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Abstract

This thesis describes the application of hyperspectral imaging (HSI) as a novel technique
for the analysis of spectral data derived from image analysis of tablet breakdown during
dissolution. Whilst defining the rate of release is the common output from traditional
dissolution experiments, the intention of the research presented in this thesis was also to
describe the physical changes occurring within the disintegrated mass during the

dissolution process.

The initial stages of the investigation focused on determining which wavelength ranges
were most discriminatory in separating out similar polymer samples; the two wavelength
ranges investigated were the visible (400-860 nm) and the near infrared (835-1650 nm). As
the polymer samples were similar, comparison of the spectra for distinguishing features
was unsuccessful and principal component analysis was used to separate the spectral
signals. The near infrared (nIR) was shown to be the most effective wavelength range at
separating signals due to an increased number of peaks for comparative analysis. The
examination of the dissolution of paracetamol tablets produced by several different
manufacturers was described in this thesis. In particular, the rate of expansion of tablet
material and the identification of caffeine containing regions during tablet dissolution. The
initial results tracked the expansion of the tablet within the flow cell and determined the
cause of the signal attenuation affecting the results. The final experiments combined the
spatial and time resolutions of the previous experiments. This system used a minimised
path length to reduce signal attenuation and give spectra with enhanced spectral features.
This system was able to show caffeine rich regions in the tablet during the dissolution in a
caffeinated paracetamol brand, the rate of caffeine loss also being calculated. These results
were then corroborated using conventional analytical techniques to establish whether HSI

had robustly measured the release of a known compound during dissolution.
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Chapter 1: Introduction

1.1 Hyperspectral imaging

1.1.1 Introduction

Hyperspectral imaging (HSI) is an imaging technique which allows the user to capture
large amounts of spectral and spatial data in a very short space of time. In a standard digital
camera at each pixel the spectral information is only represented as intensities of set
wavelengths to give the coloured images * (red, green, blue etc.) Hyperspectral imaging
however gives the spectral information of the image taken with a predetermined set of
wavelengths (e.g. 300-1000 nm). At each pixel in the hyperspectral image a spectrum, of a
specific range of wavelengths, is recorded with a spectral resolution as high as 3-10 nm 2.
Until recently HSI was an expensive technique to implement due the high costs of the
optics and electronics required. The expensive nature of these systems meant that the only
groups to use hyperspectral imaging for many years where those with large budgets such as
NASA and the military. Recent advances in detectors have reduced the cost of production
resulting in cheaper hyperspectral cameras, which has resulted in the technique becoming
more utilised in the larger scientific community. It is quickly gaining a reputation as a fast
reliable imaging system for the gathering of large amounts of spatial and spectral

information.

The data received from the hyperspectral imaging is stored so as to give the user an image
in the (x,y) plane where each individual pixel contains the spectral information in the z
plane and this data is referred to as a ‘hypercube °. Figure 1-1 is an example of a
hyperspectral image, the image on the left shows two pieces of tablet on a glass slide and
the plot on the right is a spectrum generated from a pixel in the tablet. In a hyperspectral
image the x and y axis have the spatial information while the z axis shows the spectral
information. In this image the colour on the z axis indicates intensity of the spectrum at
each wavelength for the edge pixels and it is clear that the tablets give a strong spectral
signal by the deep red intensity. An image of this size can be captured within a few

seconds and contains thousands of individual spectra.
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Figure 1-1 An example of the data within a hyperspectral image which is stored as a
hypercube. Figure 1-1A is of two tablet pieces and the edges of the cube show the
intensities of the spectral wavelengths for each spectra contained within the edge pixels.
Figure 1-1B is a spectrum generated from a single pixel in the image.

A hyperspectral camera is an imaging device which can capture huge amounts of both
spatial and spectral information in just a few seconds. There are two main components to a
HSI system, the first is a charge-coupled detector (CCD) which stores and translates the
electrical impulse received into spectral data. The second component of the system is
where the light is manipulated or filtered in some way; this component is a liquid crystal

tuneable filter (LCTF) *° , an acoutso-optical tuneable filter (AOTF) ®’ or a spectrograph
8,9

1.1.2 Building a hyperspectral image

There are three ways to create a hyperspectral image point and these are known as point,
plane or line scanning. The detector for any HSI camera is determined by the wavelength
range used and not the approach to generating the hyperspectral image. The theory of how
the detectors work and the composition of the detectors are discussed in detail in Chapter
2.1.1. The three approaches to creating a hyperspectral image differ in how the image is
created and each use a different system for separating wavelengths to be captured by the

system.

1.1.2.1 Point scan hyperspectral imaging

The point scan approach to hyperspectral imaging is where the image is built up one pixel
at a time with the system collecting a full spectrum at each pixel. This is the process used
to create Raman **! or Infrared (IR) **** mapping which, while not often discussed as
such, are types of hyperspectral image. The major advantage using a point scan is that the
very high spectral resolution as the spectroscopy is performed using normal Raman or IR

equipment; however a mobile stage and specific software for performing the analysis is
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required. Disadvantages include the target being motionless and an extensive time required
for data capture. These disadvantages make this technique a poor choice for dynamic
systems or large target areas. However, when the sample is stationary, stable and a small
target area is sufficient then point scan HSI can be very powerful.

1.1.2.2 Plane scan hyperspectral imaging

Plane scan hyperspectral imaging is a technique that uses a filter which only allows a
specific wavelength of light to pass through. However, these filters are not fixed and the
wavelength filtered can be altered in a controlled manner. The two main filters used are the
Acousto-optic filter and the liquid crystal filter. Therefore with this system the target is
imaged at the first wavelength, the filter changed and the target re-imaged. By proceeding
through the different wavelengths a hypercube is created with the full spectral data at each
point. Plane scanning is very sensitive to movement as the images are built up over time
and so if the target is undergoing a physical change then the image will be distorted by this
change. The filters are also sensitive to temperature changes and so are often cooled by
bulky cooling systems to prevent any fluctuations from the ideal operational temperatures
the system is calibrated for. However, as they don’t require additional setup other than the
exposure time for the system they are excellent at quickly imaging static objects such as a

tablet surface **.

1.1.2.3 Line scan hyperspectral imaging

The third system for generating hyperspectral images is to create the image one line at a
time and is known as push broom or line scan hyperspectral imaging. These systems
collect a narrow beam of photons from the target and require the movement of either the
camera or the system to generate the picture. A spectrometer is used to split incoming
light, separating out the wavelengths for detection. The theory behind these systems is
described in greater detail in Chapter 2.1.2. These systems are more robust than the other
HSI systems, without the need for cooling or the sensitivity to movement that some of
those systems suffer from. Due to the requirement for either the sample or the camera to
move these systems have been employed extensively by the remote sensing community™

where large areas of land are imaged using planes or satellites.
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1.1.3 Remote sensing applications of hyperspectral imaging

Hyperspectral imaging was first developed for the remote sensing community as a way to
image large areas with sufficient spectral information to investigate processes or changes
which cannot be easily recorded on foot. Differentiating between similar plant types in
coastal regions or large tree canopies *°*’, detecting mineral deposits and separation out

18,19 20

similar ores across mountainous areas , Water quality in coastal areas and

classification of building and infrastructure in urban areas %%

are just a few examples of
how HSI is used in remote sensing. HSI is also used by the military, while many uses are
not published for obvious reasons there are some declassified documents which have been
shown in the literature. These detail the use of the technique in identification of target and
target areas such as using satellite data to find landmines in a minefield . The use of HSI
data has also been used to detecting potential military targets such as planes 2* with a high

degree of success in an automated system which reduces the time to spot these targets.

1.1.4 Industrial applications of hyperspectral imaging

One of the largest fields of hyperspectral imaging outside of the military and remote
sensing imaging is its use in industrial quality control systems, especially the food
industry. The large volume of spatial, spectral and temporal information allows the user to
check the quality of a large area very quickly whether it’s looking for diseased or bruised
apples®™ or checking the uniform distribution of a polymer blend 2°.The use of HSI to

investigate polymer uniformity 2°

is of particular interest; here Gosselin et al. used a
mixture of chemometric methods such as multivariate image analysis and partial least
squares regression to show the average distributions of the polymer blend. This can be
done using current techniques but only by removing the film from the process and testing it
in the laboratory. Hyperspectral imaging however, can be done while the polymer films are
still being made to give real time accurate feedback about polymer distributions in the

polymer blend.

In the case of checking for bruising of apples® the technique is used to penetrate just under
the skin on the apple where the earliest signs of bruising are shown, these signs are easy to
detect by looking at the data using specific wavelengths which show a spectral difference
between bruised and whole apples. By viewing the full image at a single wavelength a
greyscale depiction of the intensities within the image at that wavelength is created, which
shows the areas of bruising under the surface of the apples. This system allows for any

heavily bruised or damaged apples to be removed from the packaging process giving
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higher quality results in the shipping of this product which reduces returns and boost
profits.

There are numerous different publications showing the use of HSI to detect disease 2”2,

2930 or contamination®'*?

bruising in food products by using techniques similar to those
above. The analysis of these images can be performed quickly and could potentially be
used in an automated system. These systems can be used to save companies money by

reducing waste; one such example of this is in paper mills.

There are also examples in the literature where hyperspectral imaging has been tested to
see if it can be used to separate better quality products which could be sold at a higher
price. One such study looked at the tenderness of beef steaks®®. The tenderness of a steak
is related to key biochemical properties (cytoskeletal proteins etc.) and the muscle
structure, both of which can be measured using hyperspectral imaging. By investigating the
spectra of these areas it was possible to distinguish between the lean and fat areas of the
beef using simple spectral comparisons. For example the reflectance in a pixel of fat starts
at a much higher value (approximately 0.4 compared to 0.25) and the position of certain
peaks are shifted. These differences could be used in computer software for an automated
system of detecting the quality of the meat as a quantitative value of fat percentage in a
piece of meat. This is just a small selection of the wide breadth of uses hyperspectral

imaging has in industrial applications.

1.1.5 Laboratory applications of hyperspectral imaging

The remote sensing and industrial uses of HSI are often performed on a large scale but
there are many applications of HSI in the microscopic scale; mainly it is used for the

detection and identification of cells 3*°°.

As Hyperspectral imaging requires an
illumination source to produce an image the only thing necessary to view microscopic
samples is simply an amplification device such as an adapted microscope *. This uses the
microscope as a zoom lens with the reflected or transmitted photons entering into the
hyperspectral camera rather than an eye piece. This is the same principle as is seen in
Raman and near infrared (nIR) microscopy systems. In the microscopic scale however
most measurements are done using fluorescence and so require more advanced equipment

to detect the data received along with a different microscope set up.
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The identification of specific bacterial growths in a group of bacteria is just one example
where microscopic hyperspectral imaging has been implemented previously : this was
done by the detection of specific wavelength signatures unique to the bacteria in question.
These wavelengths signatures are specific differences in the spectra of the bacteria which
can be used to distinguish between them. A false colour image can be created by using
these wavelengths which show clearly the different species of bacteria in the image which
may be otherwise difficult to distinguish. There are limitations to this technique as with
most hyperspectral imaging of this kind in that overlapping bacteria (or samples of any
kind) can lead to confused signals which are a combination of the two sources. These
should be easily detected, especially when using false colouring, and removed from the

sample or solved using multivariate statistics.

Hyperspectral imaging has also been used to investigate areas of interest on or near the

| 3" or even internally using an endoscopic approach to HSI *. The

surface of an anima
detection of skin tumours or melanomas can be difficult in the early stages as they can
leave little visible marking on the skin or indeed just a distortion of the skin rather than a
discolouration. Using hyperspectral imaging researchers have been able to correctly detect
these tumours **“*° by looking for the change in certain specific peaks which indicates the
presence of the growth. The fluorescence data from these systems clearly shows that the
spectra for the malignant tumour has a much lower intensity than normal tissue up to
approximately 520 nm after which the intensity of the fluorescence from the tumour is
higher than that of the normal tissue. These changes in the spectra between normal skin
and a tumour are due to the changes caused by the tumours such as an increased melanin

concentration and a change in the blood flow through the affected area.

Hyperspectral imaging has also been used to research levels of certain compounds in the
blood of patients***2. These papers where looking at the levels of haemoglobin in the blood
of test patients with one paper specifically investigating patients with sickle cell anaemia to
discover whether certain treatments help oxygen saturation. Using HSI was an ideal way to
detect levels of haemoglobin using a non-invasive technique which can be used over a
period of time to show how the levels of haemoglobin change both before and after the
release of a pressure cuff. The hyperspectral imaging allows for a very detailed analysis of
the concentrations of the target compounds with minimal discomfort for the patient as the

imaging is fast and non-invasive.
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1.1.6 Hyperspectral imaging in pharmaceutical analysis

There are two ‘styles’ of hyperspectral imaging in pharmaceutical analysis, the oldest and
most established is chemical imaging. Chemical imaging is traditionally a style of point
scan imaging used with near infrared, infrared and Raman spectroscopy. This style
sacrifices speed to spectral resolution with larger images often taking hours to complete
but with a spectral resolution much higher than is normally attributed to hyperspectral
imaging systems. The use of hyperspectral imaging systems, specifically those with a
liquid crystal tuneable filter (LCTF) or acoutso-optical tuneable filter (AOTF) filter or
plane scanning spectrograph, is a more recent addition to the field of pharmaceutical
analysis but is quickly becoming more common in the literature. However, it should be
noted that both of these techniques are hyperspectral in nature and the distinctions only
exist in so far as how the data has been collected previously and the nomenclatures that
were created for them. Chemical imaging and hyperspectral imaging are becoming

1

interchangeable terms ** and so for ease the term hyperspectral imaging will be used

throughout this work to prevent confusion.

Near Infrared spectroscopy is common in pharmaceutical analysis and most HSI systems in
this field detect in the near infrared. A traditional spectrometer will average the signal
across the target area giving a general description of the bulk properties of the sample.
Pharmaceutical products are often complex systems which are designed to release the drug
contained within at the intended source at a predetermined rate. The greater the degree of
information which can be discovered on these formulations the greater the level of design
which goes back into creating better formulations. The use of tradition vibrational
spectroscopy techniques reduces the volume of information on the sample relative to a
hyperspectral approach and this is why these techniques are being investigated.
Hyperspectral imaging does not average over a large area but gives spatial resolved

spectral information throughout a system.

Tablets are designed to be homogenous with respect to the excipients and active
pharmaceutical ingredients contained within. This prevents any unusual or unexpected
release properties which may be caused by clustering of the components. Investigations
into the homogeneity of tablets have been performed using HSI in an attempt to monitor
the concentration difference throughout ****. In these papers different approaches have
been taken to the same goal of identifying the major components in a tablet using a nIR

43
|

HSI system. The first paper by Lopes et al ™ uses a style of post image analysis called
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simples identification via split augmented Lagrangian (SISAL) which is a form of spectral
unmixing algorithm. This algorithm assumes that the data within a pixel is not pure, that is
that more than one component is present and causing the spectral signal to be a composite
of these different compounds. The algorithm then calculates the abundance of each
component in each pixel which shows the efficiency of the mixing. The approach of Ravn
et al ** was to test three separate forms of data analysis to determine which is the best for
spectral unmixing of the data. These were a single wavenumber method, classical least
squares regression and partial least squares regression. It was found that the partial least
squares gave the best results with the highest degree of accuracy however, this method
does require a calibration set which may not always be available. Both of the papers detail
how HSI can be used, in different ways, to ascertain the relative concentration of
components from a tablet in a spatial resolved manner. This shows the ability of HSI as a
tool for investigating the mixing of tablet materials. Another example is the use of
hyperspectral imaging to test the concentrations of acetylsalicylic in commercially
available aspirin tablets ***°. Here a near IR spectral range was used to scan the surface of
the aspirin and the data received along with chemometric approaches like those above was
converted into concentrations of active pharmaceutical ingredient (API) and then the image

of the tablet recreated as a relative concentration map.

There is also interest in the use of HSI to identify counterfeit drugs “*’. Hyperspectral
imaging can be used to test large batches of drugs rapidly which allows for quicker

validation of suspect drugs. The work by Lopez et al *°

showed that using HSI it is possible
to take a large sample of tablets of unknown content (although the intended APl was
known) and discover which of these tablets were counterfeit. Furthermore the use of
principal component analysis (PCA) showed that the counterfeit tablets could be grouped
into 13 separate groups. Within these groupings it was also possible to determine which of
the counterfeit tablets were placebos and which contained either too little APl or a
substitute API. The exact composition of the counterfeit tablets was not investigated but it
was suggested that using further analysis it may be possible to determine which APIs and
excipients were used. These results show how HSI can be used to quickly distinguish
between tablets which by visual inspection may seem similar but are in fact very different.
This was performed quickly, with multiple tablets being imaged at the same time and with

minimal post imaging analysis needed to determine the counterfeit drugs.
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1.2 Tablets

Tablets are a common approach to the delivery of drugs into patients; they are a simple

way to deliver a controlled dosage to the patient over time with good stability.

