around 3105 cm™. This peak has been
assigned to the imidazole ring C-H stretching (vC)-H) and the red-shift is due to Cg)-

H---O intermolecular hydrogen bonding in the TPm form [27, 28].
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Figure 3. Hyperspectral image (A) and extracted CARS spectra (B) for a pellet
prepared containing TPa and TPm. In the hyperspectral image TPa can be seen as
yellow while the pink-red color represents TPm. Hyperspectral image covers the C-H
stretch range from 3050-3150 cm™. The scale bar represents 100 um.
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The conversion of CBZ form Il to CBZ dihydrate was studied using a similar method
with pellets compressed using physical mixtures of both solid state forms. Figure 4
shows a hyperspectral image (Figure 4A) and extracted CARS spectra (Figure 4B)
for a pellet containing both CBZ Il and CBZ dihydrate covering the range from 2980
cm™ to 3080 cm™. In the hyperspectral image CBZ Ill appears as a blue-green color
while CBZ dihydrate appears as a reddish color (for the color table above Figure 4B).
There is also a small area (indicated by red dashed circle) of sample damage due to
laser heating which is seen as a dark yellow color. Unlike TP the color differences for
CBZ are not due to a shift in a peak but rather a change in relative intensities for

three peaks observed in this spectral region. These peaks have been assigned to

represent C-H stretching [29].
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Figure 4. Hyperspectral image (A) and extracted CARS spectra (B) for a pellet
prepared containing CBZ form Ill and CBZ dihydrate. CBZ form Ill can be seen as
blue-green while the red color represents CBZ dihydrate. Hyperspectral image covers
the C-H stretch range from 2990-3080 cm’. The scale bar represents 100 um.

After analyzing the differences between anhydrous and hydrous solid state forms it
was decided to attempt to visualize the difference between two anhydrous solid state
forms. For this it was chosen to prepare mixtures containing both CBZ form IIl and

CBZ form |. CBZ form lll is a P-monoclinic crystal structure and the stable form of
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CBZ while CBZ form | is a triclinic crystal structure and is metastable [18]. Figure 5
shows a hyperspectral image (Figure 5A) for CBZ Ill with CBZ | and extracted CARS
spectra (Figure 5B) covering the range from 2970 cm™ to 3075 cm™. Looking at the
hyperspectral image CBZ lll appears as a pink-purple color while CBZ | is colored
blue-purple (for the color table above Figure 5B). The similarity between the two
colors can be partly explained to be due to both forms of CBZ having a peak around
3010 cm™ which is the most intense peak for both forms while the other peaks
(around 3030 cm™ and 3060 cm'1) have a considerably lower intensity, meaning they

have weaker contribution toward the final color of the image.
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Figure 5. Hyperspectral image and extracted CARS spectra for a pellet prepared
containing CBZ form Ill and CBZ form |. CBZ form Ill can be seen as pink-purple
while the blue-purple color represents CBZ form I. Hyperspectral image covers the C-
H stretch range from 2970-3075 cm™. Regions of interest showing where the CARS
spectra were extracted from have been outlined for CBZ form Ill (white) and CBZ

form I (red). Scale bar represents 100 um.

Crystalline and amorphous discrimination

As part of the work performed investigating drug loaded mesoporous silica (covered
in Chapter 5) it was decided to investigate spectral differences between crystalline
and amorphous forms of GRIS and ITRA. Figure 6 shows hyperspectral images for
crystalline GRIS (Figure 6A) and quench cooled amorphous GRIS (Figure 6B) along
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with their extracted CARS spectra (Figure 6C) covering the range from 2860 cm™ to
2960 cm™'. The hyperspectral image for crystalline GRIS appears to show two colors
with some of the sample appearing pink and some of the sample appearing cyan (for
the color table shown above Figure 6C). This two color hyperspectral image can
probably be explained to be due to crystal lattice orientation with respect to the laser
polarization as it is known that CARS is sensitive to polarization [1]. The CARS
spectra from the crystalline GRIS sample have been plotted along with the spectrum
from the amorphous GRIS. Comparing the extracted CARS spectra it is obvious
there are differences between the crystalline and amorphous solid state forms
because none of the sharp peaks observed for crystalline GRIS can be seen in the

amorphous spectrum. Instead the amorphous spectrum is halo-like with a broad peak

observed around 2940 cm™. This broad peak has been assigned to be representing
C-Hs stretching [30].
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Figure 6. Hyperspectral images for crystalline GRIS (A) and amorphous GRIS (B)
and extracted CARS spectra (C) showing crystalline (black and red lines) and

amorphous (blue line) covering the range of 2860-2960 cm’”.

A similar result was obtained for the ITRA sample with two colors observed in the
hyperspectral image for crystalline ITRA. Figure 7 shows hyperspectral images for
crystalline ITRA and amorphous ITRA along with the extracted CARS spectra. In the
hyperspectral image for crystalline ITRA it can be seen that the sample appears as
both cyan and pink colored. As with the GRIS sample (Figure 6) it is most likely that
the second color is due to crystal lattice orientation with respect to the laser
polarization. The hyperspectral image for the amorphous sample also has more than
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one color in this case it is most likely that the colors are due to sample damage due
to heating with the color of the damage depending on at which stage during the scan
the damage occurs. Comparing the spectra obtained it is clear that there are
differences between the crystalline and amorphous forms with the sharp peaks
observed in the crystalline form replaced with a broad halo-like spectrum similar to
that seen for amorphous GRIS (Figure 6). However, instead of having a peak

maximum around 2940 cm™' as seen for amorphous GRIS, the amorphous ITRA has

a peak maximum around 2930 cm™'. This broad peak has been assigned to represent
C-Hs stretching [30].
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Figure 7. Hyperspectral images for crystalline ITRA (A) and amorphous ITRA (B) and
extracted CARS spectra (C) showing crystalline (black and red lines) and amorphous

(blue line) covering the range of 2860-2960 cm™.

Hyperspectral imaging considerations

Hyperspectral CARS imaging has been shown to be capable of discriminating
between differences in solid state form. It is a rapid visual method giving chemical
contrast to otherwise white powdered samples and also provides a simple way to
extract CARS spectra from the sample. However, there are a number of limitations
and drawbacks to the technique. Firstly, the sensitivity to crystal lattice orientation
causing the sample to appear as two colors when only one is expected makes
working with the technique more difficult. This extra difficulty is because sometimes
the unexpected second color could be due to a contamination in the sample or due to
an unexpected polymorphic conversion. Secondly, the hyperspectral technique is

limited to static environments because any sample movement during the image
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collection will result in a change in intensity and a change in the final color for the
hyperspectral image. Thirdly, there are issues with differences in signal intensity
between the solid state forms due to differences in scattering cross-section. This was
particularly a problem for the amorphous form as it produced less intense scattering
than the crystalline forms making it almost impossible to image both forms together in
one image. Due to this mismatch in imaging intensity it led to images where either the
crystalline form was saturated or the amorphous form was not visible. Although, this
issue hampers single frequency CARS imaging it is particularly problematic in
hyperspectral imaging where the extracted CARS spectra can vary significantly due
to saturation. Finally, another issue with the projection of hyperspectral images is the
issue of primary colors and secondary colors discussed in Garbacik et al. [1] where a
compound with one peak can appear the same (or very similar) color to that of
another compound that has two peaks in different positions. To overcome this issue
sometimes it is necessary to present the same image projected using a more than

one color look up table.

2.4 Conclusions and Outlook

Hyperspectral CARS imaging has been shown to be a powerful imaging technique for
rapid visual discrimination between different solid state forms of APIs based on slight
differences in their Raman vibrational spectra. This work demonstrated discrimination
between anhydrous and hydrous polymorphic forms, as well as between two
anhydrous forms of CBZ in pellets prepared from physical mixtures. Additionally,
discrimination between crystalline and amorphous forms of GRIS and ITRA has been
shown. Future research in this area could investigate more complex dosage forms

containing excipients and lower proportions of APIs.
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In situ dissolution
analysis using CARS
microscopy

Chapter three

Dissolution testing is an important aspect of pharmaceutical oral product
development as oral formulations need to dissolve and be absorbed for therapeutic
efficacy. In situ dissolution analysis has the potential to provide a greater
understanding of the dissolution process. This chapter encompasses the work done
to incorporate dissolution testing into the CARS microscopy setup to allow in situ
analysis. This work starts from system building and finishes with results from a
number of pharmaceutically relevant samples. The methods and results from this

work have been published in Fussell et al.[1, 2].
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3.1 Introduction

Dissolution testing is an important part of pharmaceutical oral dosage form
development because active pharmaceutical ingredients (APIs) are required to be
dissolved and then absorbed for a therapeutic effect. APIs are known to exist in
various solid state forms, including crystalline and amorphous forms. These can
change during storage and during dissolution affecting the dissolution rate of the drug

product. More details about solid state polymorphism can be found in chapter two.

Solid state changes that occur during dissolution are known as solvent-mediated
phase transformations and they occur when a metastable form (higher solubility)
converts to a stable form (lower solubility) through precipitation from a supersaturated
solution [3]. Solvent-mediated phase transformation kinetics are determined by the
relative rates of growth and dissolution [3, 4]. In the literature there are many reported
cases of solvent mediated phase transformations. Savolainen et al. [5] performed
dissolution testing on a, y and amorphous forms of indomethacin (IMC). They found
that the initial dissolution rate for amorphous IMC was faster than the crystalline
forms but the dissolution rate decreased as the sample began to crystallize to a-IMC
during dissolution testing. Additionally, the solvent mediated phase transformations of
theophylline (TP) anhydrate (TPa) to theophylline monohydrate (TPm) [6, 7] and the
conversion of nitrofurantoin anhydrate (form B) to monohydrate (form Il) [6] during

dissolution testing have been published.