A tablet contains a number of compounds other than the API and these other compounds
are used to enhance the physical properties of the tablets to improve its efficiency. These
other compounds are known as excipients and can be used to create a range of different
physical properties in the tablets. A large proportion of tablet bulk is often a filler
excipient, such as cellulose or starch, which is used to bulk up the tablet. This is used for
easier processing of the tablets and to make the drug a suitable size for patient
consumption as many tablets contain only a few micrograms of API. A tablet containing
only this small volume of APl would be too small to handle easily and effectively. Other
excipients, such as magnesium stearate, are lubricants which help the tableting process
during the expulsion of the tablet from the tableting machine. Compounds which aid the
disintegration of the tablet by promoting expansion are also common and lead to improved
release properties for the tablets. Binders are excipients that hold the tablets together after
the tableting process and some such as starch and cellulose are also used as disintegrants.
Preservatives and sweeteners are also used in tablets for a longer shelf life and to mask the
unpleasant taste of the tablets. Coating tablets is commonly used to disguise the taste of
some drugs making them easier to swallow. They are also used on tablets which are
designed to release their API further along the gastrointestinal (Gl) tract than the stomach.
By coating the tablet in a compound resistant to the stomach acids but susceptible to the

conditions later in the GI tract the tablets release the API in the desired location.

Tablets are created as a thoroughly mixed blend of excipients and APl which are then
pressed into a tablet using compression of the loose material into a die. The mixing of the
tablet ingredients is not always possible using pure dry powders as these may cluster
together due to electrostatic charged created by small particle sizes. To allow for even
mixing throughout the tablet a process of granulation is performed. Granulation is a
process of combining the desired APl and excipients to form controlled particle sizes using
either a liquid binder or light compaction and low pressures. By using this process the
mixing of the API and excipient is assured and tablets can be made which show a

homogenous distribution of APl and excipients throughout.
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Before any tablet can be approved for general use it must undergo a number of tests to
determine the quality of the tablet. For example tablets must be tested to show that the
ingredients are evenly mixed and within specific quantity limits. Two techniques used to
test tablets are dissolution testing to investigate the release rate of the drugs and vibrational

spectroscopy to investigate the mixing, purity and surface quality of the tablets.

1.3 Pharmaceutical analysis

1.3.1 Introduction

Pharmaceutical analysis is a tightly controlled rigorous discipline with strict guidelines and
procedures controlling the analysis of pharmaceutical products before they can be sold.
These procedures are detailed within the pharmacopoeias, with the United States
Pharmacopeia “® containing many of the most common techniques and procedures for

testing pharmaceutical products of all types.

1.3.2 Dissolution testing

Dissolution testing is the standard experimental procedure for investigating the release of
the drug or active pharmaceutical ingredient (API) from a pharmaceutical product. It uses
ultraviolet (UV) spectroscopy to detect the increasing intensities of spectral peaks in the
UV from specific drug absorptions. Then using the Beer-Lambert law and known
standards the change in spectral absorbance can be attributed to a specific change in the
amount of API released into the system. The dissolution properties of a compound are
important as the drugs cannot be absorbed through the gut if they are not dissolved into the
gastrointestinal liquids. The specific protocols used in dissolution testing are detailed
within the USP and a number of different types are available for different experimental

needs 2,

The USP contains four different dissolution apparatus which are designed for different
experiment needs and pharmaceutical products and may even give different release rates
for certain drugs ***°. Each system is different but there are core similarities between them,
each uses a 900 ml solution, often acidic buffer, into which the pharmaceutical sample will
dissolve. The use of the acidic buffer is to provide a basic model of the environment within
the stomach although the stomach acids are more complex, containing humerous enzymes

to aid in the breakdown of food. Each procedure uses a UV spectrometer to measures the
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solution and follow the release of API into the system, each requires heating of the solution
to 37°C and each system thoroughly mixes the solution.

There are a number of different areas of research within dissolution testing other than the
testing of drugs to show release rate of a new formulations or for testing batch to batch
variability. Investigations into complimentary drugs or excipients which improve the
absorption rate of the target drug have long been an area of great interest. An increase in
the rate of gastrointestinal absorption by the addition of a secondary compound to the
target drugs was shown by Goldberg et al ** in 1966. Improving the rate of uptake makes

your drug formulation more effective and thus more desirable.

Before the USP dissolution procedures were agreed as a standard there were a number of
different dissolution approaches. Mattok et al®® investigated three different dissolution
procedures for the release of acetaminophen (paracetamol) and found each to give different
results. During the experiment it was also shown that older tablets may have a slower
release than recently created tablets and no tablet showed release comparable to the
physiological availability of acetaminophen estimated from blood and urine. This paper
shows why it is important to have a rigorous set of standards, that some tablets degrade
over time and that the release of API from a tablet in a reaction vessel is different to the
release and uptake inside living organism. There are some good reviews on where USP
dissolution apparatus is currently in the field of pharmaceutical analysis and the changes

that may be needed in the future *.

Van der Weerd et al ** looked into combining FTIR imaging and dissolution testing to
investigate the release of API from a tablet with the image to show the spatial locations
where this occurs. The outcome of this was to show how the release of a niacinamide drug
from a HPMC tablet occurs homogenously throughout the region of tablet imaged. As the
dissolution progressed a gel state is seen to form around the HPMC which is the major
excipient in the tablet. This is an example of how spatial information can show physical
changes during the dissolution which are not seen with the traditional UV dissolution
apparatus alone. There are however problems with the work as the tablet was placed under
pressure constantly from the golden gate holding it close to the IR beam and a very
restricted flow space for the water to dissolve the tablet in. It is promising to see the

potential of imaging and spectral analysis merged in this way.



Chapter 1 12

A new vista in dissolution testing is the combination of the UV spectrometry and imaging
to create an image of the dissolution of samples in a time resolved manner. The images are
captured using a band pass filter to select the desired wavelength and then shining
monochromatic light through the flow cell containing the target sample. These are not
hyperspectral images as they are only captured a single wavelength and not the full
spectrum. These imaging systems show great promise for pharmaceutical analysis of the in
situ release of API from different pharmaceuticals.

The use of this technique on transdermal patches was performed to investigate patch
release profiles and also to highlight the ability of this technique for analysis *. The
patches contained nicotine as the active ingredient with no other UV active compound so
determining the wavelength for imaging was relatively simple. One of the complications
with these imaging systems is when multiple UV active compounds are present as it may
be difficult to calculate the concentration in the system with only a single wavelength. The
imaging clearly showed the drug being released from the patch with release rates being
calculated from the data and corroborated against standard UV dissolution tests. This work
clearly showed how UV imaging is able to better show the release properties of a simple
drug system and the potential of the technique for more complex systems or analysis. One
major problem with this paper is that the spatial information is not used fully and the data
is used only to show the change in the concentration of drug over time. There is no
discussion of the changes in the shape of the patch or rate of change in the size of the patch
which are simple analyses which could lead to more information on the physical changes

occurring during the dissolution.

The UV imaging of the dissolution of a pre-made tablet of pure Amlodipine *° does contain
more analysis on the spatial information contained within the data. Much of this work
mirrors that done previously, using the data to calculate the release of the API. However,
this work also investigates the images and the physical effects which are occurring that can
be detected. The images showed that the release of one formulation of Amlodipine tablet
was much quicker the others. Also by investigation of the images it is possible to see the
uneven distribution of the tablet as the flow causes the preferential release from one side of
the tablet. This is visible as a slight skew in the tablet and as a thin line of dissolved
material at the side of the tablet. This work shows how it is important to utilise the spatial
information in this work as by only considering the spectral information the imaging

becomes less powerful.
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Dissolution testing is a powerful tool for analysing the release properties of a drug system,
it now has a firm place in pharmaceutical analysis with tightly controlled procedures. The
data collected when a UV spectrometer is used to detect the release of the API is an
average of the total dissolution in the system and is dependent on sufficient mixing and
diffusion throughout the system to prevent erroneous results. It also shows no information
on the physical properties of the tablets during the dissolution such as rate of swelling or
any unusual tablet properties. However, UV imaging is a novel method for analysing
dissolution which gives these physical changes alongside better, spatially resolved

information on the release of the API from the system.

1.3.3 Vibrational spectroscopy
1.3.3.1 nIR spectroscopy

Near-infrared (nIR) spectroscopy is a fast, non-destructive technique which is a common
tool for pharmaceutical analysis. The nIR region is between the visible and the mid
infrared and is defined as being between the wavelengths of 780 — 2526 nm. The region
was first discovered by Herschel’” in 1800 when he separated the electromagnetic
spectrum using a prism and noted that the temperature increased greatly past the red end of
the spectrum. This region in which the temperature rose is the near infrared. Experiments
have been performed using nIR since the early 1920s but more advanced statistical
analysis alongside reduced production costs were needed before major advances could
occur with the technique. In the 1960s Karl Norris from the U.S. Department of
Agriculture recognised the potential of nIR and introduced it for the analysis of agricultural

and food products %,

The use of nIR spectroscopy for pharmaceutical analysis is now widespread with the
technique being used for quality testing of materials before, after and during production.
The increased interest in the technique is due to a number of factors including the fast
nature of the data collection, the lack of any pre-treatment steps, the non-destructive nature

of the technique and advances in chemometrics.

The bands seen in nIR spectroscopy are from the combinations and overtones of the
fundamental vibrations of the -CH, -NH and -OH groups with some contributions from
other similar functional groups. These vibrations are much rarer than the fundamental
vibrations seen in the mid IR and so are much weaker in intensity, they are also strongly

affected by dipoles and hydrogen bonding which slightly changes the energetics of the
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systems. This creates broad absorptions which are the result of a number of similar but not
identical absorptions which are so close that they cannot be distinguished by the
measurements. There is also constant background irradiation from thermal energy, which
cannot be removed that causes a broadening of the absorption peaks by exciting all
molecules and causing some degree of vibration. Thus a nIR spectrum contains peaks
which are broader and weaker than their corresponding mid IR absorptions. However,
there is an advantage to the weaker nIR signal as the signal penetration of a nIR photon is
much greater than that of the mid IR as they are less readily absorbed. This is caused by
two factors, firstly that the energy transitions caused by near IR irradiation are less likely to
occur and so a nIR photon can, on average, pass further through an absorbing medium
before interacting than mid IR photons. The second reason is that the scattering of light, as
explained by Rayleigh, is proportional to A™* where A is the wavelength. This means that
the longer wavelengths of the mid IR photons will be scattered more than near IR photons
by the same particles, which impedes signal penetration. The theory of vibrational

spectroscopy is covered in greater detail in Chapter 2.21.

This increase in signal penetration gives rise to a greater path length through the sample
and a greater sensitivity to the physical changes in a sample, such as particle size, than the
mid IR. Changing particle sizes causes variability in the degree of scattering in a sample
which with chemometrics and reference data can be detected and tracked throughout a

sample.

As these peaks are broad they contain less spectral definition and similar peaks from two
or more distinct environments may overlap. This data is multivariate in nature and so the
spectrum requires more complex statistical analysis than its mid IR counterpart. This
analysis is multivariate and uses the large quantity of information within the peaks to better
distinguish the small changes between and within spectra which are of interest. One of
these techniques is principal component analysis and this is explained in more detail in

section 1.4

The use of near infrared spectroscopy for pharmaceutical analysis has become much more
prevalent since the 1990s due to improvements in both the hardware and software used to
capture and analyse the spectra. The technique is now used to investigate a wide range of
different pharmaceutical forms and processes from tablets to polymer implants >°. One
major use of nIR spectroscopy is for the identification of raw materials before processing

or in production lines as it can be used as a non-destructive technique to track and identify
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materials in real time without the need to remove samples to an external location for
testing. There are a number of papers which discuss the use of nIR for the identification of
both active pharmaceutical ingredients (API) and excipients ®*®*. NIR spectroscopy is also
used to look at the copolymer ratios in some common pharmaceutical copolymers ®* and
even how the characteristics of certain excipients affect the tablet properties ®. Other
physical attributes of raw materials have also been analysed using nIR such as particle size

64-67 68,69

determination , polymorphic forms , the ratio of amorphous to crystalline forms ™

73 and moisture content "+7°.

The determination of moisture content within either excipients or the finished
pharmaceutical product is of great importance as both the excipients and APIs may be
largely affected by the presence of water, with potentially lower efficacy. While there are a
number of techniques used to analyse this property, such as Karl Fischer titration ®°, nIR
spectroscopy is a powerful approach due to its sensitivity to the OH vibrational stretching
frequencies observed in the water molecules. The O-H bands of water are intense and
include 5 separate absorption peaks at 760, 970, 1190, 1450, and 1940 nm. These peaks are
from different overtones and combinations of the fundamental vibrational frequency and so
each has a different intensity and the strength of the hydrogen bonding in the sample
structure will affect the frequency. It is this characteristic of near infrared spectroscopy
which has caused it to be a powerful tool in moisture content analysis and there are a great

number of papers on this subject.

One of the most common pharmaceutical dosage delivery forms are tablets as they are
small, provide an easy form of dose regulation and stable. However there are a number of

different parameters for which nIR spectroscopy is used to detect, track or identify such as

81-85 88,89 87,90,91

tablet hardness®* ™, thickness %%’ dissolution rate %% coating thickness , product

9293 and identification of tablet components *"***®. The deep penetration of

degradation
nIR spectroscopy also allows for the identification of tablets inside sealed blister packs
99100 These are just a few of the papers published on nIR analysis of tablets which shows

the breath of information which can be determined using this technique.

1.3.3.2 Raman spectroscopy

Raman scattering was discovered by Sir C. V. Raman in 1928 *** and Raman spectroscopy
is a form of vibrational spectroscopy which involves the excitation from a vibrational

energy level to a virtual energy level and the subsequent relaxation of the bond to a lower
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vibrational energy level with the emission of a photon. It is these photons which are
detected during the spectroscopy. The theory of Raman spectroscopy is covered in greater
detail in Chapter 2.21. Near IR and mid IR spectroscopy detects the vibration of a bond
which undergoes a change in the diploe moment of that bond during vibration. Raman
spectroscopy detects vibrations caused by a change in polarisation of that bond and can
detect non-polar bonds such as carbon-carbon backbones. Due to this difference between
IR and Raman spectroscopy an intense absorption from a functional group in the IR does
not necessarily appear in the Raman and vice versa. One of the most important differences
for pharmaceutical analysis is the absorption by water, in the IR this absorption is strong
and causes issue for any spectral definition in this region. However the water absorption
spectrum in the Raman is very weak and so it is possible to investigate compounds and
samples which are in or contain a large quantity of water.

Raman spectroscopy is well suited to pharmaceutical analysis and in particular the
investigation of solid state forms of pharmaceutical products such as tablets***?1%21% The
technique is specific and can be used to detect very low concentrations of a target

compound. Widjaja et al %2

showed that the pure spectra of a compound which has a
concentration of 0.2% by weight can be calculated using a multivariate approach. With this
analysis the spectra of a tablet were captured and run through an advanced multivariate
statistical algorithm to generate the pure spectra of each component in the tablet with a
high degree of accuracy. This is just one example of using Raman spectroscopy to see very
low concentrations of a target molecule without a calibration set of spectra. The use of
multivariate statistics is very common in Raman, especially Raman mapping as there is a
large volume of high resolution spectral data which is often comprised of multiple signals
combining. 1%"**° Raman mapping is a common technique which creates a hyperspectral
image of the target '° and is used to study the concentrations of the surface and near
surface of a target. This process is often lengthy as each spectrum is collected individually

and a Raman spectrum takes longer the capture than a standard IR measurement.

1.4 Multivariate analysis of data

Multivariate analysis is a set of techniques which are used to analyse large sets of data
which contain substantial amount of variables and observations***. It is commonly used in
the fields of nIR spectroscopy and chemical imaging, Raman mapping, HSI and image
analysis where there is a large volume of data which cannot be easily analysed using more

basic statistical analysis or plotting of the data. With only two or three variables it is
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relatively simple task to plot the data and see trends but this is insufficient for analysing
data sets with large numbers of variables. Principal component analysis, partial least
squares, classical least squares and multivariate regression analysis are just a small number
of the different approached to multivariate analysis which can each be used to determine
different properties of the data such as isolating groups of similar signals or identifying
specific signals. As with other chemometric systems these analyses are mathematically
complex and thus only started to become more common with the improvement in

computers and the software packages to perform the analysis.

1.4.1 Principal component analysis

Principal component analysis (PCA) is one of the most common forms of multivariate
analysis and is used to identify clusters of signals which are similar within large data sets
which contain shared variables. The techniques used today for PCA were first developed
by Hotelling in 1933 23 although various forms of PCA were discovered prior to this
with the first recorded paper being published in 1901 by Karl Pearson **. The theory of
PCA is detailed in Chapter 2.5.1 but for the ease of the reader a brief description will be
included here. Principal component analysis is a way to reduce down the dimensionality of
a large data set with numerous variables to a small number of principle components. These
components show the largest variation within the data set with each subsequent component
showing less of the total sample variation than the one preceding it. In this way a set of
vectors or axis are created which can show the majority of the variation from a system
containing many variables in as few as two to four new principal component ‘variables’.
This allows for similarities between samples in a complex system to be determined such as
spectra which share a specific peak or regions in an image which contains the same
material. These principle components contain two factors which are the scores and
loadings. The scores are a measure of the variation shown by each sample for that
component and the loadings detail which variables are causing the variation which is being

described in the data.