As these solid state conversions during dissolution reduce the dissolution rate there
is a need to investigate methods of inhibiting or delaying them. Most of the work in
this area focusses on the conversion from anhydrous to hydrous form conversions.
Katzhendler et al. [8] investigated the polymer hydroxypropylmethylcellulose (HPMC)
for inhibiting the transformation of CBZ to CBZ dihydrate on the surface of tablets in
aqueous solutions. They postulate that hydroxyl groups from HPMC may hydrogen
bond with CBZ at the water binding site leading to inhibition of dihydrate form growth.
Tian et al.[9] also studied the conversion of CBZ to CBZ dihydrate and they
concluded that hydrogen bonding ability and sufficient hydrophobicity were important
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parameters to determine the inhibition ability of various excipients. Wikstrom et al.
[10] investigated a number of pharmaceutical excipients as potential TPm formation
inhibitors during wet granulation. The majority of excipients tested did not change the
transformation of TP. However, polymers such as HPMC and methyl cellulose (MC)
could significantly inhibit the transformation of TPa to TPm during wet granulation.
Wikstrom et al. [10] suggested that the polymers adsorb to fast-growing surfaces of
the monohydrate crystal inhibiting crystal growth and leading to morphological

changes.

Pharmacopeial dissolution methods are generally not capable of identifying surface
solid state changes occurring during dissolution. This is because standard dissolution
techniques require the immersion of the drug (e.g. as a compact) in a flowing
dissolution medium with samples of the dissolution medium removed and analyzed
for dissolved drug concentration using UV absorption spectroscopy or HPLC [11].
Analyzing solution concentration provides information about how much drug is
dissolved, but it does not give any direct information about physical changes of the
dissolving dosage form. Direct analysis of the surface of the solid dosage form during
dissolution testing can therefore provide improved understanding of dissolution

behavior.

In situ dissolution analysis requires analytical techniques that are capable of
operating in an aqueous environment. Additionally, the analytical technique must be
non-destructive towards the sample and not interfere with the dissolution process.
Finally, the technique needs to obtain data at a sufficient temporal resolution (on the
order of seconds) to record rapid changes occurring during dissolution. Common
solid state analytical techniques such as scanning electron microscopy (SEM), x-ray
powder diffraction (XRPD), Near infrared (NIR) and infrared (IR) spectroscopy all
have limitations preventing their use in situ during dissolution. Infrared radiation used
in NIR and IR imaging is strongly absorbed by water limiting their use in aqueous
environments [12, 13]. SEM has been used to characterize solid-state changes on
the surfaces of dosage forms after dissolution [6, 14]. Debnath et al. [14] investigated
XRPD as a tool to depth profile phase changes on samples of IMC and TP during
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pharmaceutical processing including post-dissolution analysis. However, due to
sample preparation requirements both SEM and XRPD are unsuitable for in situ
dissolution analysis. Spontaneous Raman spectroscopy on the other hand is suitable
for in situ analysis and has been used to monitor solid state conversions during
dissolution [5, 6]. Spontaneous Raman spectroscopy can generate vibrational
spectra covering a wide range of vibrational frequencies in a few seconds. Combining
spontaneous Raman spectroscopy with a flow through cell and UV absorption
spectroscopy allowed in situ analysis of a number of solid state transformations,
including transformation from TPa to TPm [6], and the crystallization of amorphous
IMC and CBZ [5]. However, non-spatially resolved spontaneous Raman
spectroscopy is not capable of identifying where solid state conversions are occurring
during dissolution and imaging techniques using spontaneous Raman scattering

such as Raman mapping are too slow (s/pixel) for in situ dissolution analysis.

Coherent anti-Stokes Raman scattering (CARS) microscopy is an analytical
technique capable of in situ dissolution analysis. CARS microscopy is described in
more detail in chapter one and summarized in [15]. Briefly, CARS microscopy is
capable of rapid spectrally- and spatially-resolved imaging allowing the visualization
of different solid state forms of drugs based on their Raman vibrational spectra.
CARS signal is only produced within the focal volume of the focusing objective

making it inherently confocal, providing diffraction limited imaging.

Imaging using CARS microscopy has been performed on a number of
pharmaceutical samples focusing on drug release. Windbergs et al. [7] and Jurna et
al. [16] imaged the API distribution in oral lipid dosage forms and monitored the API

release during dissolution with a flow through cell setup using TP as a model API.

This chapter describes the development of the CARS microscope dissolution setup
allowing simultaneous monitoring of dissolved drug concentration and chemically
selective imaging of the surface of the dissolving dosage form. Additionally,

hyperspectral CARS imaging pre- and post-dissolution is applied to visually confirm
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the solid state conversions observed during dissolution. Theophylline (TP) was the
model API used either in a pure form or combined with ethyl cellulose in different

dissolution media for these experiments.

3.2 Materials and Methods

3.2.1 Materials

USP grade theophylline (TP, 1,3-dimethyl-7H-purine-2,6-dione) anhydrate and
monohydrate were gifted from BASF (Ludwigshafen, Germany). Methyl cellulose
powder (400 mPa-s) (MC) and ethyl cellulose powder (22 mPa-s) (EC) were gifted

from Colorcon GmbH (ldstein, Germany).
3.2.2 Methods
Compact preparation

Weighed amounts of TPa, TPm, and 50:50 mixture of TPa with EC (0.49 g) were
directly compressed using a force feed tablet press (IMA Kilian Pressima, Italy). The
upper punch had a pre-compression height of 9.22 mm and a final compression
height of 3.02 mm using a compaction force of about 13 kN, resulting in compacts

which had a diameter of 12.02 mm and a thickness of about 3 mm.

CARS microscopy

The CARS microscope is described in more detail in chapter two. The dissolution
work was conducted with the signal and fundamental laser beam combination
focused onto the sample using either a 20X/0.5 NA or 20X/0.75 NA objective. The
backscattered CARS signal was collected and using these settings the CARS
microscope system had an axial spatial resolution of about 10 ym and a lateral

spatial resolution of about 1 um.
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Hyperspectral CARS imaging

Hyperspectral CARS imaging provides a method to rapidly and visually confirm the
solid-state form on the surface of an oral dosage form, both pre- and post-dissolution.
The method for collecting hyperspectral CARS images has been published in
Garbacik et al. [17] and is covered in more detail in chapter two. In this study 512 x
512 pixel hyperspectral images were collected over a range of 100 cm™ with each
hyperspectral image taking approximately two minutes to record. CARS spectra
shown in this article are pixel intensity profiles across the vibrational frequencies and

were extracted from the hyperspectral image data.

In situ CARS dissolution imaging

In situ CARS images (512 x 512 pixels) covering 350 x 350 ym were recorded every
1.12 seconds (roughly 4.3 ps/pixel dwell time) for the duration of the dissolution
experiments (15 minutes). All in situ CARS images recorded during dissolution
testing were recorded around 2952 cm™ and were false colored green. This peak has
been assigned to antisymmetric C-H stretching in the methyl groups [18] and

provided a strong CARS signal for both TPa and TPm.

CARS microscope dissolution flow cell

Designing and building of the custom CARS microscope dissolution flow cell was
required before the dissolution experiments could be conducted. Important aspects
that needed to be considered while designing the flow cell included water tightness,
microscope objective working distance and tablet dimensions. Water tightness was
required because the dissolution medium was used to determine the dissolved drug
concentration and also to ensure that no medium leaked on the optical components.
The microscope objective working distance defines the maximum allowable distance
from the objective to the sample. The objective used for this work has a working
distance of 2.1 mm meaning that the tablet in the flow cell could not be further than
2.1 mm from the microscope objective. The tablet dimensions were also an important

aspect considered during the design process because the tablet holder had to fit the
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tablet perfectly to minimize tablet movement during dissolution and to ensure only
one surface of the tablet was available for dissolution. Figure 1 shows the dissolution

flow cell used in this work.

Figure 1. Custom built CARS microscope dissolution flow cell with tablet holder

designed to hold flat-faced tablets with 12 mm diameter.

Dissolution setup

A deuterium light source (DT-MINI-2, Ocean Optics, The Netherlands) was
connected by an optical fiber to a Z-shaped flow cell (FIA-Z-SMA, Ocean Optics, The
Netherlands) with a 10 mm pathlength. An optical fiber connected the Z-shaped flow
cell to a CCD spectrometer (USB2000+, Ocean Optics, The Netherlands). Open loop
channel flow through intrinsic dissolution was conducted using a peristaltic pump
(Reglo, ISMATEC, Germany) which pumped dissolution medium (distilled water or
methyl cellulose 0.45 % w/v) through the custom built CARS microscopy dissolution
flow cell and through the Z-shaped UV flow cell at a rate of 5 mL/min. UV absorbance
was collected at 290 nm every 30 seconds. Dissolution was conducted multiple times

on each sample to check for consistency.
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3.3 Results and Discussion

3.3.1 Hyperspectral CARS analysis of TPa and TPm

CARS spectra of the C-H stretch region were collected prior to dissolution
experiments on pure TPa and TPm to identify an appropriate vibrational frequency at
which to record CARS images during dissolution experiments and for comparison to
the before and after dissolution hyperspectral scans of the compacts. The C-H
stretch region was chosen as TP has an intense signal in that region for both solid
state forms (Figure 2). Both TPa and TPm featured a peak at around 2950 cm™
which has been assigned to antisymmetric C-H stretching in the two methyl groups
(vasCa3Hs) [18]. There was a peak shift between the two forms in the C-H
stretching region of the spectra at a higher Raman shift, with the TPa peak at around
3120 cm™ and the TPm peak at around 3105 cm™. This peak has been assigned to
the imidazole ring C-H stretching (vCe)-H) and the red-shift is due to Cgy-H:--O
intermolecular hydrogen bonding in the TPm form [18, 19]. The peak shift allowed the
change of anhydrate to monohydrate to be visualized using hyperspectral imaging.
However, the shifting peak was not suitable for single-frequency CARS dissolution
imaging because it was not possible to simultaneously image the TPm crystal growth

on the surface of a TPa compact.
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Figure 2. CARS C-H stretch region spectra between 2900 and 3200cm™ for TPa
(black line), and TPm (red dashed line).

Since both TPa and TPm produce a strong signal at 2952 c¢cm™, single-frequency
CARS images were recorded at this Raman shift during dissolution experiments to
allow visualization of both TPa and TPm simultaneously. Additionally, at 2952 cm™

there is minimal interference due to the presence of water.

Hyperspectral images were recorded before and after dissolution experiments to
allow a rapid visual confirmation of the solid-state conversion on the surface of the
compact which would be evident as a change in colour. Figure 3A shows the pre-
dissolution hyperspectral image for a TPa compact, while Figure 3B shows the post-
dissolution hyperspectral image for the same TPa compact recorded after the

duration of a dissolution experiment (15 minutes) using water as dissolution medium.
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The colour change between Figures 3A and B is due to the vC)-H peak shift in

CARS spectra indicating that the TP on the surface has converted to TPm form.