Principal component analysis is often employed in hyperspectral imaging as a way to
determine which areas within an image which have a similar spectral response. Remote
sensing imaging is one of the oldest forms of the HSI and involves the imaging of large

areas of land either by plane or satellite often to look for specific vegetation ****°

or
mineral deposits ‘2. In remote sensing it is common to use the PCA as way of identifying

aspects for further analysis especially the loadings which can show the wavelengths which
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contain the greatest degree of variation in the images. This can reduce down 200+
wavelengths of interest to 5-10 wavelengths which is a much smaller sample set for
comparison **°. The use of PCA in HSI, as either a standalone analysis or a midpoint for
more complex analysis, is also common in laboratory experiments. PCA has been used to
analyse a wide range of systems such as bacterial colonies**’™° demineralisation of

enamel *?° biological materials such as lung cells *?* and even determining food quality
122,123

Principal component analysis is also very commonly used in the fields of vibrational
spectroscopy especially the near infrared where peaks are broad and spectral difference
slight. The analysis is often performed to distinguish between numerous spectra and to
group similar spectra together as a way of identifying them. There are numerous different
examples of this in the literature such as identifying tablets within sealed blister packs %,
identifying similar cellulose tablet excipients ®, analysis of cellulose and lactose content in
ecstasy tablets *** and determining the degree of water absorption onto microcrystalline
cellulose™®. There are also a number of reviews which cover the use of PCA within the

areas of nIR spectroscopy in greater detail *2°%,

1.4.2 Other multivariate approaches

There are a number of other multivariate analytical techniques which are used in the
analysis of vibrational spectroscopy and hyperspectral images. Partial least squares (PLS)
analysis is used as a way of deconvolving composite signals to generate the original
spectral data along with relative intensities of this data. If the image pixel is sufficiently
large then the spectrum collected for that pixel will be a composite created from the
addition of multiple different spectral sources. The resolution of an image pixel is
dependent on what magnification has been used and the distance from the camera to the
sample. The pharmaceutical compounds can have an effective diameter of less than 10
um*® and image pixels can represent an area much larger than this and so multiple
compounds are contained within a single image pixel. For example a pixel of tablet data
will contain API and excipients which all add to create the outputted spectral signal. By
using the calibration data PLS is able to ascertain which spectra are contained within the
data and the relative contributions from each source. PLS is very common in nIR

131-134

spectroscopy of known mixtures where it is used to show the concentrations of the

compounds being investigated.
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Support vector machines (SVM) are a form of supervised learning model ** which has
been shown to be effective at separation out similar signals for the qualification and
quantification of samples *****”. An SVM works by using a set of data which includes
known values and their labels and then assigning each individual data point in the sample
to one of those labels. So in an image containing a mixture of different compounds, if the
pure spectra of these compounds are known, then each pixel in the image can be labelled
as belonging to a specific compound. SVMs are also used in machine learning as a way of
training the data inputted to identify new target genes ** or drugs **. These can be used on
their own to produce a reduced data set or as a precursor to further computational analysis

such as artificial neural networks.

1.5 Hyperspectral dissolution imaging

The dissolution and release of active pharmaceutical ingredient from a tablet can be
tracked using traditional UV spectroscopy and dissolution apparatus to gather information
on the release of drugs from the system. These traditional dissolution experiments
however, do not show the effects occurring within tablet only how much drug has been
released into the solution *%. New imaging approaches have been shown which image the
dissolution using a UV system at a single wavelength to see the change in the tablet with
the increased information that the spatial dimension can give. The disadvantage to these
systems is that they can only track a small number of wavelengths simultaneously and so
any complex drug release system which requires multiple wavelengths to track affectively
may be unsuitable for this sort of analysis. An IR based system which tracks the release of
the drug using a FT-IR imaging system has also been shown ** which is able to track the
release from an area on the surface of the tablet during the dissolution. The information on
the release from the target sample during the experiment was good with spatial effects
visible, however the total area imaged is small and there is no way to confirm that the data

shown in this region is consistent throughout the tablet.

Hyperspectral imaging, especially using tuneable filters or spectrographs, has shown itself
as a powerful tool in various different research areas including pharmaceutical analysis**.
The point scan imaging systems have been in use in pharmaceutical analysis for some time
where it is most commonly referred to as chemical imaging **. These new systems which
use the tuneable filters and spectrographs for line scanning are much faster than the point
scanning which leads to quicker data acquisition and the ability to investigate time

resolved and dynamic systems such as chemical reactions or the dissolution of a tablet. The
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line scan systems are also implemented in production lines where constant analysis of

product quality is needed which is what HSI can provide.

It should be possible to combine the analytical power of hyperspectral imaging with
dissolution testing to create a system able to track the changes in the whole tablet
throughout the dissolution process. By combining HSI and dissolution testing it should be
possible to show the release of APIs or excipients out of the tablet over time with spatial
information on which areas release more efficiently. However by investigating the entire
tablet and surrounding areas physical qualities such as the rate and manner of the tablet
swelling and disintegration as well as the movement of tablet particles can all be
investigated. This is a large volume of information which can be discovered using a single

technique.
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1.6 Aims and objectives

The aim of this work is to use a hyperspectral imaging system as a novel way to investigate
the dissolution of known tablet systems and to show the physical changed which are
occurring during the process using both the spatial information in the image and the
spectral information at each pixel.

The key objectives are as follows:

e The investigation of the most efficient HSI systems for analysis of pharmaceutical

compounds.

e The investigation of the physical process which occur during the dissolution of a
tablet, specifically the expansion and disintegration of tablet material.

e To investigate different ways to use the HSI system to achieve the best information

possible from the data received such as improvement of time resolution.

e To use multivariate statistical analysis on both individual spectra and the complete
images to determine which is best able to show the changes occurring within the

tablet over time

e To show the loss of API or excipient from the tablet as a function of time
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Chapter 2: Instrumentation and theory

2.1 Hyperspectral imaging

Hyperspectral imaging (HSI) is a spectroscopic technique which enables the user to obtain
an image with both spatial and spectral information '**. There are three main ways to
collect hyperspectral images which are single point'?, plane scan'** and push broom
scanning. The systems used in this work all use plane scanning HSI, with the exact
experimental setup of the camera changing between the different experimental chapters.
However, the necessary component pieces remain the same throughout and they are the
detector, the spectrograph, the stage and the light source. Figure 2-1 shows the
experimental setup in a schematic diagram, the light source illuminates the target which is
on a stage and the scattered photons from this target then enter into the spectrometer. A
series of slits inside the spectrometer narrow down the incoming photons to a narrow beam
which then enters into the diffraction grating, the different energy photons are split and

then hit the detector which records the spectral information.

Motorised Light source

Stage

?&\0‘005

il >
Photons from Diffraction
target grating
L F

Spectrometer

Detector

Target Slits

Figure 2-1 Schematic representation of the hyperspectral imaging setup

2.1.1 The detector

The detector is a device which stores and translates the electrical impulses received into
spectral data. It is located behind the spectrometer either as a separate unit, in the case of

the visible and near infrared (IR) systems, or enclosed with the spectrometer which is a
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style implemented by the SWIR camera used in Chapter 6. The general method of action
for any detector is the same with incoming photons hitting the detector and causing an
electrical charge to be created by the excitation of an electron. This excitation is of the free
electrons in the valence band electronic structure to the conduction band and the energy
difference between this is known as the band gap. The valence band in is created by the
overlapping of the highest occupied energy levels from all of the atoms in a metallic
structure. As each atom has a similar but not identical energy level to the surrounding
atoms a band of energies if formed and it is from this band that the electron is excited from
to create an electrical charge. Each charge is counted and the magnitude of the total counts
gives the relative intensity of the signal at that position in the detector. The detectors are
attuned to the wavelength range that is being investigated as they are made with specific
alloys which respond to photons within a narrow band of energies. By modifying the alloys
used to create the detector it is possible to change the band gap and thus the sensitivity
range of the detector. One such alloy is mercury cadmium telluride which is used in MCT
detectors which are used in this work and is a composite of two alloys, mercury telluride
and cadmium telluride. The cadmium telluride has a band gap of approximately 1.5 eV and
mercury telluride is a semi metal and has a band gap of 0. By combining these it is possible
to create a MCT detector with a band gap anywhere between 0 and 1.5 eV. The energy of a
photon at a set wavelength is specific and so by manipulating the band gap you can

manipulate which photons will cause excitation of electrons and thus be detected.

For this work three separate wavelength ranges were investigated and three different
detectors were used. An electron-multiplying charge-coupled device (EMCCD) for the
visible wavelengths of 350 — 860 nm, a InGaAs CCD for the very near infrared region (780
— 1860 nm) and an MCT detector for the near infrared (also defined as the short wave
infrared) region of 970 — 2500 nm. The EMCCD has a detector made of silicon, the band
gap of which allows for photons in the visible wavelengths to be detected. For the near
infrared region the detector uses an alloy of indium gallium arsenide (InGaAs) which is
effective up to the 1860 nm. An InGaAs system is insufficient with the short wave IR as
this goes as far as 2500 nm and this is too small a band gap energy for an InGaAs system
to sufficiently detect the photons. For this range an MCT detector was used which contains

a detector made from a mercury cadmium telluride alloy.

Noise in a spectrum is often as a consequence of noise in the detector, the biggest cause of
this is thermal. Even room temperature heating will give erroneous signals as it causes

excitation of the electrons in the detector without any external irradiation of photons. To
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minimise this noise the detectors are cooled with inbuilt cooling systems. Using cooling
also reduces the dark current which is present in detectors at times when they are not
exposed to incoming light. The pushing of electron charge through the detector can also
cause some error, where every step adds a small degree of noise into the signal, although

this is often much smaller than the thermal noise.
2.1.2 The spectrometer

A spectrometer is a device commonly used in a number of different spectroscopic
techniques; its primary function is to separate out photons into different energies for
detection. In hyperspectral imaging the image is built up from a series of line scans which
are collated together by moving either target (or the camera) during the imaging. In a
hyperspectral imaging system the spectrometer consists of three major components which
are the objective lens, a series of slits and a diffraction grating or prism. The photons which
enter the device, in these experiments, are scattered from the target surface. Figure 2-1
shows a schematic of how these pieces fit together and work. An objective lens is often
used to focus the incoming beam of photons onto the detector, once the reflected light has
entered the spectrometer it passes through a series of slits which reduce down the beam
into a single narrow beam of photons. This line of photons then enters into a diffraction
grating which causes the different energy photons to be separated out such that a spectrum

of different energies hits the detector.

Single grating Double grating Double grating

—® )

Figure 2-2 Diagram of how photons react with a diffraction grating, the different colours
denote a photon of red light and one of blue

The diffraction grating contains a series of very narrow slits through which the photons of
light may pass. Figure 2-2 is a diagram of the diffraction grating and shows how the

photons react upon reaching the grating. As a photon (which for ease can be thought of
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here as a particle) hits the diffraction grating it is diffracted outwards in all directions, this
is known as a diffraction pattern and is shown in the single grating example. If two
gratings are present then a series of diffraction patterns will occur in close proximity and
when these diffraction patterns meet the waves will interact. If the waves are in phase then
constructive interference will occur however, if the waves are not in phase destructive
interference will occur. Thus only a small amount of the diffract pattern reaches the
detector. The wavelength of the photon determines the size of the pattern, the larger the
wavelength the larger the wave which passes through the grating which is also shown in
Figure 2-2. A blue photon will have a wavelength which is shorter than a red photon which
creates a diffraction pattern with tighter banding. The relative positions in space where
these two diffraction patterns will react to create constructive interference is different due
to the different wavelengths of the photons as they enter into the grating. The grating
equation in Equation 2-1 gives the angle of diffraction 8, at which the diffracted light will
be at a maximum. The other terms in the equation are a which is the distance between the
mid-point of two adjacent gratings, m is an integer which specifies the order of the various

principal maxima and | is the wavelength.

a sinf,, = mi
Equation 2-1 The grating equation

For more in depth theory on diffraction and diffraction grating readers are advised to read
Optics by Hecht'*?

As the exact wavelength range the light is split into depends on the diffraction gratings
used each spectrometer can only be used for one set wavelength range. As with the
detector three separate spectrographs were used for the three different wavelength ranges
investigated. The visible used a Specim V8E, the near IR used a Specim V17E and the near

IR used an ImSpector N25E spectrograph.

The spatial resolution of the pixels in the image are determined as a function of the
distance from the camera to the target and whatever magnification optics are attached to
the spectrometer. During these experiments the camera was positioned as close as possible
to the target while still remaining in focus and no magnification was used which gave a

pixel resolution of 219 x 219 pm?.
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2.1.3 The stage

The spatial image shows the physical representation of the target in a manner similar to a
normal digital camera. However in plane scanning HSI the image is created one line at a
time; these lines contain all of the spectral data for each pixel which are then collated
together to from the full hyperspectral image as shown in Figure 2-3. The top image in the
figure shows one line being captured on the detector, which then correlated to a single line
in the spatial image. The bottom image shows how when multiple lines are collected the
image begins to build up, with each new line of imaging adding another spatial line in the y

dimension.

X

Figure 2-3 A diagram showing how HSI with a spectrograph builds up an image with the
image being created one line at a time

Movement of either the camera or the sample is essential to build up a 2 dimensional
spatial image of the target when imaging with a push broom system. Running the
experiment without this movement the same spatial location would be imaged repeatedly
which can be a powerful technique for monitoring a specific location but loses spatial
information. The speed of the stage depends on the exposure time used in the imaging and
the spatial resolution of the image pixels. If the speed of the stage is correct then pixels

should be square, if the speed is too slow the pixels become elongated and if the speed if
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too fast the pixels become short and data is lost. Once the exposure time and frame rate had
been set (which is discussed in 2.1.4) the correct speed of the stage could calculated. The
speed was determined by imaging a checkerboard pattern using the experimental setup for
the experiment. If the speed of the camera was too fast then the squares in the pattern
become truncated and the speed was slowed, and when the speed was too slow the squares
were elongated into rectangles. By a manual iterative process the ideal speed was
determined and incorporated into the experimental setup for the imaging as once calculated
the speed is always correct as long as exposure time, frame rate and camera distance
remain constant. A precise motorised stage was used to ensure the smooth, continuous
motion of the sample. Incredibly precise distances can be scanned at a constant speed with
no jerking of the sample. The same stage was used throughout all experiments, which was
a Zolix KSA 11-200 s4N with an IMS Mdrive 17+ motor attached.

2.1.4 Exposure times

The exposure time is how long the detector receives photons to create the data in the
image. Too long and the detector will saturate and be inaccurate and too short will cause
weak spectral signals. The exposure time was determined using a piece of the PTFE
calibration tile which was used to calculate reflectance values (section 2.3.2). By imaging
this tile and inspecting the raw counts values the exposure time can be manipulated so that

spectral signals were intense but no saturation of the signal would occur.

2.1.5 Light sources

The light source used in these experiments is important, if the light source is variable then
inter-image variation may become a substantial source of variation within the data. The
visible HSI system used an Armley 150W Halogen lamp however, this was later found to
be unsuitable for imaging in the near IR with fast frame rates such as were used in
Chapters 4, 5 and 6. Polytetrafluoroethylene (PTFE) is used as a standard in these
experiments for 100% reflectance and is used to calculate the reflectance of the data, this
process is shown in section 2.3.2. This material should have a value of 1.0 at all points
throughout the image however, when imaged using the Armley lamp a pattern of variation
was noted in the values of the reflectance. It was concluded that the AC power of the
halogen lamp was causing the flicker in the reflectance intensity values in the image of the
PTFE piece. A direct current halogen lamp was implemented for all experiments from

Chapter 4 onwards to remove this inter image variation.
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2.2 Pharmaceutical analysis

2.2.1 Vibrational spectroscopy

This information on vibrational spectroscopy is based on the information given in
‘Spectroscopy of Polymers’ by J. Koenig *** and further details on the theory of vibrational
spectroscopy can be found there. There are three separate and distinct techniques within
vibrational spectroscopy; these are Raman, near Infrared (nIR) and mid Infrared (IR)
spectroscopy. These three techniques are used to show different and distinct information
about the chemical structure of a sample ***. However, the cause of the absorption bands in
each of these techniques is the same. Vibrational spectroscopy revolves around the energy
changes within a compound due to the molecular vibrations of its atoms and bonds. The
simplest form of molecular vibrations is explained by the diatomic oscillation model
shown in Figure 2-4, in which two different atoms are vibrating back and forth along a
bond.

OV

Figure 2-4 Schematic representation of the stretching of a simple heterogeneous diatomic
bond

The vibrational frequency v is a measure of the energy required to make a bond vibrate,

moreover it can be calculated using the harmonic oscillator approximation in Equation 2-2

_1 f
v_Znu

Equation 2-2 The harmonic oscillator approximation

In this equation f is the force constant of the bond and is proportional to the length and
valency of the bond and the electronegativity of the atoms in the bond. The reduced mass p

is used to account for the masses of the two atoms and is calculated using Equation 2-3

MyMp

K= M, + M,
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Equation 2-3 Equation for calculating the reduced mass

These two factors show that the vibrational frequency of a bond is directly linked to the
atoms contained within a vibrating bond and the strength of that bond. This means that
changing the atoms incorporated in the bonds or changing the valency of the bond (single,
double or triple bond) can have a significant impact on the value of v. The environment
around the bond will also affect the vibrational frequency of the bond, a carbonyl group
attached to a benzene ring will have a different frequency to a ketone and a terminal amino
group will have a different vibrational frequency to one in the centre of long carbon chain.
The vibrational frequencies are also distinct and discrete, no two bonds have the same
vibrational energy and the energy levels are quantised so the energy required for a carbonyl
asymmetrical stretch is always the same.

It is this feature of the molecular vibration of bonds which allows vibrational spectroscopy
to be used to determine what bonds are within the target molecule. It is quite common with
vibrational spectroscopy that the bonds detected are not a simple diatomic bond but a
polyatomic bond which contains a number of different atoms bonded to a single central
atom. These bonds vibrate in unison to create more complex vibrational structure such as

the bonds in a methyl group which has 4 bonds which are all be involved in vibration.

A vibrating bond containing N atoms can exhibit 3N-6 (3N-5 in a linear system) different
molecular vibrations (also called vibrational states) where the minus 6 vibrations are those
related to translation and rotation of the bond in the X, y and z spatial co-ordinates. Each
unique bond vibration is known as a vibrational mode, for example a H,O molecule has
three vibrational modes (3x3-6). These modes are scissoring, antisymmetrical stretching
and symmetrical stretching vibrational modes and the movement of the bond is detailed in

Figure 2-5.



Chapter 2 30
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N e
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Figure 2-5 The three different vibrational modes shown by a water molecule

Each possible vibration within a compound will occur when a photon of the correct energy
hits the molecule however, it should be noted that there are always some vibrations from
populated vibrational states which get there energy from background thermal radiation.
Molecules will always exhibit some vibrational modes unless they are close 0°K and have
no access to background thermal energy. The energy absorbed from the IR photons allows
the vibrational energy level of the bonds to increase, causing the corresponding vibration to
occur. Each individual molecular vibration has its own distinct energy and so each bond

can be distinguished by the relative degree of absorption at these energies.

The vibrational frequency is related to the vibrational energy level, the higher the energy
level the higher the frequency of the vibration. Again it is important to note that the energy
levels are different and distinct between the vibrational modes exhibited in a single bond
and also different to any other bond. The energy required for the scissoring of a water
molecule is not the same as the symmetrical stretching of the same water molecule and the
symmetrical stretching of water is different than the symmetrical stretching of hydrogen
sulphide, which has a similar structure. The vibrational frequency is affected by the atoms
involved, the valency of the bond and also potentially the environment close to the
vibrating bond. Therefore every functional group requires a unique and distinct quantity of

energy and every vibration within a molecule occurs at a different distinct energy.
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The photons required to cause each vibrational mode are of a set wavelength as the energy,
frequency and wavelength are all related by the Planck relation shown in Equation 2-4:

Equation 2-4 The Planck relation

Where E is the energy of a photon, h is Planck’s constant, ¢ is the speed of light and A is
the wavelength of the photon. The frequency of the photon is given by ¢/ A.

This means that vibrational spectroscopy is able to not only show what types of bond exist
within a structure but also the environment of the bonds such as adjoining bonds which can
have a notable effect on the vibration frequency and the specific types of vibration that are
occurring. It is this ability of vibrational spectroscopy which has resulted in it becoming

one of the most common techniques for chemical identification and structure elucidation.

Near and mid IR spectra are both measured as a function of the absorption of photons
which either pass through or are reflected off the surface of the samples. The photons are
streamed from a source to a detector via the sample and the difference in the starting
intensity and the intensity which reaches the detector gives the absorption (or transmission)
of the target sample. These absorptions are quantised as the energy of any bond vibration is
specific and discrete. Raman spectroscopy is uses high energy lasers to cause excitation
and relaxation of the vibrational quantum states. The relaxation of the bond emits a photon
with a different energy to the incident photons if the vibration is a Raman active vibration.
Raman is a scattering technique with the emission of photons being random in all direction
and the different types of Raman scattering are shown in section 2.2.1.3. The data collected
in Raman spectroscopy is not a measure of the wavelength at which a vibration occurred

but rather the energy difference between the emitted photon and the incident photon.

Mid IR spectroscopy details the absorbance of photons from ~200cm™ to 4000cm™ while
the nIR photons are found in the range of 12400 to 4000 cm™. Raman is often in the range
of ~100cm™ to 4000cm™ but not as absorbed photons but the energy difference between
incident and emitted photons. The intensity of the techniques can depend on a number of
factors such as the surface roughness, quantity of sample and the physical form of the
target substance (liquid etc.). Infrared spectroscopy is often quite intense however, Raman

and nIR are both much weaker. In Raman scattering the absorption of a photon is more
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common than the scattering of that photon as the photon needs to interact with the
electrons in a bond in the correct orientation in space for the scattering to occur. This
reduces the efficiency of this technique so that 1000 photons will not create 1000 scattered
photons to detect but a much lower number, to counter this issue a huge number of photons
are used in Raman spectroscopy and the power of the laser can sometimes damage the
sample if used for too long. Raman spectroscopy is detecting the scattered photons which
are emitted from the relaxation of the quantum energy level of the bond. This process is
random and the directionality of the photons cannot be controlled, which results in a much
weaker (but still sufficiently strong) spectral signal which is also a reason that more
photons are used than may be necessary in IR of the same compound. The molecular
vibrations involved in nIR spectroscopy require a change in quantum energy level of
greater than +1, these vibration are much less common that those in the IR region. As the
vibrations are reduced in number so too is their relative intensity, but the signal is still

sufficiently strong accurate chemical analysis of the target.

2.2.1.1 IR spectroscopy

Infrared spectroscopy (IR) is the most common form of vibrational spectroscopy, largely
due to its speed, ease to analyse and none destructive nature. The range used in a standard
IR spectrometer is 2500 — 100000 nm and this portion of the electromagnetic spectrum is

often referred to as the mid IR.

For a bond to be visible and significant in an IR spectrum it must be ‘IR active’ which
means that the vibrational of the bond must obey certain selection rules. The selection rules
are that the vibrational energy level must increase by only 1 and that the bond vibration
causes a change in its dipole moment. An energy level diagram is shown in Figure 2-6
which details allowed energy transitions in IR spectroscopy. The absorption of a photon
must causes an increase in the vibrational energy level v of 1 but the starting energy level
is not a factor in the selection rule. The excitation from higher energy levels is less
common however, as the higher the energy level the lower the population with most bond
vibrations being in the lowest vibrational energy level. The dipole moment of a bond is the
relative distribution of electron density across a bond moreover when one atom in a bond
has a greater electronegativity, electron affinity, then that atom will contain the larger
portion of the electron density. This causes a dipole across the bond with a positive and
negative end and the degree of the polarity is the dipole moment. Vibration of a polar bond

will cause the dipole moment to change as the poles are moved closer together and further
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away and this change is necessary for a bond to be ‘IR active’. The stretching of a bond
such as in the C-C chain of a polymer backbone will not show up in an IR spectra, unless
one of the carbons has a unique group attached which affects the dipole moment (a C=0

for example).

4 v=3
y=2
v=1
v=0

IR active molecular Near IR active molec-
vibrations ular vibrations

Figure 2-6 A vibrational energy level diagram showing the IR and near IR active energy
transitions

2.2.1.2 Near IR

The near infrared region (nIR) of the electromagnetic spectrum is approximately 850 —
2500 nm and contains very different but analogous information to the IR region. The peaks
in nIR spectroscopy come from two sources, combinations of mid IR vibrational and from
an increase in vibrational energy level (v) of +2 or more which is shown in Figure 2-6. As
with the IR vibrational excitations the initial energy level is not important to if a vibration

occurs however, they are much less common and are referred to as overtone vibrations.

IR spectroscopy and nIR spectroscopy both show the vibrations of polar molecules where a
change in the dipole moment of the bond occurs during the vibration. This means that the
bonds seen in the nIR are from heterogeneous bonds with X-H being the most commonly
seen bonds in the nIR. The peaks seen in the near IR are associated with peaks in the IR
spectrum a carbonyl stretch in the IR has a complimentary peak in the nIR from the

overtone vibration.

The overtone and combination vibrational bands seen in the nIR are broader and weaker

than there corresponding IR bands. These bands can be 10-100 times weaker than in their
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corresponding IR bands '

and while most IR absorptions are narrow (with the exception
of hydrogen bonding O-H bonds) the nIR peaks can be much broader, up to 10 - 100 of nm
wide or are seen as sharper peaks within a much broader peak. This is especially true when
water is within the sample as this has strong absorption bands. The broad nature of these
peaks means that it is very common procedure to use more advanced analytical technique
than are normally applied in analysis of mid IR data. Multivariate analysis is the style most
often applied to the data using techniques such as partial least squares, principal
component analysis and artificial neural networks to de-convolute the data and extract

valuable information.

The path length of nIR photons through the target is not a simple penetration and reflection
but instead the photons show multiple deflections before being reflected out of the
substrate. The penetration of the nIR photons is greater, typically, than that of the mid IR
photons. This is due to the reduce absorption coefficient of near IR photons and also that
the scattering of the photons is proportional to A™* thus the mid IR undergoes considerably
fewer scattering events per unit length than the near IR, though will be scattered from a
greater depth in the sample. Traditionally IR and nIR spectrometers used a monochromator
along with a multichannel detector to build up a spectrum. This process is time consuming
as it requires each wavenumber to be scanned individually however, most modern IR
spectrometers do not use this kind of setup and instead use a Fourier transform system to
allow for rapid data acquisition. In a Fourier transform setup (FTIR) an interferometer is
used to allow the collection of all the data at once giving an interferogram. This
interferogram is then put through a Fourier transform and the spectrum of the sample is

output.

The convention for both IR and nIR spectra is to measure the transmission of the beam
from the source to the detector. This gives a spectrum where the ‘peaks’ are decreases in
the transmission energy of the beam due to the absorbance by the chemical bonds within
the sample. The x axis in an IR spectrum is in the units of wavenumber which are 1/A
where A is the wavelength of the IR beam and the units of wavenumber are cm™. The
wavelength range used in a typical mid-IR spectrometer is 2500 - 100000 nm, however, the
use of wavenumbers reduces this to 100 - 4000 cm™. A wavenumber is a measure of
energy, Equation 2-4 shows that the relationship between energy and wavelength (X) is
proportional to A therefore a change in the value of the wavenumber ( A™ ) is a direct
change to the energy of the related photon. The difference between vibrational modes can

also be expressed as a form of energy change using wavenumber. There is no clear
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nomenclature for the near IR as to the units of the energy specific to the peaks, it is
acceptable to use either wavelength or wavenumber although the wavelength is more
commonly seen. In this work the wavelength is used as it is easiest with the hyperspectral
systems being calibrated to use wavelength.

2.2.1.3 Raman spectroscopy

Raman spectroscopy is similar to infrared spectroscopy in that it is also sensitive to
vibrational changes within a molecule. Raman spectroscopy however, deals in a different
type of excitation than the near and mid IR spectroscopy. Infrared spectroscopy deals with
a simple increase in the vibrational state of +1 (or more in the case of nIR) but in Raman
spectroscopy there is an excitation and emission back to a vibration level of £1 from the
initial vibrational energy level. The vibration must also be accompanied by a change in the
polarisation of the bond for it to be Raman active. These vibrations are most common with
non-polar groups which are why Raman spectroscopy is very good for identification of the
carbon-carbon backbones as this is a non-polar structure which cannot be detected easily in
the IR.

The quantum model of the excitation exhibited during the Raman scattering is shown in
Figure 2-7 which depicts the way in which the incoming photons affect the target
molecule. A laser light is shone onto the sample which causes the excitation of the
vibrational state to a virtual energy state; the vibrational state quickly relaxes to the lower
energy and release a photon in the process. This photon is the particle detected in Raman
spectroscopy which is why the technique is a disperse scattering technique and not a tightly
controlled absorption such as is the case with the IR. There are three types of scattering
observed from this process which are shown in Figure 2-7, they are Rayleigh scattering,
Stokes Raman scattering and anti-Stoke Raman scattering. Rayleigh scattering involves the
excitation of a bond to a virtual energy (excited) state which then relaxes to the same
vibrational energy level causing no change in overall vibrational energy level. Rayleigh
scattering is the most common of the scattering processes created in Raman spectroscopy.
An incoming photon can also excite the vibrational state of a bond which then relaxes to a
vibrational energy level which is higher than original ground state of the bond and this
kind of energy change is known as Stokes Raman scattering. Anti-stokes Raman scattering
is the third and least common kind of scattering process seen in Raman spectroscopy. In
anti-Stokes scattering a bond absorbs the energy of a photon causing it from go from an

excited ground state to a virtual energy level. The bond then relaxes by expelling a photon
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and the vibrational level lowers from the virtual excited state back down to the ground
state in a lower energy level than it originated at before the initial Raman excitation.
Raman scattering requires a change in the ground state energy level of +1, this is the
quantum selection rule for Raman spectroscopy.

Virtual
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Figure 2-7 A quantum energy level diagram which shows the three different possible
scattering which can occur during Raman spectroscopy.

2.2.2 Dissolution testing and apparatus

Dissolution testing is a way of detecting and following the breakdown and release of
tablets by using spectrometry to track spectral changes in the system over time, leading to a
quantification of the release from the target sample *%. Dissolution testing apparatus vary in
their exact setup but must contain a few key components, a vessel which holds 900 ml of
liquid, often hydrochloric acid or simulated stomach/intestinal acid and somewhere for the
tablet to be placed so that it is submerged in the water. Some way to keep the water
moving to facilitate the tablets dissolution and a UV spectrometer which constantly takes
reading of the UV absorption of the liquid in the system are also necessary components.
The exact apparatus and how they are assembled can be varied and a number of different
‘allowed’ dissolution tests are contained within the United States Pharmacopeia (USP) *®.
The protocols contained within the USP are rigid and must be adhered to when running
pharmaceutical analysis of any drugs. As the tablet swells and eventually begins to break
down there is a release of the API from within the tablet. Chemicals become dissolved into
the solution and the UV spectrometer detects a steadily increasing absorption of UV
photons by these compounds. In this way the UV spectrometer can track the release from

the tablet and once the release has finished a rate of release can be calculated.
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There are a number of other factors such as the flow rate, pH concentration, buffer
composition, temperature and stirring rate which must also be considered when setting up a
dissolution experiment. Many of these factors are often controlled by the experimental
protocol, such as stirring rate and temperature but others such as flow rate and buffer
composition are normally altered for the specifics of what is being dissolved. If a tablet is
designed to release in the intestine then the pH of the buffer solution needs to be much
higher, not the pH1 or 2 that might be used for absorption in the stomach.

The dissolution apparatus used briefly in this work was a USP type IV vessel which was
chosen as it was the system which best allows for imaging of the tablet during the
experiment if this was required. In the other USP apparatus the tablet is suspending in a
large volume (900 ml) of aqueous solution which would cause severe imaging artefacts
due to the refractive nature of the solution. In the type IV apparatus however, the tablet is
placed inside a flow cell which contains only a portion of the total volume of solution thus
minimising these effects. A schematic of this vessel is shown in Figure 2-8. The
dissolution apparatus contains a flow cell which has buffer solution pumped through
constantly during the experiment. The buffer enters the vessel from the bottom and passes
through a series of glass beads, these beads help to remove the pulsed nature of the flow
from a peristaltic pump and promote a constant steady flow. The buffer then passes over
the tablet and goes back into the buffer reservoir. A second flow system is also used which
pumps the solution in the buffer reservoir through a UV spectrometer which is set to take

readings of the solution as often as possible.
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Figure 2-8 a schematic representation of a USP type IV dissolution apparatus

The exact protocol used in the hyperspectral imaging changes for each experiment and is
explained in detail in the individual chapter however, the flow cell used doesn’t change. A
picture of the flow cell is shown in Figure 2-9; the cell is a modified 10 mm quartz UV cell
with a screw cap and in and out flow ports for the tubing. The picture was taken using a
digital camera is the same relative position as the HSI camera which is placed above the
flow cell during these experiments. This system uses a flat vessel to minimise imaging
problems caused by the imaging of, or through, curved surfaces and the short path length is
also advantageous as it lowers signal loss or distortion from photons passing through the
solution. The flow of solution through this cell is achieved by using a peristaltic pump with
a flow rate of 10 ml/min for all experiments unless otherwise stated. The peristaltic pump
created a flow from the solution from a central reservoir through the flow cell and back to
the reservoir. The tubing for this can be seen at the bottom of the image with the inflow at

the right hand side of the image.
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Figure 2-9 A picture of the flow cell used in the hyperspectral dissolution experiments

2.3 Data calibration and correction

2.3.1 Data calibration

The spectrograph was recalibrated before use if the system has been moved or disturbed in
any way so that the correct wavelengths can be attributed to the correct pixel locations.
This is achieved by using a line scan to image the emissions from a mercury lamp, these

emission are tightly defined and have known wavelengths **°.
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Figure 2-10 The calibration mercury spectrum with A) the line scan data from a mercury
lamp and B) the spectra from one pixel of the line scan

Figure 2-10 A shows a single frame which was captured with the mercury emission used

for the calibration. The x axis is the spatial location across the image and the spectral data
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is shown in the y axis. There are 5 clear and distinct lines in this image, these are assigned
to known Hg emissions so that the exact wavelengths of the spectral pixels can be
determined. By knowing the location of two or more well defined, intense peaks it is
possible to calculate which spectral pixels are which wavelengths. Figure 2-10B is the
spectrum from a single pixel in the image of Figure 2-10A and shows the spectrum of the
mercury emissions. Viewing this spectrum shows which are the intense spectral signals
which give the bright intensities in Figure 2-10A and also can be used to check that the
calibration was performed correctly by matching other spectral peaks with known mercury

emissions.
2.3.2 Reflectance calculations

The data captured in its raw format is a function of the counts of detected photons at each
wavelength at each pixel in the image. Any variations in lighting throughout the sample
can cause significant variations with the raw data and this is problematic. To correct for
this the data is transformed into reflectance values by calculating a 100% reflectance value.
This is created using a piece of white PTFE tile which will completely reflect all

wavelengths of light evenly from the visible to the near infrared.