B3050 cm

Figure 3. Hyperspectral CARS images recorded between 3050 cm™'and 3150 cm™ of
a TPa compact before (A) and after (B) dissolution with color map used to project the

images where water was used as dissolution medium.

The CARS spectra were collected before and after each dissolution experiment for
comparison with the reference spectra (Figure 2) and to confirm the solid-state
conversion observed in the dissolution images. Figure 4 shows the pre-dissolution
(black line) and post-dissolution (red dashed line) CARS spectra for a TPa compact
after dissolution using water as the dissolution medium. The CARS spectra confirm
the observed shift in the peak from around 3120 cm™ (before) to 3105 cm™ (after),

indicating the conversion from TPa to TPm on the surface of the compact.
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Figure 4. CARS spectra between 3050 and 3150 cm™ for TPa compacts before
dissolution (black line) and after dissolution where water was used as dissolution

medium (red dashed line).

3.3.2 In situ analysis of TP during dissolution testing
3.3.21 Theophylline in water dissolution

The first samples to be investigated using the CARS dissolution setup were
compacts containing either pure TPa or TPm (CARS results not shown) with water as
the dissolution medium. Single-frequency CARS images (512 x 512 pixels) were
recorded at 2952 cm™' approximately every second for the duration of the dissolution
experiments (15 minutes). Figure 5 shows snapshots of the dissolution imaging from
pure TPa dissolution conducted using water as dissolution medium. From Figure 5 it
is apparent that the TPm nucleation and crystal growth begins almost immediately
after the beginning of the dissolution experiment with TPm crystals (needle shape)

growing outwards from two nuclei on the surface of the compact. After two minutes
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about half of the field of view is covered in TPm crystals and it appears that most of
the field of view is completely covered in TPm after about four minutes. Aaltonen et
al.[6] reported observing TPm crystal growth immediately after the beginning of the

dissolution experiment with Raman spectroscopy indicating that 100 % of the solid

phase of the sample was TPm after around seven minutes.

Figure 5. Single-frequency CARS images (2952 cm™") of TPm crystals growing on the
surface of a TPa compact undergoing dissolution using water as the dissolution

medium. Still images from a dissolution video show progressive crystal growth.

Ultraviolet spectra were collected every 30 seconds during the dissolution experiment
to determine the dissolution rate profiles for TPa and TPm in our channel flow cell
system. Figure 6 shows the dissolution profiles for TPa (solid lines) and TPm
compacts (dashed lines). From Figure 6 it can be seen that TPa initially increases to
peak values of between 150-190 ug/mL while the TPm reaches concentrations of
between 70-80 ug/mL. Subsequently, there is a sharp drop in the first few minutes of
the TPa dissolution that is not seen for the TPm dissolution. This change in

dissolution behavior is due to a solvent mediated transformation wherein the
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dissolving TPa (solubility 12 mg/mL at 25 °C [20]) reaches supersaturation which
causes precipitation and growth of the more stable but less soluble TPm (solubility 6
mg/mL at 25 °C [20]) crystals that grow on the surface of the TPa compacts during
dissolution. The surface growth of TPm on TPa samples undergoing dissolution has
also been observed in other studies, using offline XRPD analysis [14] and inline
spontaneous Raman spectroscopy [6, 21].

200

Concentration (ug/mL)

' I ! I ! | ! I
0 200 400 600 800
Time (s)

Figure 6. Channel flow through cell dissolution profiles for TPa (solid lines) and TPm

(dashed lines) compacts using water as dissolution medium.

The UV data shown in Figure 6 correlate well with the CARS images (Figure 5) that
were recorded during the dissolution experiments. The dissolution rate peaked after
about two minutes which related to about half of the microscope field of view covered
in TPm needle-shaped crystals. After about five minutes the dissolution rate reached
a plateau at the same time the crystal growth appeared to completely cover the field

of view. Figure 6 shows that the TPm dissolution rate quickly reached a steady state

53



after one minute and remained there for the duration of the experiment. The steady
state dissolution rates were calculated to be 360 + 37 pg/min/cm? and 320 + 12
pg/min/cm2 for the compacts prepared from TPa and TPm respectively. The slightly
higher dissolution rate (not statistically significant) for the compacts originally
composed of TPa after surface conversion to TPm can be attributed to the TPm

needle growth resulting in a larger surface area.

3.3.2.2 Theophylline with ethyl cellulose mixture in water dissolution

After performing dissolution using pure TP samples it was decided to try and analyze
mixtures with the aim of preventing the TPm crystal growth. One of the mixtures
investigated was a 50:50 mixture of TPa with EC. Figure 7 shows selected frames
from a dissolution video. At the beginning of dissolution (Figure 7, time O s) there are
areas of green showing the TP content of the tablet and there are also areas of
darkness where there is only EC present on the surface of the tablet. After about 60
seconds there appears to be the beginning of TPm crystal growth on the surface
which can be seen as narrow needle-shaped crystals growing outwards from at least
one crystal nucleus at the center of the frame (Figure 7, time 60 s). The TPm crystal
growth can be much more clearly seen after 130 s (Figure 7, time 130 s).
Additionally, at time point 130 s it can be seen that the TPm crystal has not spread
entirely across the surface of the tablet. It appears as though the presence of the EC
regions has physically blocked the lengthening of the TPm needles. After 250 s it can
be seen that the TPm coverage of the surface is not as prominent which suggests

that the TPm crystals are themselves beginning to dissolve.
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Figure 7. Single-frequency CARS images (2960 cm’") from a dissolution video for a
TPa with EC tablet. The 0 s image is recorded one area of the sample while the 60,

130, and 250 s images are recorded at the same area. Scale bar is 50 um.

Analysis of the dissolution medium using the inline z-shaped UV flow cell allowed
quantitative determination of the drug dissolved during dissolution. Figure 8 shows
the dissolution profile for the dissolution of the TPa with EC tablet. The UV dissolution
profile (Figure 8) shows that dissolution of TPa begins quickly reaching a maximum
concentration of around 90 pug/mL within 120 s, after this time point the dissolution

rate begins to decrease. The decrease in the dissolution rate could be due to the
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presence of the TPm (solubility 6 mg/mL at 25 °C[20]) crystals on the surface which
are less soluble than TPa (solubility 12 mg/mL at 25 °C[20]) and clearly seen in the
snapshots from the CARS dissolution video (Figure 7) at this time point. The
gradually reducing dissolution rate could also partially be explained by a reduction in
TP exposure to the flowing medium. This reduction occurs because EC is practically
insoluble in water, so that as the TP dissolves the remaining EC hinders TP exposure

to the dissolution medium.
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Figure 8. UV dissolution profile. Concentration vs. time plot for a TPa combined with
EC tablet showing the concentration of TP in the dissolution medium during the

dissolution experiment.

3.3.23 Dissolution of theophylline in methyl cellulose solution

As the combination of TPa with EC was unsuccessful in preventing TPm crystal
growth it was decided to try another strategy to prevent the TPm growth. In the
literature, Wikstrdm et al. [10] reported MC solution delaying TPm crystal growth
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during high-shear wet granulation. The following step was to perform dissolution

testing using MC solution as the dissolution medium.

In situ CARS imaging identified delayed TPm crystal growth on the surface of TPa
compacts undergoing dissolution using a MC solution (0.45 % w/v) as the dissolution
medium. Figure 9 shows in situ single-frequency CARS snapshots taken from a
dissolution video. The TPm crystal growth was delayed as it was first observed after
approximately 300 seconds (5 minutes) and the surface coverage with TPm was
incomplete after the duration of the experiment (15 minutes). Additionally the TPm
crystals were of a different morphology than previously seen when using water as the
dissolution medium. Instead of the thin needle-like structure seen growing in water,

there was a broad almost sheet-like growth along the surface of the compact.

100 um

Figure 9. Single-frequency CARS images (2952 cm") of TPm crystals growing on the
surface of a TPa compact undergoing dissolution using MC solution (0.45 % w/v) as
dissolution medium. Red arrows indicate areas of TPm crystal growth. Still images
from a dissolution video show delayed crystal growth and different crystal

morphology. Scale bar is 100 um.

57



The delayed onset of crystal growth and different morphology suggests that the
polymer affects both nucleation and crystal growth. It has been suggested that the
polymer adsorbs to the surface of the TPa particles and this leads to inhibition of
heterogeneous nucleation, while the changed crystal morphology is likely to be due
to preferential adsorption to specific crystal faces of TPm, which, in turn, affects their

relative growth rates [10].

The delayed TPm crystal growth seen in the CARS dissolution imaging (Figure 9)
was expected to affect the TPa dissolution rate and Figure 10 shows that this was the
case. Figure 10 shows the dissolution profiles for TPa and TPm compacts
undergoing dissolution using MC solution as the dissolution medium. From Figure 10
it can be seen that the characteristic decrease in dissolution rate associated with
TPm growth on the surface of TPa compacts (Figure 6) is no longer seen. Instead the
TPa compacts reach a concentration of about 150 ug/mL and remain there for the
duration of the experiment. The dissolution behavior of the TPm compacts appear
minimally affected by the use of the MC dissolution medium as they reach a
concentration of about 80 ug/mL and remain there for the duration of the experiment.
This concentration is the same as was observed for water without the polymer,
revealing that the solubility of the drug (in the same solid state form) is not affected
by the polymer in solution, and therefore the different dissolution profiles obtained

with and without polymer solution are not solubility mediated.
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Figure 10. Channel flow through cell dissolution profiles for TPa (solid lines) and TPm

(dashed lines) using MC solution as dissolution medium.