Once the image is captured a set of calibration images are created using this white PTFE
tile for the 100% reflectance. A 0% reflectance image is also recorded by switching off the
lights and placing the lens cap onto the camera. These two values are used to convert the

raw data into the reflectance of the radiation from the sample.

The calculation for determining the reflectance of any point is shown in Equation 2-5

below

_ I3 — D,
A7 I — Dy

Equation 2-5 The Reflectance correction equation

Where |, and I, are the intensity (in counts) of the 100% reflectance standard and the
target pixel respectively at a set wavelength A. D is the intensity of the dark or 0%
reflectance standard and R, is the reflectance value for any specific pixel in the image at a

set wavelength.
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Any lighting deviations across the image should be removed with this procedure as the
white tile will have the reflectance at that point increase by the same factor as the sample,
thus the data will scale correctly.

2.4 Reagents

2.4.1 Chemicals

All chemicals and solvents were purchased from Sigma Aldrich unless otherwise stated

specifically.
Chemicals used were:

Hydrochloric acid, 1M
Acetone

Polyethylene Glycol
Methoxypolyethylene glycol
g-Capralactone

Tin(2) ethylhexanoate
Toluene

Dichloromethane

Hexane

2.4.2 Tablets

2.4.2.1 Panadol Actifast

Ingredients: Paracetamol (500mg), Sodium Bicarbonate, Starch Pre-gelatinised, Povidone,
Maize Starch, Potassium Sorbate (E202), Microcrystalline Cellulose, Magnesium Stearate,
Carnauba Wax, Titanium Dioxide (E121), Polydextrose, Hypromellose, Glycerol
Triacetate and Polyethylene Glycol.

Produced by: GlaxoSmithKline

Expiry Date: 02/2012

Batch no: 100578A
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2.4.2.2 Panadol Advance

Ingredients: Paracetamol (500mg), Pregleatanised Starch, Calcium Carbonate, Alginic
Acid, Crospovidone, Povidone, Magnesium Stearate, Colloidal Anhydrous Silica and
Sodium Ethyl (E215), Sodium Methyl (E219) and Sodium Propyl (E217)
Parahydroxybenzoates.

Produced by: GlaxoSmithKline

Expiry Date: 05/2013

Batch no: 100654A

2.4.2.3 Panadol Extra

Ingredients: Paracetamol (500 mg), Caffeine (65 mg), Starch pre-gelatinised, Maize Starch,
Polyvinyl Pyrrolidone, Potassium Sorbate (E202), Purified Talc, Stearic Acid,
Croscarmellose Sodium, Hypermellose and Glycerol Triacetin.

Produced by: GlaxoSmithKline

Expiry Date: 05/2015

Batch no: 100696A

2.4.2.4 Tesco Paracetmol

Ingredients: Paracetamol (500 mg), Pre-gelatinised Maize Starch, Sodium Metabisulphate
(E223) and Magnesium Stearate.

Produced by: Galpharm Internation Ltd.

Expiry Date: 04/2013

Batch no: PAK52E01

2.4.2.5 Tesco Paracetamol Extra

Ingredients: Paracetamol (500 mg), Caffeine (65 mg), Starch Pre-gelatinised, Povidone K-
30, Talc, Stearic Acid, Magnesium Stearate.

Produced by: Aspar pharmaceuticals Ltd

Expiry Date: 06/2014

Batch no: 10409
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2.4.2.6 Boots Paracetamol Extra

Ingredients: Paracetamol (500 mg), Caffeine (65 mg), Maize Starch, Methycellulose
Povidone, Purified Water, Talc, Calcium Stearate, Hypromellose and Polyethylene Glycol.
Produced by: Wafton laboratories Limited

Expiry Date: 06/2013

Batch no: 56108A

2.5 Statistics

2.5.1 Principal component analysis

Principal component analysis (PCA) is a form of multivariate statistical analysis which is

used to show grouping in datasets with a large number of variables which was first

invented in 1901 by Karl Pearson '**

112,113

, although the modern version of PCA was first
developed by Hotelling

If you have an experiment with two or three variable it is easy to plot the data and to see
groups or trends appearing in the plot. However, once the number of variable begins to
escalate it becomes more difficult to accurately investigate the data in a simple graphical
manner without creating a multitude of plots. PCA is a way to take data sets like these and
to quickly analyse the data to discover these same trends and groupings as can be seen in
the basic plots %%, PCA plots the data in n-dimensional space so where n is the number
of variables in the dataset. A vector is created which passes through the greatest variation
in this data and this vector is known as the first principal component. Each subsequent
component is created to account for the next highest variation in the data on a plane,
orthogonal to the previous components. Figure 2-11 shows this idea in a simple plot where
the first component is the blue line which cuts through the data so the greatest possible
degree of variation is transect by this vector. The second component must be orthogonal to
the first and must account for the second largest variation in the complete data set and in
Figure 2-11 this is shown as the green line. When two vectors are orthogonal then there is
no relation or interaction between these vectors, in terms of principal components this

means that the each components is independent of all others.
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Figure 2-11 A diagram showing the how the principal components are defined. The blue line
is the first principal component and the green line denotes the second principal component

The principal component is also known as the eigenvector and the degree of the total
variation described by a eigenvector is the eigenvalue. The principal component on its own
is of little use as it only shows variation in a non-real space and so the data must be
transformed to a value which can be used to show the groupings and trends which are of
importance. Two new sets of values are created to show the information within the
principal components and they are known as the loadings and the scores. The loadings
show to what degree each variable effect a principal component and thus which variable
are responsible for the variation which the component describes. The scores detail how
much of the variation described in the loadings can be attributed to the individual samples
analysed and by plotting theses scores as a 2 or 3 dimensional bi-plot then grouping of
scores should occur, these groupings are samples which have a similarity in the variable

described in the loadings.

It is often necessary to apply some form of pre-processing to the data to prevent any bias
occurring in the results. This can happen when the data contains within it a bias which is
not due to a real difference between the data. This can be caused by effects such as lighting
variation from the lamps or emission spectra which are based on a random event such as
the angle of emission being consistent with the detector location. Any data like this which
is not pre-processed in some way will lead to poor results and potential the PCA failing to
discover true variations, such as a peak shift, which are masked by these ‘false’ variations

in the data. To remove the bias in the data it is normalised in some way, there are a number
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of different approaches to normalisation and they are tailored to remove bias in specific
ways. One of the most effective with HSI is mean centring, a process in which the mean
spectrum is subtracted from each sample and allows the PCA to better show variations
from the mean along. A second pre-processing is normalisation by total intensity which is
a way to remove topographical changes in the sample surface by subtracting each sample
value by the total sample intensity. Normalisation by total peak intensity was used in
Chapter 3 to reduce noise and improves spectral definition while also overlapping spectra,
it was also used as it is effective with both near IR and visible spectra. In later chapters
mean centering is used to improve spectral definition, this is done by subtracting the mean
value for an individual spectrum from each wavelength in that spectrum. The resulting
spectra then have a mean of 0 which reduces variations such as intensity change from
variability in light intensity across or between samples. The second derivative spectra are
used in Chapter 6 to improve the results of PCA by highlighting small changes in the
gradient of the peaks in the spectra. This is a common approach to PCA of nIR spectra
where the broad peaks can mask small spectral changes.

2.6 Software

The data processing of this work is often difficult and involves complex mathematical
manipulation which is not possible using most common software. A number of specialist

programs were used throughout the data acquisition, processing and analysing.

2.6.1 SpectraSENS

SpectraSENS® is software developed by Gilden Photonics for use with their hyperspectral
imaging systems. This software has two main functions, the first is the setup and running
of the hyperspectral camera. The software can be used to set a number of factors such as
the stage speed, the exposure time, the pixel binning and distance imaged. The second
function of the software is to perform the corrections onto the data to generate the

reflectance values.

2.6.2 ENVI

Exelisvis’s ENVI® software is widely used for investigating hyperspectral data. It allows
the user to open the hypercube, make false colour images and even perform some

statistical analysis. While ENVI can perform analysis like principal component analysis or
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support vector machines there are restrictions to what can be analysed due to the
constraints of the software. This software was heavily used for the first few experiments
where the results required less interpretation but was phased out towards the ending
chapters in favour of MATLAB.

2.6.3 MATLAB

The MATLAB® software is published by Mathworks® and is used to create code for
performing a wide range of mathematical functions on data sets. The statistical toolbox and
basic inbuilt MATLAB functions were employed in this work. There are very few
restriction on what data analysis can be performed and it is easy to reduce down or
concatenate data sets for improved analysis. This software was used heavily in the last two
chapters due to the ability to do the majority of the analysis in the one program. The
software is not without its issues however, allocation of RAM often meant that when the
data sets where too large then no analysis could be performed. The meant that a powerful
PC was needed for some analysis while for others a subset of the total data was used to

reduce down the memory constraints.

2.6.4 SIMCA -P 11

Principal component analysis can be performed by a number of different statistical
programs, once such program is SIMCA — P 11®. This was used as it is able to produce
clear scores plots which can be easily tailored, while also giving a lot of customisation to
how the analysis is performed. One of the major disadvantages to this software is that it
cannot be used to generate score images easily, only biplots. It is used for predominantly

for the first few chapters alongside ENVI.

2.6.5 Origin Pro

Origin Pro® is a common statistics and graphing package which is used for its competent
handling of large data sets and the ability to apply a range of statistical or graphical options

onto the data.
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Chapter 3: A comparative study investigating two
different hyperspectral imaging systems to
determine which wavelength range, the visible or
the near IR, is better for the differentiation of
polymer sample

3.1 Introduction

The aims of this chapter are to investigate the use of hyperspectral imaging as a novel
approach to distinguish between similar polymers samples and to investigate which
wavelength range is best suited to this task. The polymers samples being investigated are
simple monomeric polymers and block co-polymers which contain the monomeric
polymer. A visible HSI system and a near infrared (nIR) HSI system is used to differentiate
between polymer samples to show which is the most efficient system. The monomeric
polymers used for this analysis are biocompatible and are a valid comparison to
pharmaceutical materials. The wavelength range best able to distinguish between these
polymers samples should be the wavelength range most effective for pharmaceutical

analysis.

3.1.1 Overview of the technique

Hyperspectral imaging is restricted to specific wavelength range by the internal optics used
to capture the spectrum. The two most common wavelength ranges used are the visible
spectral region of 300 — 800 nm and the near Infrared (nIR) 835 — 1700 nm. In current HSI
applications, the visible spectral region of 300-800 nm is widely used, for example, in
geospatial imaging of vegetation **’. The use of nIR HSI is less common due to its price
and also that many uses of HSI are for investigating colour changes such as with the
geospatial imaging, which has been a common use for HSI for many years. However, the
nIR is becoming more common in laboratory situations where samples often have the same

colouration and it is more difficult to use the visible systems to distinguish samples.

3.1.2 Pharmaceutical analysis

There are very few examples of HSI systems which use a scanner or tuneable filter for fast
acquisition of spectral data pertinent to pharmaceutical analysis. There are many examples
of imaging within pharmaceutical analysis where either single wavelengths are captured or

the data is captured one pixel at a time. These systems are often known as chemical
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imaging and are most common with nIR and Raman spectroscopies. The majority of the
available HSI literature on pharmaceutical analysis centres on using a HSI system to
ensure even blending of drugs in solid dosage forms. This is useful to verify the correct
packaging and labelling of drugs and also to check their authenticity ***. This research is
often carried out using HSI systems which operate in the near-infrared (nIR) (835-1650
nm) region of the electromagnetic spectrum. This is due to the speed, ease of use and non-
destructive nature of the nIR region and because standard nIR spectroscopy is common in
pharmaceutical analysis. A detailed discussion of the use of nIR in pharmaceutical
applications is beyond the scope of this chapter, and there are a great many comprehensive

review papers which cover the subject 4414°

. Outside of pharmaceutical research,
extensive comparisons have been made between nIR and visible HSI in order to establish
the most effective wavelength range for the imaging application in question **. Here we
present, to the authors” knowledge, the first study of the relative benefits of nIR and visible

HSI in the field of pharmaceutical analysis.

3.1.3 Polymer materials

The monomeric polymers used in this chapter are polyethylene glycol (PEG) and
methoxypolyethylene glycol (MPEG) and the block copolymers are polyethylene glycol-
polycaprolactone- polyethylene glycol (PEG-PCL-PEG) and methoxypolyethylene glycol-

polycaprolactone (MPEG-PCL). The structure of both the monomeric and block
copolymers is shown in Figure 3-1
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Figure 3-1 Structures of polymers investigated in this chapter A) PEG, B) PEG-PCL-PEG
copolymer C) MPEG and D) MPEG-PCL copolymer
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3.2 Materials and Methods

3.2.1 Experimental procedure

Two similar co-polymers, PEG-PCL-PEG and MPEG-PCL were synthesised using similar
thermal reaction methods as described in **°, Polymer starting materials (PEG and MPEG
respectively) were reacted with the monomer e-caprolactone in 5 mL of toluene with tin
(2) ethylhexanoate as a catalyst. The reaction mixtures were heated and stirred and the
resulting polymer dissolved in dichloromethane and extracted using cold hexane. The
block copolymers have a marked difference to the form of the original monomer and
monomeric polymers, the synthesised polymers were off white, large thin sheets while the
starting materials were white powders. The reactions were deemed successful without
performing additional qualitative analysis as the aim of this work was to separate like
signals not quantifiably show that degree of polymerisation in the samples. Polymer
samples and starting materials were placed onto a microscope slide and fixed in place. The
slide was then placed onto a motorised stage beneath the hyperspectral camera. The camera
was positioned 135 mm above the stage with an exposure time of 50 ms, a scanner speed
of 4mm/s and the pixel resolution was 219 x 219 um?® The images were captured using
these setting and the SpectraSENS software, the data was also corrected into reflectance

values using the software with and 100% and 0% standard.

Two HSI cameras were used: the first imaged the 280-860 nm UV/visible spectrum region
with a spectral resolution of 2.36 nm and the second imaged the 835-1650 nm nIR region
with a spectral resolution of 3.28 nm. Data in the visible spectrum region was collected
using an Andor Luca EMCCD camera with a Specim V8E spectrograph. The nIR region
was imaged using a Xenics Xeva CCD camera coupled to a Specim N178 Spectrograph.
Samples were mounted onto a Zolix KSA 11-200S4N motorised stage and illuminated
with an Armley 150W Halogen lamp. No magnification was used in this setup to allow for
all of the polymer to be imaged. Hyperspectral data was manipulated using both the
ITTVis ENVI software package and MATLAB.

3.2.2 Image analysis techniques

Principal component analysis (PCA) was used on the spectral data to better separate the
spectra and to determine which peaks are most efficient at separating out the two similar
polymer samples. A 10 x 10 area that showed a large degree of homogeneity throughout

was chosen for the PCA analysis and each pixel in that area was used. This created a set of
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100 data points per polymer in the PCA analysis. All PCA was performed using the
SIMCA-P 11 software from Umetrics.

Pre-processing is a common procedure in data analysis to prevent any bias or skew in the
data. In this work the topographical changes in the polymer surfaces and variations in light
intensity caused the greatest variation within the images. The variations caused by the
changes in light intensity are corrected by calculating reflectance values and normalisation
can reduce the effects of the topographical changes present in the samples.

Xia

Xir = Fewo

i,
N
(Zk xi,/l)
Equation 3-1 The equation for calculation of normalisation by total peak intensity

The pre-processing used in this work was normalisation by total peak intensity, the
equation for this is shown in Equation 3-1. X is the normalised value derived using x the
raw data, i is the sample number (pixel number) and A denotes the variable number (in this
case wavelength). This normalisation divides each point in a spectrum by the integrated
intensity of that spectrum, which helps to enhance spectral features while also bringing

pixel intensities closer together,

3.2.3 Data correction

Natural variations in light intensity between and within images can cause substantial
difference between images and so must be corrected for. This is done by calculating the
reflectance value of the data and using this value rather than the raw ‘counts’ value. The
calculation for determining the reflectance of any point is shown in the Chapter 2 and all

data is changed into this format. The correction was performed using the imaging software.
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3.3 Results and Discussion

The images were captured using the HSI systems and the data analysed; for the analysis a
10 x 10 area of pixels was chosen. A greyscale image of the PEG-PCL-PEG co-polymer
formed using the data from the spectral band at 501 nm is shown in Figure 3-2. This band
was chosen as it showed strong intensities and gave a clear image. The red square shows
the 10 x 10 region selected for spectral analysis; the area chosen is relatively homogenous
with both minimal curvature of the surface and no notable shadowing effects. Greyscale

images of the other polymers are shown in the appendix for reference.
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Figure 3-2 grey scale image of the PEG-PCI-PEG co-polymer using intensities at 501 nm

The mean values of these pixels were used to produce the spectra shown in Figure 3-3.
This sampling method resulted in data sets of sufficient size to accurately analyse the
results without having to use the whole image. Thus it saves on computer processing,

allowing for faster analysis.

3.3.1 Results from the visible light HSI Camera
3.3.1.1 Analysis of sample spectra collected from HSI images

The polymers were individually placed under the camera and imaged using the setup in
section 3.2.1. The spectra of the data gathered using the 280-860 nm visible camera are
shown in Figure 3-3 with the PEG-PCL-PEG polymer and monomer in Figure 3-3A and
the MPEG-PCL polymer in Figure 3-3B. The 280-450 nm region of the spectra was
omitted from the plots due to a large degree of noise dominating the spectra in this region.
The region of polymer imaged for the analysis in Figure 3-3 was chosen as it showed little

to no changes in light intensity as well as minimal topographical variation across the
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sample. It is clear from the graphs of Figure 3-3A that the two different materials have
different reflective properties which are giving vastly different intensities. The starting
material, PEG, is a fine white powder with a strong constant reflectance in the visible
wavelength while the synthesised copolymer is a thin film with a much weaker reflector of

the light across every wavelength.
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Figure 3-3 The mean reflectance spectrum (n=100) imaged in the visible region A) PEG-PCL-
PEG and PEG polymers, B) MPEG-PEG co-polymer and MPEG. Error bars show the
standard deviation of the results

The only chemical difference between the PEG and PEG-PCL-PEG samples is the addition
of the PCL block polymer which was also added to the MPEG. If the strong difference in
the spectrum was from a chemical change then this should affect both co-polymer samples.
However the intensity of the copolymer in Figure 3-3B is greater than the intensity of the
monomeric starting material. This difference in the intensities is not necessarily from any
chemical difference between the samples but is most likely caused by a difference in the
topography and particle size of the polymers. The scattering of light is affected
substantially by particle size and these different compounds are likely to have different
particle sizes. The error bars in the Figure 3-3 show the standard deviation of the 100
spectra averaged, a single error bar is used to prevent the spectra being obscured by the full
set of error bars. The variation is even throughout the spectra and one error bar is a good
representation of the error within across the spectrum. The largest errors are in the
synthesised polymers which show a standard deviation of more than 12%. However, the
variation is an intensity scaling factor as when plotted the standard deviations show a linear
plot across all wavelength, thus the deviation is even across all wavelengths. If the
difference was from different spectra then these will cause a non-linear plot of standard
deviations across the data as the different peaks would result in greater variance in the data

set.
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To combat this variation in the ability of the polymer samples to reflect visible light
normalisation was used. This process, which is detailed in the methods section 3.2.2, will
reduce this variation between the data and gives a clearer image of the spectral similarities
and difference between the polymers. All of the spectra were normalised as standard from
this point on and the normalised data plotted again in Figure 3-4. As before a single error
bar is included to show the standard deviation of the data. These error bars are much
smaller than in Figure 3-3 with the PEG-PCL-PEG having the largest percent standard
deviation of 4.14%, this shows that the process of normalisation has successfully reduced

the variation between spectra from the same polymer.

The spectra in Figure 3-4A have pronounced differences, the spectrum of PEG shows a
broad peak around 500 nm but little other spectral characteristics while the PEG-PCL-PEG
contains a strong peak at 580 nm. The peak in the PEG-PCL-PEG data is visible in Figure
3-3A but it is much weaker than in Figure 3-4A which implies that the normalisation is
enhancing this difference making polymer identification easier. The sharp peak seen at
546.1 nm is from mercury emission from the fluorescent lighting in the laboratory and
shows the ability of HSI to detect specific emissions in the spectra. This peak is present in
each of the spectra to some degree which highlights a potential issue with the correction

factor not being able to remove this peak as it should.
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Figure 3-4 Mean reflectance spectrum (n=100) imaged in the visible region A) the PEG-PCL-
PEG and PEG polymer B) MPEG-PEG co-polymer and MPEG. Error bars show the standard
deviation of the results

In contrast the spectra shown Figure 3-4B have very little to distinguish them, due in part
to a lack of spectral features for comparison. There is an increase in the signal intensity
after 700 nm in the MPEG which is the major spectral change which could be used to

distinguish between the data. The differentiation between samples will become less
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pronounced as individual pixels are user rather than the mean of 100 pixels. This is due to
the decreased signal to noise ratio when using individual pixels which could easily leas to
the small variations between spectral signals being missed.

In both Figure 3-4A and B there is a small peak present in the synthesised copolymers
around 550 nm which is not present in the starting materials. This peak is most likely
caused by the inclusion of the PCL repeating unit into the copolymers and shows that the
visible spectrum is able to differentiate some spectral differences between the samples.

3.3.1.2 Principal Component analysis

To improve separation of the data, principle component analysis (PCA) was used and the
generated plots of scores are shown in Figure 3-5. Each point in the scores plot represents a
unique pixel, and thus a unique spectrum, in the image and each polymer sample has 100
pixels which were used in the PCA analysis. The data was imputed into SIMCA-P and the
PCA was then run using no other processing of the data. The scores plotted in Figure 3-5A
are from the first two principal components computed from the PEG-PCL-PEG and PEG
data. As can be seen, a good separation of the data is achieved in the first principle
component (x axis) as the two separate data sets sit on either side of the origin. However,
the data from the PEG-PCL-PEG sample is heavily dispersed in the direction of the second
principal component (the y-axis). This implies that the first component is separating the

samples but the second is highlighting a secondary (smaller) variation within the data.
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Figure 3-5 Plots showing the scores values of the first two principal components, the data in
A) shows PEG-PCL-PEG co-polymer and PEG and B) the MPEG-PCL and MPEG polymers

A closer inspection of the scores plots reveals that the disperse pattern of the PEG-PCL-

PEG polymer is not as random as it appears. Each sample point in the PCA scores plot is



Chapter 3 55

from an individual pixel in the HSI image and the general position of these pixels from the
sample area can be ascertained. The first ten samples are from the first line horizontally
across the HSI image, the second ten samples are from the next line and so forth and
included in the appendix is the scores plot with the entire sample locations annotated. The
clusters are showing data from similar spatial locations in a vertical plane with the majority
of the dispersed results being from the edges of the sample region. The symmetry of these
results, with both sides of the sample area resulting in a dispersed pattern of scores
indicates that the variation shown in this principle component is from topographical

changes caused by the curved nature of the sample.

The data from MPEG-PCL and MPEG in Figure 3-5B shows poor separation and poor
grouping with the two sample groups containing a small amount of overlap. No single
component is showing the separation of this data rather the first two components are
simultaneously separating out the results to create two distinct but close regions in the
scores plot. The broad clustering of the data indicates that there is a great deal of inter-
sample variation in both the synthesised polymer and the initial starting materials which
are most likely due to topographical variation within the samples, chemical composition
and particle size should be similar throughout the two polymers and so this shouldn’t be a

major cause of variation.

Principle Component Percent of total sample variation (%)
PEG-PCL-PEG MPEG-PCL

1 70.8 42.9

2 84.0 57.4

3 86.7 62.5

4 87.2 65.6

Table 3-1 The cumulative percentage of total sample variation contained within the principle
components

The eigenvalue of a principal component is a measure of the variation within the data set
that is contained within that component. By using these values a cumulative percentage of
the total variation detailed within the principle components can be calculated, and this is
done as standard in the SIMCA software and Table 3-1 shows these results. In the PCA of
PEG-PCL-PEG and PEG the first three components show 86.7 % of the total variation in
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the data with each subsequent component there after only containing a very small degree of
the total sample variation. The second PCA was run on the MPEG-PCL and MPEG sample
data and the cumulative variance are also shown Table 3-1. The cumulative totals for this
PCA are much lower than the first samples with only 65.6 % of the variation within the
sample described by the fourth principle component. However after this point the
individual variation between principle components is small and no significant clustering of
the data can be found. In each sample the first two components contain the largest share of
the variation and so the scores values from these two components were analysed by

plotting them in the graphs seen in Figure 3-5.

The loadings show which variables are causing the majority of the variation within the data
the stronger the peak in the loadings the greater the contribution to the variation from the
corresponding peak in the spectrum. The variables in this data are the wavelengths and the
loadings are showing which wavelengths or set of wavelengths are different between
samples which are analysed in the PCA. This may be a peak which is unique to one
polymer sample, a change shift in peak position or a change in the gradient of a peak. The
loadings were created simultaneously with the scores during the PCA, the loadings which

are complementary to the scores data in Figure 3-5, are shown below in Figure 3-6.
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Figure 3-6 The loadings of the first two principle components from the PCA of A) PEG-PCL-
PEG, PEG and B) MPEG-PEG, MPEG

Figure 3-5A shows a separation of the two samples, PEG-PCL-PEG and PEG, in the first
principal component. The loadings for this component are shown in Figure 3-6A and the
most prominent sections of this loadings are the peaks at 541 and 580 nm which

correspond to the mercury peak and a secondary peak which can be seen within the main
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broad peak in the spectrum of PEG-PCL-PEG in Figure 3-4. These results show that the
spectra of the starting materials and synthesised products can best be separated using the
peak at 580 nm. The loadings in Figure 3-6B do not show a single definitive peak for
separation as with the other data, this is not surprising as the original spectral data contains
very few peaks in the spectrum. There is however, a distinct difference between the two
sets of loadings and it should be possible to use some combination of spectral locations to

differentiate between the two original polymer samples with a high degree of success.

3.3.1.3 Investigating the changes in spectra at different locations on the
polymer sample

The highly dispersed data from both the PEG-PCL-PEG and MPEG-PEG samples in
Figure 3-5 may be due to imaging difficulties with the sample or problems relating to the

region of polymer chosen for data collection. To investigate this two more areas of the

polymer were selected as shown in Figure 3-7, these locations were chosen for their

topographical and lighting properties.

Figure 3-7 Grayscale image of PEG-PCL-PEG copolymer showing the regions selected for
comparative analysis, these are known as the red and green regions

The green square is a 10x10 area of pixels which is referred to as the green region, it is
relative smooth with little change in illumination across the sample. The red region is the
red square in Figure 3-7 and contains a more curved surface with visible shadowing
effects. The data in these regions was analysed in the same way as discussed above with
scores plots generated for further comparisons. The regions were selected by visual
inspection of the polymer to show which areas would best show the difference between
different topographical locations. Histograms of the intensities from each pixel in the
regions were also created and are shown in Figure 3-8. These histograms use the intensity
at 725.9 nm to show the distribution of spectral intensities within the selected regions. This

position was chosen as it represented the start of the plateauing of the data with minimal
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variations caused by peak positions or shifts. Other positions were investigated and showed
similar results but a larger spread in the data. The total pixel count in these histograms is
100 and therefore the count of pixels in the histogram is equal to percentage of pixels
represented by that bar in the histogram.

25

Count

36 37 38 39 4 41 42 43 44 ; ; 39 4 41
Normalised reflectance intensity -3 Normalised reflectance intensity x10°

Figure 3-8 Histograms of normalised reflectance intensities for each pixel in the selected
regions, A) the red region and B) the green region

The red regions histogram is shown in Figure 3-8A, there is a single intense bar which
contains 30% of all the pixel intensities with a distribution around this intensity similar to a
normal distribution. Figure 3-8B shows the distribution of spectral intensities in the green
region and these are more evenly distributed across a smaller total range than the red
region. While the total range of the green region is smaller the distribution of spectral
intensities implies larger variation within the green region than the red region. No single
bar in the histogram contains a majority of the spectral intensities, instead a more even
distribution from 3.9 to 4.1 (x 10°®) is observed. These regions were chosen by eye to be
different but with the red region containing the greater variation especially from lighting
effects. However, these results show that the red region is the most homogenous and that
the reflectance correction and normalisation processes are effectively reducing the

variability in the sample from lighting changes.

The Scores plots in Figure 3-9 show the results from the PCA of the data for the selected
regions in Figure 3-7. Four separate PCA scores plots are shown in Figure 3-9 which are
investigating the similarities and difference between the two regions in the PEG-PCL-PEG

copolymer and a PEG sample.
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Figure 3-9 Scores plots showing the results from the PCA comparing different regions of
the PEG-PCL-EPG copolymer both against each other and against a sample of PEG.

Figure 3-9A shows the scores from the PCA of the red and green regions, the chemical
compositions of these two areas is the same and there should be no distinguishing features
between the spectra. The PCA should not be able to clearly separate out the results into
distinct groupings if only the chemical composition is affecting the spectra analysed in
principal component analysis. However, the data is separated into two groupings which
overlap slightly which implies that the topography or morphology is causing a variation in
the spectral data. Figure 3-9B and Figure 3-9C both show the PCA scores plots of the
regions in PEG-PCL-PEG against the PEG monomeric starting material. Again a good
separation is seen with minimal overlap of the points in the scores plot which shows that
while there may be intra sample variation it is not sufficiently large to affect inter sample
separation in PCA. The spread of the green region in Figure 3-9C is greater than the red
region in Figure 3-9B which implies that the pixels in the green region are less
homogenous and contain greater intra sample variation. These plots show that while it is
important to choose areas for sampling carefully it shouldn’t affect the ability of the PCA
to separate different polymeric species. Figure 3-9D is a PCA scores plot generated from
the analysis of both the PEG-PCL-PEG regions and the PEG sample. This plot shows that
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each of these different samples can be distinguished but with some overlap between the
groups. The 1% principal component contains the majority of the variation and clearly
separates the red region from the green region but the PEG overlaps the red slightly and the
green heavily. This shows that a single component is insufficient to separate the copolymer
and the monomeric polymer spectra but with two components there is sufficient separation
in the data.

Figure 3-8 and Figure 3-9 illustrates the need for a strict selection process relating to the
regions chosen for analysis to reduce the inter-sample variation. The nIR region should not
suffer from these problems as severely due to the longer path length of the scattered light
used. It is also possible that using a larger magnification (achieving smaller pixel sizes in
the image) would reduce some of the topographical and lighting effects.

3.3.2 Results from the nIR HSI Camera
3.3.2.1 Analysis of sample spectra collected using the nIR HSI camera

The polymer samples were imaged a second time using the 835-1650 nm HSI camera to
obtain data in the nIR region. The data was treated in the same way as visible HSI data
with the same spatial region of 100 pixels being chosen and the average spectra of these

regions are shown in Figure 3-10.
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Figure 3-10 Plots containing the mean spectrum from polymer sample images which were
collected using the nIR HSI camera. The data in A) is from the PEG-PCL-PEG and PEG
polymers and B) contains the MPEG-PEG and MPEG polymers sample data

The spectra acquired using the nIR instrument shows much more spectral information than
those obtained using the visible region camera. In the visible spectra the PEG sample gave

very little spectral information across all wavelengths but the nIR spectrum contains
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numerous peaks. Figure 3-10A shows the excellent separation between the spectra of the
PEG starting material and the synthesised PEG-PCL-PEG polymer, this difference
between the spectra is most notable from 1200 nm onwards where the size and shape of the
peaks are very dissimilar between the two spectra. The peaks around 970, 1200 and 1450
nm are characteristic of OH overtone and combination vibrations. The broad peak between
1450 and 1650 nm is seen only in the polycaprolactone containing species and is most
likely a combination vibration involving the carbonyl group PCL.

The improvement in spectral information with the nIR HSI camera compared to visible
region HSI is particularly apparent in Figure 3-10B. In the visible spectrum there was very
little to distinguish between the two different polymer spectra and even using PCA it was
difficult to differentiate the results. In the nIR however there is a clear distinction between
the averaged spectra of MPEG-PCL and its MPEG precursor which was not the case in
data collected in the visible spectral range. The MPEG-PCL spectrum is overall of much
greater intensity, and contains a peak at 1180 nm which dwarfs a neighbouring peak in the
MPEG spectrum. The close location of these two peaks may imply that a peak that is
present in the spectrum of MPEG at around 1260 nm is also present in the spectrum of the
MPEG-PCL polymer, but its position is shifted due to the different environment in the
MPEG-PCL. Once again, there is a broad peak present in the 1440-1680 nm region of the
spectrum of the synthesised MPEG-PCL polymer but absent in the spectrum of the MPEG

starting material.