The steady state intrinsic dissolution rates were calculated to be 700 + 130
ug/min/cm2 and 350 + 40 pg/min/cm2 for the compacts prepared from TPa and TPm
respectively (assuming both compacts had a perfectly planar surface). Since the
solubility of the TPa is twice that of TPm in water at 25 °C [20], a two-fold increase in
the dissolution rate of the compact prepared from TPa would theoretically only be
expected if there were no conversion to the TPm. However, an increase in surface
area of the compacts prepared from TPa after TPm formation was observed in water
which affected the dissolution behavior, and therefore a surface area increase can
also be expected to affect the dissolution profiles in the polymer solution.
Additionally, from Figure 10 there are noticeable fluctuations in the steady state
concentrations (when compared to Figure 6) of both TPa and TPm this is attributed to

bubbles in the dissolution medium not removed by sonication.
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The inherent confocality, chemical specificity, and speed provided by CARS
microscopy increases the spatial and chemical resolution of the system providing
advantages over existing approaches including traditional IR microscopy and Raman
microscopy based on spontaneous Raman scattering. The biggest advantage when
compared to traditional optical microscopy is the fact that the detected signal is
generated when the excitation beams match the Raman vibrational mode for the
chemical of interest this provides chemical selectivity. The inherent confocal nature
means that the morphological information is resolved to approximately 10 um in the

depth direction, a resolution that is not obtained with traditional optical microscopy.

3.4 Conclusions and Outlook

CARS microscopy was used to image in situ solid-state conversions of samples
during dissolution in real time. The combination of CARS microscopy with flow
through UV absorbance spectroscopy allowed the visualized polymorphic conversion
to be correlated with changes in dissolution rates. Additionally the inhibition of TPm
crystal growth due to the presence of MC was correlated with changes in dissolution
rate for TPa compacts. Hyperspectral CARS microscopy provided a rapid visual
technique to confirm the polymorphic conversion that occurred during dissolution.
The combination of the rapid analysis and chemical selectivity of CARS and
hyperspectral CARS with UV absorption spectroscopy has the potential to allow
improved characterization of solid dosage forms undergoing dissolution. CARS with
UV absorption spectroscopy allows further in depth analysis on dosage forms
exhibiting unexpected dissolution profiles, including failed dissolution tests. Improved
characterization of solid dosage forms undergoing dissolution will help in the
development of formulations where dissolution profiles are especially important.
Formulations such as those containing a poorly soluble APIs and controlled release
formulations, where bioavailability is dissolution- or release-rate limited will benefit

from improved characterization.
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Chemical imaging of
adhesive mixtures for
Inhalation using CARS
microscopy

Chapter four

An adhesive mixture for inhalation is a formulation technique developed to improve
drug delivery to the airways by ensuring the drug released from the inhaler is of an
optimal particle size for delivery. CARS microscopy is a chemically selective imaging
technique capable of discriminating between different pharmaceutically relevant
chemicals based on differences in their Raman spectra. In this chapter adhesive
mixtures consisting of lactose carrier particles coated with one of two model drugs
namely budesonide or salmeterol are investigated using CARS microscopy. CARS
was used initially to identify the drug distribution on the surface of carrier particles.
Image analysis was then performed to determine the drug particle size. Finally
correlative imaging was performed with CARS images and scanning electron
microscopy images recorded to allow a direct comparison between the two
techniques. The content of this chapter is based upon work published in Fussell et
al.[1] and was performed in collaboration with Floris Grasmeijer from the

Rijksuniversiteit Groningen.
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4.1 Introduction

Adhesive mixtures for inhalation are pharmaceutical systems that are designed to
increase drug penetration into the airways by ensuring that the active pharmaceutical
ingredient (API) is of an optimal particle size for drug delivery to the lungs. These
powder mixtures contain API| particles in the aerodynamic size range of 1-5 pym
adhered on the surface of relatively coarse alpha-lactose monohydrate particles. The
API particles need to be within this size range to ensure the API can effectively reach
the target deposition sites in the airways with minimal risk of being swallowed or
exhaled [2, 3]. Figure 1 illustrates the effect of particle size on the deposition of
particles in the airways. The lactose excipient dilutes the drugs and improves the
flowability of the powder, which enables reproducible dose delivery for doses as low
as only a few micrograms. During mixing, the small drug particles will adhere
spontaneously to the large lactose ‘carrier’ particles, predominantly by means of Van
der Waals forces. The adhesive behavior provides improved content uniformity and
physical stability of the mixtures [4, 5], but the coated carrier particles are too large
for drug delivery to the airways. This means that for effective drug delivery the API
particles are required to detach from the carrier particle during inhalation and

disperse into the inhaled air stream.
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Figure 1. Graph illustrating the effect of particle size on the deposition of particles in

the human respiratory tract. Figure reproduced from Patton and Byron [6].
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There is a lot of research into which formulation variables are most important for
determining performance of the adhesive mixtures but due to conflicting results there
is still work to be done to identify critical mixture properties [7]. Two formulation
variables that are thought to be important include particle size distribution of API
particles on the carrier surface and the spatial distribution of the API particles over
carrier surface sites with different binding activities [8-10]. API particles may
agglomerate during the mixing process (either alone or with the fine lactose particles
also in the mixture), which changes the size distribution of the adhering particles. The
surface of the lactose carrier particle is rough on the micrometer scale resulting in
particle binding sites with a wide range of binding activity. This means that some API
particles are more readily released from the surface than others. These variables
influence the drug-carrier interaction forces as well as the separation forces during

inhalation, and ultimately the performance of the adhesive mixture.

Scanning electron microscopy (SEM) is a standard imaging technique for
characterizing the appearance of adhesive mixtures. SEM is a high resolution
imaging technique that has been used to study the morphology of particles in
adhesive mixtures for inhalation [11]. However, one of the drawbacks to SEM is that
it is not a chemically selective imaging technique making it difficult to distinguish drug
particles from fine lactose excipient particles (known as fines), which are similar in
size and always present in the adhesive mixture formulation. Therefore, there is a
need to accurately assess the composition of agglomerates and to identify the spatial

distribution of the API on the surface of the carrier particles.

Coherent anti-Stokes Raman Scattering (CARS) microscopy is a third order non-
linear optical technique that is capable of rapid chemically selective imaging based
on the same molecular vibrational frequencies as spontaneous Raman techniques.
Coherent Raman imaging techniques such as CARS microscopy have about 100
times faster imaging speed when compared to spontaneous Raman mapping

techniques [12].
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CARS microscopy has been widely applied in biological and medical imaging [13,
14], but applications for pharmaceutical formulations are much fewer. Early work by
Pautot et al. [15] focused on using CARS to analyze the composition of emulsions
while Kang et al. [16-18] imaged in situ release of paclitaxel from polymeric films in a

static medium using CARS microscopy.

CARS microscopy provides chemically selective imaging but it is an optical imaging
technique, which means that the resolution of the technique is limited to the
diffraction limit (around 500 nm for 1064 nm light). This is not the case for SEM
imaging which uses an electron beam so SEM is capable of much higher resolution
(around 1 nm). Therefore, a combination of a high resolution imaging technique like
SEM with a chemically selective imaging technique such as CARS may greatly

improve analysis of adhesive mixtures.

Combining the imaging modalities of light microscopy and electron microscopy is
well-established in the area of biomedical sciences, with fluorescence microscopy
commonly being combined with scanning electron microscopy (SEM). Correlative
light and electron microscopy (CLEM) allows a cell to be imaged from the micron to
nanometer scale while maintaining spatial orientation [19]. Additionally, spontaneous
Raman microscopy [20] and spectroscopy [21] have been combined with SEM.
CARS microscopy has also been combined with electron microscopy [22, 23], but
has not yet been demonstrated in a correlative manner with SEM. Here results are
presented that combine CARS microscopy with SEM in a correlative manner,

allowing a direct comparison of images recorded by both modalities.

In this chapter CARS microscopy is used for chemically selective imaging of
micronized API that is distributed over the surface of lactose carrier particles. Image
analysis was performed using Image J software in an attempt to determine the drug

particle distribution which is compared to the standard method of laser diffraction.
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Additionally, correlative CARS and SEM were collected allowing a direct comparison
between the images obtained using CARS microscopy with those from scanning

electron microscopy.

4.2 Materials and Methods

4.2.1 Materials

Alpha lactose monohydrate (Pharmatose 80M) was donated by DFE Pharma (Goch,
Germany). The drugs used in this work are micronized salmeterol xinafoate

(Novartis, Germany) and budesonide (Fagron, The Netherlands).

4.2.2 Methods
Mixture preparation

All drugs were passed through a 90 um sieve to break up larger agglomerates prior
to mixing with the lactose carrier. Carrier size fractions of 63-90 um and 250-315 pm
were sieved from the Pharmatose starting material (Retsch AS 200 control,
Germany). The carrier fractions were subsequently subjected to an air jet sieving
process to remove as many residual contaminating lactose particles (known as fines)
as possible from the carrier particle surface (Alpine AS200, Augsburg, Germany).
Budesonide (0.4% w/w) was mixed for 10 minutes at 90 rpm with the 250-315 um
carrier material using a Turbula blender (WA Bachhofen, Basel, Switzerland).
Salmeterol (1.48% w/w) was mixed with the 63-90 uym carrier fraction for either 0.5 or

600 minutes using the same mixer and mixing intensity.

Hyperspectral and z-stacked CARS methods
CARS microscope setup

The CARS microscopy system is covered in more detail in chapter two and published
elsewhere [24]. For this work the 60X/1.2 NA objective was used for the drug

distribution and particle size measurements while the 40X/0.9 NA objective was used
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for the correlative CARS and SEM imaging. All of the images presented in this
chapter are from backscattered CARS signal. The CARS microscope system using
the 60X objective had an axial spatial resolution of about 1 um and a lateral spatial
resolution of about 0.4 um while the lateral resolution for the 40X objective is about

0.7 ym and the axial resolution around 3 pm.

Hyperspectral imaging

Hyperspectral CARS imaging provides a rapid method to extract the CARS intensity
profile (CARS spectra) over range of wavenumbers allowing the identification of
peaks suitable for recording chemically specific CARS images. The method for
conducting hyperspectral imaging is covered in chapter two and was published
previously [24]. Hyperspectral scans were recorded over the range of 2800-3100 cm’

! using a step size of about 4 cm™ and taking about 4 minutes to collect.

Z-stacked imaging

Z-stacked imaging was conducted by stepping the microscope objective in the z
direction in increments of 1 ym. Each z-stacked image (512x512 pixels) covers
120x120 um, consists of about 20 slices and took about 1 minute to record. All CARS
images in this chapter are z-stacked images that are projected using a maximum

intensity projection.

Particle size analysis using laser diffraction

The particle size distribution of the primary budesonide particles was measured prior
to mixing with a HELOS BF diffractometer using a RODOS dry disperser at 3 bar
(Sympatec, Clausthal-Zellerfeld, Germany). The diffractometer was equipped with a
100 mm lens and calculations were performed based on the Fraunhofer theory.
Increasing the dispersion pressure to 5 bar did not affect the particle size distribution
of the drug, indicating that the particle size distribution of the primary particles was
measured at 3 bar. To compare the RODOS data with the results from the analysis
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using Image J (see further) laser diffraction particle sizes (volume equivalent sphere

diameter) were recalculated to projected surface areas according to

SA =% * T * dgrg™ (4.1)

Particle size analysis using Image J

Particle size analysis was performed using the particle analyzer command available
in the Image J software (http://rsbweb.nih.gov/ij/) according to the following steps.
The image file was first opened by Image J and the scale bar from the image was
used to calibrate the software scale in image J. The image was then converted to 8
bit type and converted to binary using the inbuilt automated routine based on the
IsoData algorithm [25]. The scale bar was then removed from the image before
setting the particle analyzer command to calculate the number and area for particles

with an area between 0-infinity pm?.

Correlative CARS and SEM methods

Samples were mounted on a glass microscope slide using double-sided adhesive
tape and suspended in the air above a 40X/0.9NA objective. Carrier particles of
interest were identified using the transmission signal on the CARS microscope. Z-
stacked CARS images (512x512 pixels) were recorded for both the lactose carrier
particle (2888 cm™) and the drug (budesonide, 3046 cm™, salmeterol, 3050 cm™)
loaded onto the surface. After CARS imaging, the glass microscope slide was
removed from the CARS microscope and mounted on double-sided carbon tape and
placed on the SEM sample holder. The samples were sputter coated with 20 nm of a
gold/palladium alloy. SEM images were then obtained at an acceleration voltage of 3
kV (JSM-6301F, Jeol, Japan).
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4.3 Results and Discussion

4.3.1 CARS spectra

Hyperspectral CARS images of the pure chemical compounds were recorded to
identify the key vibrational bands that would allow selective imaging of the adhesive
mixtures. Hyperspectral scans covered the wavenumber region from 2800-3100 cm™,
corresponding to the C-H stretch region. Figure 2 shows the CARS spectra extracted
from the hyperspectral data for alpha lactose monohydrate (green), budesonide
(dashed red) and salmeterol (dash-dot black). The frequencies chosen for single
wavelength imaging were 2888 cm™ (lactose), 3046 cm™' (budesonide), and 3050 cm”

! (salmeterol).
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Figure 2. CARS spectra extracted from hyperspectral data covering the CH stretching
range from 2800-3100 cm™ for lactose (solid green), budesonide (dashed red) and
salmeterol (dash-dot black).
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4.3.2 Drug distribution

CARS microscopy allows chemically selective imaging based on Raman vibrational
resonances. This makes CARS ideal for studying the distribution of drug on the
surface of lactose carrier particles, because different components of the same
sample can be imaged by only tuning the frequency difference between the two
lasers. Figure 3A shows a z-stacked (20 slices, 1 ym slice) CARS image (512x512
pixels) collected at 3046 cm’' which is selective for budesonide. Figure 3B shows a z-
stacked image (512x512 pixels) of the same area as Figure 3A recorded at 2888 cm’
! which is selective for lactose. Figure 3C shows the overlaid z-stacked images from
figures 3A and 3B, while Figure 3D shows the corresponding transmission light
image. From Figure 3C it can be seen that the budesonide (red) is distributed in
clusters covering the surface of the lactose particles. Comparing the CARS image in
figure 2C with the transmission image in figure 3D highlights the power of this
technique, as the transmission image suggests little more than a rough surface and

does not reveal the localized distribution of the drug on the surface.
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Figure 3. Projected Z-stack CARS images A) budesonide (3046 cm™), B) lactose
(2888 cm™), C) overlay image showing distribution of budesonide on the surface of a

lactose carrier particle, and D) transmission light image. Scale bars represent 20 um.

CARS microscopy is inherently confocal with signal generated only within the focus
of the objective; this feature provides the ability to record z-depth stacked images to
gain a greater understanding of the drug distribution on the rough surface of the
lactose carrier particles. Figure 4 shows frames from a z-stacked image (512x512
pixels) of a budesonide (red) loaded lactose carrier particle (green) starting from 0

pm depth and stepping every 2 uym until a depth of 10 uym. In addition to drug
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penetration depth figure 4 also provides information about surface curvature of the
carrier particle because the focus can be seen shifting from the center towards the
edge of the image as the z-stack progresses. This representation may offer the
possibility to image changes in the depth of the drug in a multi-layer of drug and

added lactose fines when, for example, studying the effect of the order in which the

different fine components are added to the blend.

Figure 4. Frames from a Z-stacked video for a lactose carrier particle (green) loaded

with budesonide (red). Scale bars represent 20 um.

4.3.3 Particle size analysis

The particle size distribution is a critical parameter for the formulation of inhalation
therapeutics. If the particles are too large they will impact in the oropharynx and
subsequently swallowed, while on the other hand if the particles are too small they
are likely to be exhaled [6]. It is generally accepted that the optimal aerodynamic
diameter for particle inhalation roughly lies between 1-5 ym (depending on the
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precise target deposition site and the inhalation flow rate) [2, 3]. The Image J particle
analysis command calculates the particle area by setting a threshold intensity which
is then removed and the remaining pixels are counted to give an area in um?. Figure
5A shows the original CARS image (reproduced from Figure 3A) prior to particle size
analysis. Figure 5B shows the background removed image with only the drug
particles (black) remaining. Figure 5C is a histogram representing the pixel intensity
distribution for all of the pixels in Figure 5A with a dashed blue line indicating the
threshold used by the binary algorithm to remove background signal. From the
histogram it was calculated that about 30% of the total pixel intensity is retained in
the binary image which contains only 6% of the number of pixels (Figure 5B). It is
expected that the majority of the pixels in Figure 5A are background because the
drug is only present in the sample at a concentration of 0.4 %w/w. Although it is
possible to have a higher apparent surface concentration due to poor mixing it is still
expected that the carrier particle dominates the imaging area. Figure 5D is a plot
showing the distribution of particle size comparing the distributions determined using
Image J particle analysis (striped black) and laser diffraction (solid red) methods. The
PSD obtained with Image J analysis reports 68% of the particles to have a median
projection area of 0.4 pm?, while laser diffraction analysis results in a PSD with 94%
of the primary particles within the same size class. The larger particle sizes
measured with Image J analysis can be attributed to agglomeration of the primary
particles during mixing. Additionally, due to the 0.4 pm? area being around the
resolution limit for the CARS technique it is possible that some smaller particles
would be missed during the binary conversion as the particle counting algorithm

calculated a large number of particles lower than the microscope resolution.
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Figure 5. A) Original CARS image of a budesonide coated lactose carrier particle, B)
binary representation of the CARS image containing the particles C) histogram
showing pixel intensity with blue dashed line indicating the threshold used for the
binary conversion, and D) particle size distribution from Image J analysis (striped

black) and laser diffraction analysis (solid red). Scale bars represent 20 um.

4.3.4 Correlative CARS and SEM imaging

Combining SEM with CARS microscopy provides the advantages of the high
resolution available with SEM and chemically specific imaging provided by CARS.
With the combined techniques it is possible to image the spatial distribution of the
drug on the carrier surface and to relate this to morphological characteristics of the
drug and carrier particles. This is particularly useful when the drug particles do not
deviate in size or shape from fines originating from the excipient particles, or when
the mixing process causes the drug particles to change in such a way that they
cannot be identified by comparison with the starting material. Figure 5 shows high
magnification SEM images of the pure starting materials prior to mixing. Figure 6A is
a lactose carrier particle covered in fines while Figure 6B shows the plate-like shape

of salmeterol.
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Figure 6. High magnification SEM images of the sieved pure lactose carrier (A) and

micronized salmeterol (B) prior to mixing.

Figure 7 shows the result of correlative CARS and SEM imaging of the salmeterol
blends prepared by 0.5 and 600 minutes of mixing. After only 0.5 minutes of mixing,
the characteristic plate-like shape of the salmeterol particles is still intact, allowing the
identification of the drug particles on the carrier surface by only high resolution SEM
imaging. The seemingly random distribution of drug particles is confirmed by CARS.
Interestingly, upon close examination not all particles that may be identified as drug
particles based on their plate-like shape by SEM imaging are identified as such by
CARS. It is possible that due to high carrier surface roughness combined with a large
z-stack step size (1um) CARS imaging missed some of the drug particles observed
using SEM. Therefore, CARS imaging can possibly be further optimized by reducing
the image scanning speed and by using smaller step size for z-stacked imaging,
thereby improving the correlation with SEM imaging. As described previously [26],
prolonged mixing causes plastic deformation and aggregation of the drug particles
and they can therefore not be identified as drug particles with certainty by
comparison with the drug starting material. CARS in this case confirms that the
modified particles consist of salmeterol. It was also described that salmeterol forms a
film on the carrier surface in addition to the spherical agglomerates after such long
mixing times. However, this film formation is not observed with CARS, which may be
due to the film thickness being below the resolution limit for CARS microscopy.
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Figure 7. CARS (A+B), SEM (C+D) and CLEM images (E+F) of salmeterol mixtures

after 0.5 (left) and 600 minutes of mixing (right). Scale bars represent 20 um.