3.3.2.2 Principal Component analysis of nIR data

PCA was performed on the data from the nIR HSI camera using the same pre-processing
as earlier and the results are shown in Figure 3-11 as scores plots. The scores plots show
good separation of the samples and the groupings are tighter than the equivalent data from
the visible camera. The distribution of the PEG-PCL-PEG sample data shown in Figure
3-11A is much tighter than in the previous experiment, with excellent separation by the
first principle component. The second component is again showing the variation from the
different locations on the surface of the polymer but the spread is much tighter than
previously. This shows that the nIR data is not affected as severely by the same

topographical and lighting issues as the visible data.

The cause of the decrease in the variability of the data due to lighting issues is due to the

different wavelength range used. During the imaging using the visible HSI system there are
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a number of background sources of photons of visible wavelengths of light, these range
from the sun to the lights in the room and contribute a large degree of variability as these
lights do not emit a constant even flow of photons. However, the nIR has very few causes
of background radiation which are strong enough to affect the results and so the photons
emitted by the light source are the large majority of the total used in the experiment. The
light source is made to emit photons at a constant rate and at high intensity thus reducing
the variability in the lighting effects in the HSI data. The decrease in variability across the
data due to the topographical change in the results is lessened when imaging in the near
infrared compared to the visible. This change is from how the photons interact with the
polymer surface; the visible photons will often be immediately reflected back from a
surface at an angle related to the angle of incidence. So as gradient of the polymer surface
changes so does the relative quantity of the total incident photons which are reflected back
at an angle which can enter the instrument. The nIR photons however, will often penetrate
through these samples and then be emitted at a location close to but not exactly the same as
the incident point on the polymer surface. This means that the photons are not being
reflected at the polymer surface which is the main cause of the topographical variations

within the images.
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Figure 3-11 Scores plots showing the first two principal components of polymer sample
data from nIR region as with previous plots A) contains the PEG-PCL-PEG, PEG data and B)
contains the MPEG-PEG, MPEG data

The data from the MPEG sample in Figure 3-11B is unusually dispersed when compared to
the other sample data captured using the nIR camera. The dispersion of the data may be
due to imaging difficulties with the sample or problems relating to the region of polymer

chosen for data collection. The MPEG was a purchased from Sigma-Aldrich and not
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synthesised for the experiment so the powder is assumed pure. Therefore the separation
seen in the data is from topographical issues which arrive from the powder having an
uneven distribution rather than chemical variation within the sample. The scores biplot
results was also dispersed when using the data captured with the visible camera, however
on inspection the total dimensions of the spread it is clear that the nIR is a smaller cluster
than the visible. This shows that while some problems still occur due to variation within

the images these problems are minimised in the nIR.

The biggest improvement between the visible and nIR results is shown in sample data from
MPEG-PCL and MPEG in Figure 3-11B, where the samples are grouped into two well
separated clusters. With the visible data there was an overlap of results with a large spread
in the PCA scores plot but the nIR is giving much better separation of the data. There is a
clear grouping and also the separation between the samples is a function of the first and not
the first and second principle components. This is important as it allows for easier
separation of similar signals by investigation of a single region in the spectrum which

would be shown by the loadings.
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3.4 Conclusions

This study has shown that there are significant differences in the effectiveness of HSI in
distinguishing between two block copolymers and their starting polymeric materials. The
visible HSI system had an effective operating range of 450 - 860 nm and showed little
spectral definition that could be used to separate the polymer signals. The nIR HSI system
has an effective operating range of 900 - 1650 nm and the spectra contained more unique
characteristics for the differentiation of the polymer signals. The nIR system shows
functional groups present in the polymers which is the cause of the increased ability to
differentiate the spectra in the nIR

Initially simple spectral analysis was tried but this was soon found to be insufficient for
separating sample spectra due to the lack of distinguishing features in the visible
wavelength range. PCA was used as a way to reduce the huge number of variables in the
data to a much smaller sample size and to attempt to separate out the similar spectra signals
of the starting materials and synthesised products. Using PCA to interpret the data, it was
observed that, for the polymer systems in question, near infrared hyperspectral imaging
was better able to distinguish between co-polymers and their starting materials than visible
hyperspectral imaging. This result is not unexpected, as the polymers are white solids, and
are therefore unlikely to have distinguishing features in the visible spectrum. In contrast,
the nIR region corresponds to vibrational overtones in the polymers, which one would

expect to vary significantly between samples.

This work was performed to show which wavelength range is most suited to the
differentiation of similar biocompatible polymers, the cheaper more readily available
visible hyperspectral imaging system or the more expensive and rarer nIR HSI systems.
The results show that the nIR HSI system is much more effective than the visible HSI
systems when imaging samples which are homogenous in colour and intensity such as
tablets and powders. From results it was decided to use near infrared hyperspectral imaging

systems for all future analysis on pharmaceutical products.

This work has also shown the importance of carefully choosing the best locations possible
for the analysis of the HSI data as changes in light intensity and topography across the
samples can have a substantial effect on a spectrum. The variability of the spectra due to
these factors caused a great deal of the analysis issues but it is something which can be

corrected for by simply choosing the idea locations on a sample surface.
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The next step is to apply this knowledge to the field of pharmaceutical analysis and to
investigate a process or processes using hyperspectral imaging. The majority of the
existing literature which involves the use of hyperspectral imaging centres on analysing
properties of simple unchanging systems such as the efficiency of the tablet blending by
investigating the concentration of specific components across a tablet surface. These
systems of work are novel ways to achieve something which can be performed using
existing techniques such as Raman spectroscopy. The comparison of HSI and Raman
spectroscopy is discussed in Chapter 6 where the two techniques are used to investigate the
distribution of specific compounds within a tablet. To the knowledge of the author there is
no known work on using hyperspectral imaging to investigate more complex dynamic
systems which will be the aim of this work. By using the near IR HSI system and the
multivariate analysis shown in this chapter the dissolution of a tablet will be followed. The
dissolution will be performed in a flow cell which allows the tablet to be imaged
throughout the experiment and the full dissolution will be followed. This will allow for
investigation into the release of release from the tablets while also collecting information

on the rate of tablet expansion and disintegration.
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Chapter 4: Hyperspectral imaging of the
dissolution of a range of acetaminophen
containing tablets

4.1 Introduction

In Chapter 3 it was shown that a hyperspectral imaging (HSI) system which was attuned to
detect photons in the near Infrared region (nIR) of the electromagnetic spectrum was best
able to distinguish between and separate similar polymers. That the nIR spectrum is better
than the visible spectrum is not unsurprising as standard nIR spectroscopy has been used
by the pharmaceutical industry for some time as a powerful analytical tool. Near Infrared
spectroscopy is a fast, none destructive technique which requires little to no sample
preparation '*’. The investigating of tablet properties such as surface concentration,
detection of excipient clusters and homogeneity of the tablet components is often

performed using nIR or Raman spectroscopy.

The use of nIR spectroscopy for investigating the physical properties of a tablet is much
less common with respect to following the release of drugs from the tablet during the
dissolution of the tablet. The standard system for tracking the release of the active
pharmaceutical ingredient (API) from the tablet is dissolution testing with a UV
spectrometer. These procedures are common place and the de facto way to measure the
release of an API and to calculate rates of release and the time from the tablet submersion

to the drug being released.

Both dissolution testing and nIR spectroscopy can show a great deal of valuable
information on the physical properties of a tablet but they have never been used together in
the one system before. This work will use a hyperspectral camera which detects light from
the near infrared spectrum to image the dissolution of a known tablet. This has the
potential to combine these two techniques to investigate a number of physical processes.
Using the imaging it should be possible to track the disintegration and expansion of the
tablets, to determine how fast and for how long these processes occur and by using the
spectral component then it should be possible to follow the release of the individual

components of the tablets. By combining both the spectral and spatial information it should
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be possible to track specific excipients within the tablet and follow them as they dissolve
or break away from the tablet.

To create tablets in a laboratory setting can be time consuming as it requires a great deal of
analysis of batches to ensure the tablets are uniform in their API content. There are also
potential issues with components clustering within the tablet which could result in poor
dissolution properties.

Commercially available tablets are created to a rigorous standard and must be within strict
guidelines of purity, percentage error of APIs used and release properties. As such the use
of these tablets as samples should remove any requirement to create tablets carefully in the
lab. Using commercially available tablets a number of variants with slightly different
excipients are available which may lead to different dissolution properties.

Paracetamol, or acetaminophen as it is also known, is a very common, readily available
drug with a number of commercially available formulations and the chemical structure is
shown in Figure 4-1. It is both an analgesic and antipyretic meaning that it helps to reduce
pain and fevers in patients. Due to these properties it is often used for cold and flu
medications to help lower any fever the patient may be suffering from while also helping
with general pains. Commercially available paracetamol was chosen as the tablet for
dissolution testing. Furthermore paracetamol is a fast acting tablet with release normally
reaching 80% within 30 minutes. There are a number of paracetamol tablets which are also
packaged with caffeine as a secondary API. Caffeine is a stimulant and is used to improve

the performance of the drugs by helping to reduce any drowsy feeling which the imbiber

N

]

may be suffering from.

HO

Figure 4-1 The chemical structure of paracetamol
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4.2 Methods and materials

In this chapter the dissolution of known tablet systems will be followed using a
hyperspectral camera attuned to detect nIR photons. There are three things required for this
experiment to proceed which are the tablets, the camera and a setup which will allow

imaging of the dissolution.

4.2.1 Materials

The chosen tablet brands cover a range of excipients and complexity with some basic
tablets which contain little more than the API and starch as filler. Some of the tablets
investigated are more complex containing a wide range of excipients which are used to
improve the performance of the tablets. The total list of drugs imaged was Panadol
Actifast, Panadol Advance, Panadol Extra, Tesco Paracetamol caplets, Tesco Paracetamol
Extra, Boots Paracetamol and Boots Paracetamol Extra. These tablets all contain 500mg of
paracetamol with the ‘Extra’ tablets containing an addition 60 mg of caffeine. These tablets
use starch as a major excipient which works as a binder and filler to improve the stability
of the tablets. Panadol Actifast is the only brand which includes an excipient in higher
quantity than the starch which is sodium bicarbonate and this is used as a disintegrant. The
sodium bicarbonate works by reacting with stomach acids to release carbon dioxide which

forces the tablet apart and enhance the breakdown of the tablet ™.

The number of and types of excipients present in each tablet varies between but there are
some common excipients such as starch, Polyvinylpyrrolidone (PVP) and magnesium
stearate which are present in most tablets. The full list of excipients is detailed in Chapter
2.4.2. This variation between tablets is what causes the different dissolution properties and
should allow for a variety of spectral changes to be visible. The common excipients and the
two APIs were also imaged to provide a set of reference images which contained the
spectra of these compounds which could be used in identification of spectral signals within
the tablet. The different brands of paracetamol were given codes for ease of use and

reference and these codes are displayed in Table 4-1.
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Tesco Boots
Name of | Panadol Panadol Panadol Tesco
) paracetamol | paracetamol
tablet Actifast | Advance Extra | paracetamol
extra extra
Code for
o Tablet A | TabletB Tablet C Tablet D Tablet E Tablet F
tablet

Table 4-1 The naming codes used for each paracetamol brand

4.2.2 Experimental design

The dissolution apparatus for this experiment could not use a traditional USP dissolution
system. All of these require the tablet to be placed into 900ml of aqueous solution
(normally the buffer reservoir) or to be placed inside of a flow cell. These vessels are all
curved to enhance the mixing properties of the system and prevent tablet material
collecting in a corner. . All of these vessels would cause large complications with the
quality of the imaging by causing distortion of or obstructing the imaging of the tablet. A
1cm quartz flow cell was bought which contained in and out flow ports along with a screw
top to allow sample tablets to be placed inside once the flow cell was empty. The flat
surface of the flow cell along with the low volume of liquid to image through, allows for
effective imaging of the tablet dissolution using a flow cell of this design. Using this flow
cell a setup was created which was modelled on the USP type IV with the buffer solution
being pumped from the buffer reservoir through the flow cell and back to the reservoir. In
these experiments the solution used was a simple pH2 hydrochloric acid solution; a more
complex buffer system was not implemented as the camera was being used externally from
the university and it was deemed unfeasible to transport the quantities of buffer solution
needed. Instead the acid solution was made on site by dilution of a concentrated
hydrochloric acid solution. Figure 4-2 contains two different diagrams of the experimental
setup, Figure 4-2A shows a plan view of the setup with the buffer being pumped through
the ports on the side of the flow cell. The two major changes from the USP type IV
dissolution is that the flow cell is now a cubic 1cm path length flow cell and the UV
spectrometer has been removed. While having UV measurements running alongside the
HSI would be ideal there was no practical way to do this. Figure 4-2B shows a side on
view of the camera being placed above the flow cell. This flow cell is placed onto a
microscope slide which is itself placed onto a high precision mobile stage so that it can

move under the camera and build up the images of the dissolution.
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. Buffer reservoir
] Ph2 HCl solution

— Peristaltic Pump,

flow rate of 10 ml/min

1cm pathlength

Inflow
Quartz flow cell

P Outflow

with screw top

Microscope slide

Figure 4-2 A schematic view of the experimental setup with A) a plan view of the equipment
and B) a side view of the setup

By using this experimental setup it was possible to capture the dissolution of the tablet
inside the flow cell. The walls of the flow cell are flat which removes the optical artefacts
that a curved surface can create in the image and the total path length through the flow cell

is 1cm which should remove any imaging obfuscation which the liquid may have caused.

4.2.3 Experimental procedure

Once the experiment had been devised the experimental procedure was created and
followed for each experiment. The first step in the experiment was to calibrate the
equipment using the procedures in Chapter 2. 3. Once the scanner speed and height of the
instrument was calculated the flow cell was attached to a microscope slide using a piece of
adhesive putty, the slide was then placed onto the motorised stage. The tablet was placed
into the flow cell and the cell tightly closed up before the pump was activated and the cell
filled with the hydrochloric acid solution. The imaging software was viewed prior to the

experiment starting to ensure that the settings were correctly inputted.

The camera was positioned 100 mm above the stage and the images were scanned at a rate
of 8 mm/s covering a total scan distance of 100 mm with a 4 ms exposure for each line of
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the data. Using these values allowed for the greatest intensity in the pixels without
saturation of the detector and also gave square pixels in the image with no distortion which
can be a problem at an incorrect scan speed. The spatial size of the image pixels is 215 x
215 pm. As with previous experiments the images were captured using the Gilden in house
HSI software SpectraSENS but unlike previous experiments the software was used to
automatically capture a new image every 3 minutes. It was found that using a time interval
of less than 3 minutes would cause the software to crash due to the large memory
requirements of these images. From the beginning of the experiment a new image was
created every 3 minutes for 30 minutes and then every 5 minutes until a total time of 45
minutes had passed. Using this methodology it was possible to capture the full breakdown
and dissolution of the tablets. Previous UV dissolution experiments had shown that full
release of the tablets should occur much more quickly than the 45 minutes allocated but
this extra time was to allow for the confined steric condition in the flow cell. This was also
the reason for the change in imaging rates for the last 15 minutes of the experiment as it
was felt that using 5 minute intervals would help to reduce the total amount of data that
needed analysis without being detrimental to the results. Once the camera was setup and
the sample in position the dissolution was started. All experiments were run using a flow

rate of 10 ml/min and 900 ml of pH 2 hydrochloric acid solution.

4.2.4 Equipment

The equipment used in this experiment is the same nIR HSI system as in Chapter 3. The
camera is a Xenics Xeva InGaAs CCD detector with an effective array of 320 x 256 pixels.
The spectrograph is a Specim V17E which comes with an inbuilt 16mm lens with f value
of 1.4, the stage was a Zolix, KSA 11-200 S4N which was powered by a IMS Mdrive 17+
motor. The lighting was produced by a custom made halogen DC lamp created by the
people at Gilden, this was used as the AC lamps used previously had been shown to cause
flickering during testing which was discussed in Chapter 2.1.5. Tygon tubing and a Watson

and Marlow 205U peristaltic pump was used for the dissolution apparatus.
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4.3 Results

4.3.1 Tradition UV dissolution of tablets

Dissolution tests were run on each of the tablets using a USP type IV protocol which
involves using a UV spectrometer to detect the release of the paracetamol from the tablet.
These tests show the rate of release, how long a tablet takes to release and if the tablet
reaches 100% release within the time allotted for these experiments. The standard non-
caffeine containing paracetamol tablets were run first as the calculations for releases are
simplest with these systems. Using the detected intensity at 270 nm and comparing this to a
known standard a percentage of release was calculated for tablets A, B and D. These
release profiles are shown in Figure 4-3 and each tablet formulation shows surprisingly
different results. The error bars in the data show the average standard deviation for each
tablet, the standard deviations for each tablet are low which shows little tablet to tablet

variation.
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Tablet A
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Tablet E- Caffeine
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Figure 4-3 The percentage of release of paracetamol from four separate brands, n=3 and
single error bars are used to show average standard deviation in the data.