4.4 Conclusions and Outlook

CARS microscopy provides chemically selective imaging and is able to rapidly image
the distribution of micronized budesonide and salmeterol over the surface of lactose
carrier particles. Particle size measurements using the particle size analysis tool from
Image J software in this study calculated a slightly larger particle size than that
determined using the laser diffraction technique. However, further work is required to
validate the binary conversion algorithm to ensure that it is not rejecting small drug
particles. CLEM by combining CARS and SEM is a promising tool for the study of
adhesive mixtures for inhalation. A further optimization and validation of the CLEM
technique and the Image J particle counting algorithm are required to ensure that all

drug particles are observed.
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Drug distribution in
ordered mesoporous
Silica imaged using
CARS microscopy

Chapter five

Drug loaded mesoporous silica microparticles are a formulation technique designed
to stabilize the amorphous form of poorly water soluble drugs. Loading these drugs
into porous silica aims to disperse the drug in small volumes into the pores with the
walls of the pores acting as a physical barrier preventing the drug from crystallizing.
One of the concerns with this technique is inefficient or incomplete loading with a
large number of pores remaining empty after the loading process. Another issue is
the possibility of unloaded drug crystallizing on the surface of the microparticles. In
this chapter chemically selective CARS microscopy is used to investigate
mesoporous MCM-41 silica microparticles loaded with one of two model drugs by two
different loading methods. The content of this chapter is based upon work submitted
in Fussell et al [1].
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5.1 Introduction

Poorly water soluble drugs are an ever increasing problem in drug development with
estimates suggesting that around 50% of all drugs under development are affected
[2]. A large area of research is devoted to increasing solubility and dissolution rate for
poorly water soluble drugs. The amorphous form is a promising approach to increase
the apparent solubility and dissolution rate of many drugs. However, as the
amorphous form is thermodynamically high-energy, drugs in this form may crystallize
during storage and/or administration. Attempts have been made to stabilize the
amorphous form by using, for example, solid dispersions [3, 4], co-amorphous
formulations [5], as well as drug loaded mesoporous silica [6, 7] and silicon [8, 9].
There is particular interest in identifying drug loading efficacy and distribution of
mesoporous materials making CARS microscopy a potentially powerful tool in

studying these materials.

Mesoporous materials contain nanosized pores between 2-50 nm [10-12], allowing
the loading of drug molecules inside the pores. Incorporation of drug into the pores
can be performed using solvent deposition methods [6, 9, 13], mechanical activation
methods [14, 15] or vapor-phase mediated mass transfer [12]. The solvent deposition
method is based on dissolving the drug into an organic solvent at a high
concentration and mixing the solvent with the mesoporous silica allowing the drug to
migrate through diffusion into the pores of the mesoporous silica particles. This
process is followed by a solvent removal step where the excess solvent is removed,

leaving the remaining drug loaded in the mesoporous silica.

Characterization of drug loaded mesoporous silica has had some analytical
challenges. Techniques such as X-ray powder diffraction (XRPD) [13, 16, 17], Fourier
transform infrared spectroscopy (FT-IR) [13, 16, 18], differential scanning calorimetry
(DSC) [13, 16, 19, 20] and thermogravimetric analysis (TGA) [13, 16, 20, 21] are
commonly used to determine the solid state form of the drug and the extent of the
loading process in the loaded mesoporous silica. Other techniques such as Raman
spectroscopy [22], and X-ray photoelectron spectroscopy (XPS) [22, 23] have also
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been used in the study of drug loaded mesoporous silica or silicon samples. Vanea
and Simon [22] combined Raman spectroscopy and XPS to study zinc containing
silica microparticles loaded with insulin. They confirmed the loading of insulin using
XPS and determined the biologically active conformation with Raman spectroscopy.
However, these techniques do not provide any spatial information about the
distribution of the drug within the mesoporous silica, or indeed whether any drug is
present on the surface or as separate particles. Therefore, there is a need for
spatially resolved analysis that provides information on both drug distribution and

solid state form.

Time-of-flight secondary-ion mass spectroscopy (ToF-SIMS) is a spatially resolved
surface sensitive technique which has been used to investigate the penetration of
proteins into silicon wafers [24]. As ToF-SIMS is a surface technique sensitive to the
first monolayer of a sample it is not suitable for completely non-destructive imaging
the three dimensional (3D) distribution of drug loaded silica microparticles [25].
Hellstén et al. [26] published the first use of spontaneous Raman spectroscopic
mapping to map the distribution of indomethacin loaded in SBA-15 and MCM-41
silica. Additionally, they used partial least squares analysis of the Raman spectra and
were able to determine the solid state form of the loaded drug. However,
spontaneous Raman spectroscopic imaging is a slow imaging method with image
acquisition speed of around 30 seconds for an area of 100 pm?, depending on the
material being imaged [26]. In addition the axial resolution of the technique is usually
in the order of several micrometers, which can limit the ability to obtain spatially

resolved information in three dimensions.

Coherent Raman techniques such as coherent anti-Stokes Raman scattering (CARS)
and stimulated Raman scattering can image up to video rate speeds allowing fast
image acquisition. A summary of the CARS microscopy technique is provided
elsewhere [27] and is covered in more detail in chapter one. Briefly, CARS
microscopy is a non-linear optical imaging technique which provides rapid chemically
selective imaging of different drugs and solid-state forms of drugs based on spectral
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differences in their Raman spectra. As the CARS process is non-linear it is inherently

confocal with diffraction limited resolution in three dimensions.

CARS microscopy has recently gained interest in imaging pharmaceutical
formulations. Some of the early work involved using CARS to image the composition
of dodecane emulsions [28]. Windbergs et al. [29] and Jurna et al. [30] performed
CARS on lipid-based oral dosage forms where they imaged the distribution of the
drug theophylline and monitored the release in real time during dissolution using a
flow-through cell setup. Fussell et al. [31] extended this dissolution concept by
building an intrinsic flow-through dissolution setup which allowed correlation of
surface solid-state changes occurring during dissolution with changes in drug
dissolution rate. Slipchenko et al. [32] and Hartshorn et al. [33] focused on studying
complex oral dosage forms containing APIs combined with a number of excipients.
Slipchenko et al. [32] applied stimulated Raman scattering for their work while
Hartshorn et al. [33] applied broadband CARS. Both groups reported that their
respective optical techniques were capable of rapidly imaging the distribution of the

API and excipients on the surface of the tablet.

In this chapter, CARS microscopy is presented as an analytical tool to image drug
distribution within drug loaded ordered mesoporous silica. CARS microscopy is used
for chemically selective imaging of the 3D distribution of the model drugs, griseofulvin
and itraconazole, loaded in ordered mesoporous MCM-41 silica microparticles.
Loading of the drugs was studied using two different solvent deposition methods
(immersion and rotary evaporation) in two different silica particle size ranges (63-90
um and 100-125 ym) and it was aimed to identify any differences in drug distribution
based on different loading methods or particle sizes. Additionally, hyperspectral
CARS microscopy is applied to evaluate the solid state form of the drug loaded in the

microparticles.
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5.2 Materials and methods

5.2.1 Materials

Synthesis of the mesoporous MCM-41 material was carried out in a 300 mL
autoclave as described elsewhere [34, 35], using fumed silica (SiO2, 99.9%),
tetramethylammonium silicate ((CH3)4sN(OH)-2SiO,, 99.99%), sodium silicate
(Nax07Si3,Si02, 27%), ethyltrimethylammonium bromide (CH3(CH2)1sN(CHs)sBr,
99%) (all from Sigma-Aldrich, USA) and distilled water. The autoclave was kept in a
large oven and the synthesis of MCM-41 was performed at 100 °C. The autoclave
was then taken out of the oven and quenched. Mesoporous silica MCM-41 was
filtered and washed with distilled water. Drying of the sample was carried out at 110
°C for 12 h and calcined at 550 °C for 10 h.

The synthesized mesoporous silica materials were ground using a ball mill and the
resulting fine powder was passed through mesh test sieves (63 and 90 um; 100 and
125 ym) using a sieve shaker apparatus (Fritsch GmbH, Idar-Oberstein, Germany),

to achieve particle size fractions of 63—90 and 100-125 ym.

Itraconazole (Orion Pharma, Finland) and griseofulvin (Sigma-Aldrich, USA) were
used as model drugs. The stable crystalline forms were used as received (Cambridge
Structural Database reference codes GRISFL and TEHZIP for griseofulvin and
itraconazole respectively). Amorphous itraconazole and griseofulvin were prepared

by quench cooling of the melt and analyzed immediately after preparation.

5.2.2 Methods
Drug loading using immersion method

The mesoporous silica particles were loaded using a similar approach as described
in Limnell et al. [17]. Solutions of griseofulvin (40 mg/mL) and itraconazole (235.5
mg/mL) dissolved in dichloromethane were prepared. Weighed samples (20 mg) of
mesoporous MCM-41 (63-90 and 100-125 um) were added to the solutions and
stirred by magnetic stirrer for 90 min. After stirring, the samples were centrifuged for

4 min at 8000 rpm and the supernatant was removed. The samples were washed by
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the addition of 500 uL of distilled water and centrifuged for 4 min at 8000 rpom. The

samples were then dried in a vacuum oven at 40 °C for 2 h.

Drug loading using rotary evaporation

The mesoporous silica microparticles were loaded using a similar approach as
described in Limnell et al. [17]. Solutions of griseofulvin (10 mg/mL) and itraconazole
(10 mg/mL) dissolved in dichloromethane were prepared. Weighed samples (20 mg)
of mesoporous MCM-41 (63-90 or 100-125 um) were added to the solutions and
shaken for 90 min. The samples were then evaporated using the Rotavap (Buchi,
Switzerland) with the water bath set at 32 °C. The samples were dried in a vacuum

oven at 40 °C for 2 h.

Characterization methods
Thermogravimetric analysis (TGA)

The drug payloads loaded in the mesoporous MCM-41 were studied with TGA. TGA
was performed on a TGA-7 instrument (PerkinElmer, Waltham, MA, USA) with a
heating rate of 10 °C/min under a N, gas purge of 40 mL/min. Alumel, nickel,
perkalloy and iron were used to calibrate the TG temperature scale. Approximately 3-

5 mg of sample was used for analysis.

CARS microscopy

The CARS microscopy system is described in detail elsewhere [36] and covered in
more detail in chapter two. CARS imaging in this chapter was conducted using either
a 40x%/0.9 NA (correlative CARS with SEM imaging) or a 60%/1.2 NA (z-stacked and
hyperspectral imaging) objective. The CARS microscope system using the 60x
objective had a lateral spatial resolution of about 0.4 uym and an axial spatial
resolution of about 1 ym while the lateral resolution for the 40x% objective is about 0.7

pgm and the axial resolution around 3 pm.
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Hyperspectral CARS imaging

Hyperspectral CARS imaging provides a rapid method to extract the CARS intensity
profile (CARS spectra) over a range of wavenumbers allowing the identification of
peaks suitable for recording chemically specific CARS images. The method for
conducting hyperspectral imaging has been described previously [36] and more
information can be found in chapter two. Hyperspectral scans were recorded over the
range of 2800-3100 cm™ using a step size of about 4 cm™ with a collection time of
about 4 min. CARS spectra of the pure chemicals were collected from one region of
interest while the spectra from the silica samples were the average of five regions of

interest extracted from the hyperspectral data.

Z-stacked CARS analysis

Z-stacked imaging was conducted by stepping the microscope objective in the z-
direction in increments of 1 ym. Each z-stacked image (512x512 pixels) consisted of
between 40 and 80 slices depending on sample thickness and level of zoom and took
between 1-3 min to record. For this work a total of 74 z-stacked images covering an

area of about 11 mm? were recorded.

Scanning electron microscopy (SEM)

The MCM-41 silica microparticles were coated with an 18 nm thick layer of AuPd
prior to SEM imaging. SEM imaging (Nova 600, FEI Company, USA) was performed

using a voltage of 2 kV and a current of 0.59 nA.
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5.3 Results and discussion

5.3.1 Thermogravimetric analysis of drug loading

Thermogravimetric analysis is a thermal analytical technique that requires a precision
balance combined with a heating furnace to simultaneously weigh the sample while
heating the sample at a controlled rate [37]. Calculation of the loaded drug is possible
using TGA because during heating the drug decomposes and desorbs from the
pores. This desorption results in a temperature dependent weight decrease [38]. The
prepared mesoporous silica samples and their corresponding drug loading degrees
analyzed by TGA are shown in Table 1. MCM-41 silica was used in two different
particle size ranges (63-90 or 100-125 pym) and was loaded with one of two poorly
water—soluble model drugs (griseofulvin or itraconazole) using either the immersion
or rotary evaporation method. The TGA results identify a consistently higher loading
degree (w-%) for the immersion method, irrespective of the particle size or drug, with
drug loading degrees between 23.8 w-% (griseofulvin, 100-125 ym) and 67.3 w-%
(itraconazole, 100—-125 ym) for immersion, and 16.5 w-% (griseofulvin, 63-90 pum)
and 17.5% w-% (itraconazole, 100-125 um) for rotary evaporation. Additionally, the
itraconazole samples had a higher loading degree when compared to the
corresponding griseofulvin samples. This could, at least partly, be explained by the
higher starting concentration used for the itraconazole than griseofulvin in the
immersion experiments. There did not appear to be any difference in the loading
degrees due to differences in particle size. This could be due to the fact that for both
particle size ranges, the ordered pores are of the same diameter, with each pore

continuing the complete length of the particle [34, 35].
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Table 1. Loading degree of drug-loaded mesoporous MCM-41 micropatrticles.

Loading degree,
Particle size (um) Loaded drug

w-% (TGA results)

16.8
100-125 Griseofulvin Immersion 23.8
100-125 Itraconazole Rotavap 17.5
100-125 ltraconazole Immersion 67.3

63-90 Itraconazole Rotavap 171
63-90 ltraconazole Immersion 54.5
63-90 Griseofulvin Rotavap 16.5
63-90 Griseofulvin Immersion 26.6

5.3.2 Hyperspectral CARS imaging of pure compounds

Hyperspectral scans were conducted initially for the pure drugs (in crystalline form)
and the pure unloaded MCM-41 particles to determine suitable Raman shifts for
imaging the drug distribution. Figure 1 shows CARS spectra extracted from
hyperspectral scans for griseofulvin (A) and itraconazole (B). There was no notable
CARS signal observed for the pure MCM-41 samples. The vibrational frequency of
2910 cm™ (CHs stretch [39]) was chosen to image the griseofulvin samples, while
3070 cm™ (aromatic CH stretch [39]) was chosen for the itraconazole samples.
These frequencies allowed chemically specific imaging of the drug loaded MCM-41
samples with strong CARS signal from the drug and negligible interference from the

MCM-41 microparticles.
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Figure 1. CARS spectra extracted from hyperspectral scans from pure griseofulvin

(A) and itraconazole (B).

5.3.3 Z-stacked CARS imaging of the MCM-41 microparticles
Unloaded MCM-41 microparticles

As CARS signal is generated only within the focal volume of the objective, it is an
inherently confocal technique which allows for three dimensional (3D) optical
sectioning of the sample by moving the focusing objective in a step—wise manner.
This 3D imaging capability allowed selective imaging of the drug distribution within
the drug loaded MCM-41. Before imaging the drug distribution of the loaded silica
samples it was decided to first perform imaging on the pure unloaded MCM-41
microparticles at the vibrational frequencies chosen for drug imaging to ensure that
there was no interfering signal from the microparticles. Figure 2 shows z-stacked
CARS images (2A and 2C) and corresponding transmission images (2B and 2D) for
unloaded MCM-41 recorded at 3070 cm™ (2A) (frequency for itraconazole) and 2910
cm™ (2C) (frequency for griseofulvin). Looking at Figures 2A and 2C it is clear that
there is only faint noise suggesting that there is no unwanted CARS signal generated
from the MCM-41.
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Figure 2. Z-stacked CARS images (A and C) and corresponding transmission images
for unloaded MCM-41 recorded at 3070 cm™ (A and B) and 2910 cm™ (C and D)

representing the frequencies chosen for imaging itraconazole and griseofulvin

respectively. Scale bars are 50 um.

Itraconazole loaded MCM-41 microparticles

The first drug loaded MCM-41 silica microparticles to be investigated were 100-125
Mm in size and loaded with itraconazole. A total of 34 z-stacked images were
recorded for itraconazole loaded MCM-41 silica microparticles covering an area of
around 5.5 mm?. Figure 3 shows one of the projected z-stack images for itraconazole
loaded MCM-41 using the immersion method to load the MCM-41. Figure 3A shows
the CARS signal from the drug, while Figure 3B shows the transmission image
outlining the nodule like surface of the MCM-41 [35] and Figure 3C shows the
overlaid image from Figures 3A and 3B. From Figure 3 it can be seen that there is
very good overlap between the MCM-41 microparticle outlines seen in Figure 3B and
the CARS signal from the drug. This indicates a good loading of drug into the pores
of the MCM-41 microparticles throughout the particles. However, there are some
small areas (marked using red arrows) around the edge where no drug signal was
found in the CARS images, but the transmission images suggest that there is MCM-
41 present. Although the TGA results (Table 1) suggest a high loading degree (67.3
w-% for this sample) there still appear to be small areas of unloaded silica, but it
could also be due to the z-stack images not extending deep enough into the sample

to record a CARS signal from these particles.
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The z-projection, in Figure 3D, shows the drug signal as a function of depth for the
plane of interest shown by the red line in Figure 3A. The z-stacked image covers a
depth of 30 um but in this plane the drug signal is only observed to a depth of 20 um.

The signal is less intense than in Figure A because it represents the signal from a

single plane (not the cumulative signal of multiple planes).

Figure 3. Z-stacked image from itraconazole loaded MCM-41 (100-125 um) using
immersion method. (A) CARS image recorded at 3070 cm™ with red line indicating
depth profile position, (B) transmission image, (C) overlaid A and B showing drug
distribution with red arrows indicating poor loading, and (D) the z depth profile

showing a depth of 30 um. Scale bars are 10 ym.

Griseofulvin loaded MCM-41 microparticles

The results for the z-stacked CARS imaging of the griseofulvin loaded MCM-41 are
very similar to those seen for itraconazole (Figure 3). A total of 30 z-stacked images
were recorded for griseofulvin loaded MCM-41 silica microparticles covering an area
of around 4.5 mm?. Figure 4 contains z-stacked images of griseofulvin loaded using
the immersion method showing large areas of MCM-41 (seen in transmission image)
that do not produce drug signal (seen in CARS image) suggesting that these areas
are not loaded with drug. This may be associated with the low drug loading (Table 1)
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— the TGA result reports a loading degree of only 23.8 w-% for this sample. The
depth projection (figure 4D) shows the drug signal as a function of depth for the area
of the sample labelled with a red line (figure 4A). The whole image covers a depth of

46 um, but in the selected region the drug signal can be seen only to a depth of

about 10 ym with the remainder of the image showing no drug signal.

Figure 4. Z-stacked image of griseofulvin loaded MCM-41 (100-125 um) using
immersion method. (A) CARS image recorded at 2910 cm™ with red line indicating
depth profile position, (B) transmission image, (C) overlaid A and B showing drug
distribution within the silica microparticles and (D) the z depth profile showing a depth

of 46 um. Scale bars are 20 um.

5.3.4 Correlative light and electron microscopy (CLEM)

CLEM imaging combines the chemically specific imaging provided by CARS
microscopy with the high resolution imaging provided by SEM imaging. CLEM
imaging was performed to gain further understanding of the 3D structure and the
morphology of the drug loaded MCM-41 silica microparticles. Figure 5A shows a
CARS image for an itraconazole loaded MCM-41 microparticle, 5B shows the
corresponding SEM image for the same MCM-41 microparticle, 5C shows a CARS
image for a griseofulvin loaded MCM-41 microparticle and 5D shows the
corresponding SEM image. From the SEM images it can be seen that the surface is
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rough with nodule-like protrusions [35] which are also clearly visible in the CARS

images.

A concern with loaded silica microparticles has been the potential presence of drug
particles outside or on the surface of the silica, as such drug would be likely to
crystallize during storage and decrease the dissolution of the drug in the patient. The
analyses with CARS microscopy and CLEM in this study suggest that in all observed

cases, the drug present was only present within the silica microparticle pores.
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Figure 5. CLEM images for itraconazole (A and B), and griseofulvin (C and D) loaded
MCM-41 (100-125 um) using rotary evaporation: Z-stacked CARS images (A and C),
with correlated SEM images (B and D). Scale bars are 20 um (A and B) and 50 um
(C and D).

5.3.5 Hyperspectral imaging of drug loaded MCM-41 particles

Hyperspectral CARS imaging was used to obtain further structural information on the
drug contained within the MCM-41 microparticles. Spectra from five regions of
interest were averaged from the hyperspectral data and compared to those obtained

from pure crystalline and amorphous drug to obtain information on the molecular
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arrangement of the drug in the silica. Hyperspectral scans of pure crystalline and
amorphous itraconazole and griseofulvin were recorded over the range of 2860-2960
cm™ in 40 frames with each scan taking about 45 seconds. The hyperspectral images
were then projected and regions of interest were selected from which the CARS

spectra were extracted.

Itraconazole loaded MCM-41 particles

A hyperspectral image for itraconazole loaded MCM-41 using the immersion method,
along with the extracted CARS spectra for the sample, and the reference amorphous
and crystalline forms of pure itraconazole are shown in Figure 6. The colour in the
hyperspectral image is consistent (only the intensity changes) over the whole
sampled area. This reveals that there was no crystalline drug present and the

physical structure of the drug was likely uniform within the sampled area.

As would be expected, the spectrum of the reference amorphous form contains
broader and less distinct features than that of the crystalline form. The loaded MCM-
41 sample spectrum closely resembles the amorphous itraconazole spectrum, and
not the crystalline itraconazole spectrum. This similarity between the amorphous
reference and loaded drug spectra suggested that the drug contained within the

pores of the MCM-41 sample is also disordered.
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Figure 6. Hyperspectral image (A) and extracted CARS spectra averaged from five
regions of interest (B) for itraconazole loaded MCM-41 using immersion method
(magenta line), amorphous itraconazole (blue line) and crystalline itraconazole

(black) plotted for comparison. Scale bar is 20 um.

Griseofulvin loaded MCM-41 particles

The hyperspectral image for griseofulvin loaded using immersion method shown in
Figure 7 is a very similar colour to that of the itraconazole samples except it appears
more blue-green than the yellow-green colour seen in the itraconazole samples. The
extracted spectrum shows a broad peak that has a peak maximum around 2940 cm™
corresponding to the CHj; stretching [39], which is in close agreement to that of the
spectrum obtained for amorphous griseofulvin. There is no evidence of crystalline

drug in the image.
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Figure 7. Hyperspectral image (A) and extracted CARS spectra averaged from five
regions of interest (B) for griseofulvin loaded MCM-41 using immersion method
(magenta line), amorphous griseofulvin (blue line) and crystalline griseofulvin (black

line) plotted for comparison. Scale bar is 20 um.

5.4 Conclusions and Outlook

In this work, CARS microscopy has been applied for the first time to probe drug
distribution and physicochemical structure in ordered mesoporous silica particles. Z-
stacked CARS microscopy was used as an analytical tool to selectively image the 3D
distribution of drug loaded in MCM-41 microparticles. Using CARS microscopy to
analyze the drug in MCM-41 samples prepared using two different loading methods
(immersion and rotary evaporation) with two model drugs (itraconazole and
griseofulvin), it was possible to visualize differences in drug loading distributions
between the two different drugs, but not differences between the loading methods or
particle size ranges. The analyses (including CLEM) did not reveal any evidence of

drug particles outside the silica microparticles.

Hyperspectral CARS microscopy was used to further probe the physicochemical
structure of the drug in the MCM-41 microparticles. Comparing CARS spectra
extracted from the drug loaded MCM-41 samples and those extracted from the

reference spectra obtained from pure amorphous and crystalline drug, it was
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concluded that the drugs loaded within the pores of MCM-41 samples is in an

amorphous form.

The combination of CARS microscopy with hyperspectral CARS analysis is a
powerful tool for analyzing drugs loaded in mesoporous silica-based materials and
has the potential to allow improved characterization and streamline the loading

procedure for drug loaded mesoporous materials.
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Executive summary and Outlook

This dissertation demonstrates coherent anti-Stokes Raman scattering (CARS)
microscopy as a tool in pharmaceutical solid state development. CARS microscopy is
a nonlinear optical imaging technique that uses inelastic scattering of light known as
Raman scattering to provide chemically specific imaging. CARS microscopy is
suitable for early stage pharmaceutical development, analyzing pure APl powders as
well as late stage analysis of more complex dosage forms. The strengths and
weaknesses of CARS microscopy are explored in the context of pharmaceutical
analysis over a wide range of samples covering a number of commonly used

pharmaceutical formulation strategies.

The four experimental chapters utilize three of the main imaging techniques available
for our custom built CARS microscope which are: single plane CARS imaging at a
single Raman vibrational frequency, z-stacked CARS imaging at a single Raman
vibrational frequency, and hyperspectral CARS imaging over a range of Raman
vibrational frequencies. Each of these imaging techniques has their own strengths

and weaknesses and can provide different information about the sample.

Firstly, single plane CARS imaging at a single Raman vibrational frequency has the
main strength of being rapid, providing up to video rate collection of CARS images.
Rapid imaging allows visualization of chemical changes over time as seen in chapter
three while imaging the conversion of theophylline anhydrate to monohydrate during
dissolution testing. The biggest weakness to this imaging technique is reduced
chemical selectivity due to potentially overlapping vibrational spectra for two or more
components that might be present in the sample. This weakness has led to the

development of hyperspectral CARS imaging.
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Secondly, hyperspectral CARS imaging (as discussed in chapter two) has the
strength that it overcomes the issue of single Raman vibration frequency imaging by
recording a stack of images with each image recorded at a different frequency. The
stack of images is then processed and projected producing a single image where
different chemicals and different solid state forms appear as different colors. The
main weakness to this hyperspectral imaging technique is that the sample must
remain stationary as any movement of the sample will affect the final color projection

thus precluding analysis of dynamic processes such as dissolution analysis.

Finally, the third imaging technique known as z-stacked CARS imaging provides the
capability of three dimensional imaging. This three dimensional imaging is possible
because CARS microscopy is inherently confocal with CARS signal only generated in
the focal volume of the microscope objective. Z-stacked imaging is performed by
recording images while moving the objective in a step-wise manner towards the
sample. The main strength of z-stacked CARS in terms of pharmaceutical analysis is
the improved field of view improving the ability to image rough surfaces such as
powders and granule samples. The main weaknesses of z-stacked CARS are the
same as those for single Raman vibrational frequency imaging (reduced chemical
selectivity) and hyperspectral CARS imaging (stationary sample requirement)
effectively limiting the applications to stationary samples with a small number of
constituents such as granules, adhesive mixtures (see chapter four), and drug loaded

silica particles (see chapter five).

Two main areas of future development of narrowband CARS that would be beneficial
for pharmaceutical analysis are Raman fingerprint imaging and quantitative image
analysis. Currently most narrowband CARS microscopy is performed in the C-H
vibrational stretch region (2800-3200 cm'1) while there is a large region known as the
fingerprint region (around 500-2000 cm™) that could be used to increase the chemical
selectivity of the imaging technique. As CARS microscopy is a nonlinear optical
technique, the signal intensity does not scale linearly with the concentration of the
chemical making it difficult to quantitatively determine the content in the CARS

image. Currently, it is possible using complex mathematics to calculate chemical

110



concentration in CARS images but further development to automate and validate

these methods would enable their use in routine analysis.

Narrowband CARS microscopy has strong potential as a tool for routine analysis in a
pharmaceutical environment. However, for this commercial potential to be realized
the system will have to have a large number of imaging techniques available to the
end user. In addition to the imaging techniques mentioned above Second Harmonic
Generation, and Two Photon Fluorescence would also be very useful to be
incorporated into such a system. There is a system currently available on the market
(Leica TCS SP8 CARS) which has many of these features making it an interesting
option for a pharmaceutical research environment. However, one drawback to this
system is the large system footprint. This commercial CARS microscope is not a
bench top system and requires an optical table for the laser system which is not ideal
for pharmaceutical research labs which typically contain mostly bench top equipment

with a small footprint.

Further improvements to make the system more attractive for a pharmaceutical lab
could include, reducing system operation complexity, and increasing system stability.
These improvements would allow minimally trained operators to use the system. The
CARS microscope used for this work is a complex, homebuilt system which had
stability issues making it difficult to perform robust reproducible experiments. In the
pharmaceutical industry validation of analytical methods is required, making it
necessary to have a robust imaging system. Most of the development in this area
would be automation, allowing the system operator to control most aspects of the
CARS microscope (i.e. wavelengths, optical parametric oscillator cavity size,

temperature, and light filters) using a single software program.

Overall, this dissertation has shown that there is great potential for narrowband
CARS microscopy as a tool for solid state pharmaceutical analysis with a wide range
of applications including solid state form determination, drug distribution analysis, as

well as dissolution analysis. There is also still a lot of development and refinement
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required to both the CARS technique and the equipment to make it attractive and

competitive for routine analysis in a pharmaceutical environment.
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Samenvatting

Dit proefschrift beschrijfft de ontwikkeling van coherente anti-Stokes Raman
verstrooiing (CARS) microscopie als een techniek voor farmaceutische analyse.
CARS microscopie is een niet-lineaire optische techniek die gebruik maakt van
inelastische verstrooiing van licht. inelastische verstrooiing van licht gebeurt vanwege
een interactie tussen de moleculen en het licht. De frequentie of kleuren van het
verstrooide licht hangt af van de moleculen. Dit betekent dat CARS microscopie een
chemisch specifiecke techniek is: het geeft een manier om de verschillende
chemicalién van een mengsel te identificeren zonder labels te gebruiken. CARS is
een indrukwekkende techniek met veel toepassingen in de natuurwetenschappen;
onder andere biomedische technologie, scheikunde en nu ook farmaceutische

technologie.

Hoofdstuk één is een introductie over de traditionele farmaceutische ‘solid-state’

analyse en over de achtergrond van CARS microscopie.

Hoofdstuk twee introduceert hyperspectrale CARS microscopie en geeft voorbeelden

van metingen met verschillende farmaceutische tabletten en poeders.

Hoofdstuk drie beschrijft de ontwikkeling van CARS microscopie als een techniek
voor farmaceutische dissolution analyse. Een CARS oplossings opstelling is
gebouwd die het mogelik maakt om tegelijkertijd naar de tablet te kiken en de

concentratie van het medicijn in vioeistof te meten.

Hoofdstuk vier onderzoekt CARS microscopie voor de analyse van ‘adhesive

mixtures for inhalation’. Z-stacked (op de Z-as gestapeld) CARS microscopie wordt
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gebruikt om medicijn distributie over het oppervlak van dragende deeltjes te bepalen.

Ook is onderzocht wat de grootte is van de medicijn deeltjes.

Hoofdstuk vijf onderzoekt CARS microscopie voor analyse van mesoporeus MCM-41
silica microdeeltjes. Z-stacked CARS microscopie is gebruikt om medicijn distributie
in de gaten van het mesoporeuse MCM-41 silica te bepalen. Hyperspectrale CARS is

verder nog gebruikt om de vast vorm van het medicijn te bepalen.
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