Tablet A shows a peak sharp peak with a maximum at nearly 120% release, this is of
course impossible. Two separate tablets were run through the system to verify the accuracy
of these. The cause of the value being greater than 100% is from poor mixing and the rapid
speed of the paracetamol release. The value of release is calculated against a sample made
to contain the same ratio of drug in the acid solution as would be found when 500 mg of
paracetamol were released into 900 ml of acid solution. The UV spectrometer detects the

intensity of a specific wavelength (in this case 270 nm) from a sample of the acid buffer
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solution pumped from the reservoir. This spike in the data is caused by a large collection of
the tablet particles being released from the tablet and then quickly being drawn into the
spectrometer before particles can effectively diffuse throughout the reservoir. As time
progresses the reservoir begins to equilibrate with respect to the concentration and location
of the paracetamol and thus the UV spectrometer accurately detects the percentage of
release after 400 seconds. Tablet B begins to release faster than A but has a release rate
slower than that of Tablet B and both tablet have greater than 90% release within 400
seconds. Tablet D is much more basic in design than tablets A and B and contains fewer
excipients to expedite the release of the API. This is very clear when the dissolution profile
is investigated with a release of approximately 80% being achieved by the end of the
dissolution. These three different tablets have shown differing release profiles which
should be reflected in the HSI data.

The caffeinated paracetamol tablets were also investigated to determine the release of the
paracetamol and caffeine from the tablet matrix, the release from Tablet E is shown in
Figure 4-3 alongside the non-caffeinated paracetamol tablets. The calculations required to
determine the exact release of the paracetamol and caffeine are more complex than those
used in a standard one drug system as both of these drugs absorb ultraviolet light and so
the absorbance of the system is a function of two concentrations. This means that the
spectral intensities recorded by the UV spectrometer is a function of the two component
spectra adding together to create the detected signal. This process is additive and so can be
solved by using standards, as before, and simultaneous equations with the exact derivations
and equations shown in the appendix. Caffeine and paracetamol are both readily dissolved
into acidic solutions and so their release profiles are similar with the only notable change

coming at the end of the dissolution of Tablet E.

The release profiles of each of the tablets A — F is given in full in the appendix and show
that the formulations are designed to release the APIs quickly which is expected from a
pain relief medication. The release rates vary from one tablet to the next and this is a
variation which should be notable in the HSI images. In general the tablets containing
more excipients, and at a higher cost, begin releasing the drugs quicker and the rate of

release is also much faster than the more basic formulations.

The hyperspectral dissolution experiments were run for 45 minutes or 2700 seconds which

was chosen as a sufficient time period to image the release of the majority of the APIs
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from the tablet. Using the UV dissolution data as a guide it should be possible to track
changes in the images which can be attributed to the release of API. It is however,
impossible to use these UV results to conclusively determine when the API is release in the
HSI experiments due to the different reaction conditions most notably the different flow

cell.

4.3.2 Hyperspectral dissolution testing of Non caffeinated tablets

The images were created using the methods described however, there were some
complications with the software. Taking images every three minutes resulted in some
images not capturing correctly as the software would freeze during the image capture. This
results in some gaps in the imaging data where the images could not be captured but the
majority of the imaging was successfully. The images were then investigated to see what
information could be discovered from them by either simple visible inspection of the

images or by more complex spectral analysis.

The images have been false coloured using a simple RGB colouring algorithm to better
show the variation throughout the flow cell. In the algorithm three separate wavelengths
have been chosen to create the colours of the image by assigning a colour to the relative
intensities of the pixels at these wavelengths. The more intense the red wavelength, relative
to the other two, the more red that pixel will appear. The wavelengths used were 1083,
1230 and 1601 nm and they were chosen because of their position on the average spectrum
of the tablet which can be seen in Figure 4-4. These wavelengths are located on three
separate peaks and should detail any changes in peak intensity throughout the dissolution

process.
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Figure 4-4 Spectra showing the wavelengths used to create false colour images. The
coloured vertical lines denote the wavelength used for the corresponding false colour
intensity

4.3.2.1 Tablet A

The first of the non-caffeinated tablet, Tablet A, was imaged in full and Figure 4-5
contains a selection of the images captured using the hyperspectral camera.

0 minutes 3 minutes 6 minutes 12 minutes 50minutes

Figure 4-5 Key images from the HSI dissolution images generated during the dissolution of
Tablet A

The images in Figure 4-5 show a range of interesting processes occurring during the
experiment. The expansion of the tablet is visible as is the breakdown of the tablet with
particles moving down the flow cell. This expansion could be from the hydration and
swelling of the tablets or the disintegration and movement of tablet particles through the
flow cell. It is not possible, using these images, to show which of these processes is

occurring. The tablet at time O clearly shows the whole tablet before any dissolution has
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occurred with the embossed P being distinguishable on the tablet surface. The tablet at
three minutes has lost the sharp edges of the tablet which is indicating that the solution is
starting to breakdown the outer layer of the tablet and that the tablets expansion is
imminent. These results agree with the dissolution data in Figure 4-3 which shows a delay
of around 200 seconds before the tablet began to expand and release the paracetamol
within. By the 12 minute mark the tablet has completely disintegrated showing none of its
original structure which again agrees with the UV data as it shows a fast and rapid release
from the tablet. The amount of these particles appears to remain relatively constant even as

the tablet mass is starting to get smaller as the experiment progresses.

There are some issues with the images which needed to be addressed; these are that the
flow cell is clearly moving between images and that an air bubble is present at the top of
the flow cell through much of the image. The air bubble reduces the useable volume of
flow cell which can give viable spectral results as air bubbles can cause unusual scattering
and dampening effects to the reflectance signal. The movement of the flow cell also means
that it is very difficult, without additional complex image processing techniques, to
investigate the same location on the tablets over time to see how they are changing. This is
not so much of a problem at the bulk where the majority of the pixels are relatively
homogenous but towards the edges of the tablet this can cause severe difficulties.
Furthermore there also appears to be lines sporadically appearing in the data with the first
image containing one line at the very top of the tablet, this is caused by the camera missing
a line of data. The data was missed either by the software being unable to collect the line at
that moment due to the memory allocation being insufficient or the speed of the stage is
moving such that the data appears to miss a line. None of these issues are insurmountable

however, and the data is still valid and of high quality.

The tablets are designed to absorb the surrounding liquids and to swell, this expansion of
the tablets aids in the release of the API by speeding the breakdown of the tablets. The
extent of expansion as a function of time is not a factor which can be tracked during
tradition USP dissolution due to the lack of any imaging. However, using hyperspectral
imaging it is a relatively simple process to follow the degree of expansion of tablet
material through the flow cell. A program was written in MATLAB which would detect
the edge of the flow cell and construct a set of boundaries such that only the flow cell
would be investigated. Once this region had been selected any pixels with a reflectance
value at a set wavelength (1263 nm) higher than 0.5 is counted. This value was high

enough to remove any of the cell wall pixels but low enough to ensure that every pixel in
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the image which contained tablet was counted. By counting the number of pixels
containing tablet particles a quantifiable measure of the movement of the tablet particles
thought the cell was determined, specifically the percentage of the total flow cell which
contained tablet data. This process was repeated for every image created during the
dissolution of the tablet and the percentage values plotted to generate a plot which can

show the degree of expansion.

The plot of the movement of tablet particles from the dissolution of Tablet A can be seen
in Figure 4-6, the y axis shows the percentage of the flow cell which contains tablet data
and the x axis is time. The uneven spacing of the markers on the x axis is to represent the

exact times the images were captured.
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Figure 4-6 The percentage of the flow cell occupied by Tablet A throughout the dissolution
process; the time points reflect the time the images were captured.

The tablet covers 40% of the flow cell at the start of the experiment and then rapidly
appears to expand up to a total of approximately 93%. The expansion of the tablet and
movement of particles through the flow cell increases in a linear fashion for 12 minutes
when the maximum degree of expansion is reached and a plateauing of the data occur with
some fluctuations around the maximum. These fluctuations are from natural variation in
the data and some inaccuracy in the technique caused by the flow cell moving throughout
the image which makes it difficult to define the exact same area. By inspection of the

images in Figure 4-5 there is also an air bubble expanding and contracting in the flow cell,
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the edges of which will have be causing a false positive in the counting of the pixels. The
edge of the air bubble cause strong specular reflectance of the acid solution which give
these pixels higher intensities than they would normally have. These two factors are
causing the majority of the variation within the cell but there is also some natural loss of
signal from the tablet material being expelled from the flow cell over time. Again even
with these issues there is a clear pattern to the data and the problems are only visible in the
areas where there is little change in the data, thus small variations become more impactful.

The preliminary dissolution experiments, which were performed on a USP IV dissolution
apparatus (Figure 4-3), details a small lag period followed by a rapid release which began
to plateau by the 8-10 minutes. The expansion data reveals a constant expansion of the
tablet for the first 12 minutes, well after the tablet should of release the majority of the
paracetamol. However, both the UV and expansion data show a plateauing of the data after
12 minutes which implies that either the release from the tablet is faster than the expansion
or that the flow cell is impeding release in some due to the confined space relative to a
USP type IV vessel. While the data may not correlate exactly between the UV and HSI
results there is a clear correlation. These results also show that the release profiles created
from the UV dissolution testing can only be used as a guideline to the release properties of
the tablets in the HSI dissolution as the experimental conditions are not the same between

the two experiments.

There is clearly breakdown and release of Tablet A within the flow cell and a spectral
change which accompanies the breakdown and release of the paracetamol should be
detectable. A region of 100 pixels was chosen in the bulk of the tablet and the mean
spectrum calculated by averaging these 100 spectra, this it was hoped, would show how the
tablet bulk is changing over time as the API is released from the tablet matrix. A mean
spectrum was used as there is some level of natural variation within the data due to
topographical difference across the tablet as well as each pixel containing a slightly
different volume of the excipients. These slight variations mean that any one pixel could be
a poor representation of the bulk as a whole and thus a mean was chosen. Figure 4-7 shows
this data and apart from the data collected at 3 minutes there is very little change in the
spectra over time. The error bars in the image show the mean standard deviation in the data

which is approximately 0.015 for each sample.
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Figure 4-7 Average spectral data (n=100) from each of the different time images detailed in

Figure 4-5

In an effort to clean up the plot a second set of reduced set of spectra were plotted and in

this plot, shown in Figure 4-8, only the data from the images at 0, 3, 15, 30 and 45 minutes

one used. The first two time points cover the hydration of the tablet and the disintegration

and movement of the tablets through the flow cell and the remaining time points cover the

remainder of the dissolution experiment. This generates a plot which is much easier to

follow than Figure 4-7 but still contains the general flow of the spectra over time.
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Figure 4-8 Average spectral data (n=100) from 5 different points in the dissolution of Tablet

A
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The spectra detail a change in the tablet as the initial dry tablet hydrates and expands; the
spectra change substantially in both intensity and peak definition for the first three data
points until reaching an equilibrium point. The spectrum of the O minute data is of the dry
tablet before it is submerged and it shows a substantial difference to the other data. The
tablet spectrum from 3 minutes into the experiment is much lower in intensity than the
earlier dry spectrum. By this point the tablet has been submerged in the acid solution but
there is only a minimal amount of expansion which implies that the change in the spectrum
is not from the release of the API. The intensity increases from the 3" to the 15" minute of
the dissolution and from this point the data changes only slightly as the experiment
progresses. An overall decrease in the signal intensity can be seen from the 15 to 45 minute
spectra but this change is small with the difference between the 15 and 45 minute data
being less than 0.05. It should be noted however, that this change is not as clear as it
appears in Figure 4-8 which implies that the later the data in the central belt the lower the
intensity. Inspecting the lower intensity spectra in Figure 4-7 shows that the minimum
intensities are not from the ending data but from the 33", 36" and 45™ time points with the
40™ and 50™ minute data having higher intensities.

The fluctuation seen in the data around this central band implies a resting spectrum with
some variation between the images causing the small changes in the intensity of the
average spectra plotted. In Figure 4-8 the 0 and 3 minute data shows substantial differences
to the other spectra. By inspection of the images from 0 and 3 minutes in Figure 4-5 it is
apparent that these spectral changes are caused by the physical state of the tablet. There are
few signs of expansion or disintegration in the images of the tablets at these time points
with the 0 minutes image showing the tablet before it is fully submerged. The 3 minute
data is submerged but is still keeping the shape of the tablet which is not true in later
images. This implies that the details in Figure 4-7 and Figure 4-8 may be showing more
about the physical changes such as the state of hydration within the flow cell and less of

the spectral changes which are a result of the target compounds leaving the tablet.

4.3.2.2 Tablet B

While the results from the dissolution of Tablet A are inconclusive with respect to loss of
API there were two other non-caffeinated drugs imaged. The dissolution images at four
points through the dissolution of Tablet B can be seen in Figure 4-9. Figure 4-9 shows that
this tablet is so fast to dissolve that even the initial images show a tablet which has begun

to disintegrate. The tablet has been able to disintegrate so quickly like this due to the way
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in which the imaging is performed. There is a slight operational lag of approximately 1
minute between the flow cell being filled with the acid solution and the imaging starting.
Once the image starts it takes a few seconds for the tablet to pass under the detector so that
by the time the tablet passes under the detector the disintegration of the tablet has already

begun.

0 minutes 15 minutes 30 minutes 45 minutes

Figure 4-9 The dissolution of Tablet B at 4 time points which are 0, 15, 30 and 45 minutes

The tablet at the start of Figure 4-9 has clearly begun to breakdown but the shape of the
tablet remains and is clearly visible on the top edge of the tablet. However, it is clear that
within a few minutes the tablet has begun to lose all shape and is simply a mass of particles
which slowly spread through the flow cell. The direction of flow is from the tablet to the

cap which explains the movement of the particular matter.

While the images displayed in Figure 4-9 show only the data from four of the dissolution
images an average spectrum for each images was created and plotted together to create
Figure 4-10. The data for the first 100 nm is not reliable, and is omitted, due to the detector
having poor efficiency in this region which is not ideal as this is the only region where the
spectra of the different time images differ from each other. It is possible that the only cause

of this differentiation is the error within the detector and so all of this should be discounted

Much like in Figure 4-7 there is a central band which contains the majority of the data,
unlike Figure 4-7 this band is very tight and there is no deviation in any spectrum from this
band.
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Figure 4-10 A plot showing an average spectrum (n=100) from each time point in the
dissolution of Tablet B

It is possible that the speed of the disintegration and expansion of tablet material shown by
this tablet causes the release of any APIs to be faster than the camera can detect as no
visible changes over time are being seen in the tablet spectrally. The error bars in Figure
4-10 represent the mean standard deviation of each spectrum. These are between 0.015 and
0.025 which is similar to the standard deviation of the other tablet spectra which indicates
variation within a single image is caused by noise. The expansion of the tablet particles in
the flow cell was measured, as with Tablet A, and the percentage of the flow cell
containing tablet is shown in Figure 4-11. The spectral analysis showed very little changes
through time, something which is also shown by the expansion analysis. There is a fast
expansion state for the initial 3 minutes of the dissolution which is preceded by a plateau

and then a decrease in intensity after 21 minutes.
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Figure 4-11 The expansion of tablet particles from the dissolution of Tablet B as a function
of total flow cell coverage. The time points reflect the time the data was captured

4.3.2.3 Tablet D

Tablet D is the third non-caffeinated tablet formulation that was imaged. Figure 4-12
contains a selection of images from the tablet dissolution, the broad time points were
chosen as they best show the slow progress of the tablet which is in stark contrast to Figure
4-9. Even by 45 minutes there is still a clear shape to the tablet as it has expanded but is

showing no visible signs of braking down and disintegration.

Tablet D is a cheaper brand of paracetamol tablet and contains fewer excipients than the
two previous tablets, the UV showed that the release was much slower that Tablets A and
B with it taking almost 30 minutes to release 80% of its paracetamol. The images show
that the expansion of the tablet after being submerged in the acid solution is also
substantially slower than Tablets A and B which correlates with previous results showing
that disintegration, expansion and release are strongly correlated. Also visible in this
image is the difficulty of imaging with this setup as the flow cell has clearly moved
between the images. The reason for this movement is motion of the stage caused the tubing
to become stretched and generating a pulling force onto the flow cell which could not be

completely controlled.
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Figure 4-12 The dissolution images from the dissolution of Tablet D. The images are from
the 0, 15, 30 and 45 minutes points of the experiment

One of the few notable changes in the tablets in Figure 4-12 is the presence of a darker
region in the bottom right which is caused by the tablet braking down slightly from the

force of the water being pumped into the flow cell from this location.
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Figure 4-13 The mean spectrum (n=100) from each different image created during the
dissolution of Tablet D

As before a mean spectrum was created for each tablet image and the spectra plotted to
make Figure 4-13. As with all of the previous data there is a similar shape and distribution

to the spectra with the majority of the data being within a very small band. Also similar to
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other data the mean standard deviation are shown using error bars and have values between
0.012 and 0.024. However, the data from the first 15 minutes can be tracked in Figure 4-13
as the 0 minutes is the lowest intensity spectrum and the proceeding intensities are that of
the 3, 12 and 15 minute data. This implies that from an initial time point the intensities are
slowly increasing until equilibrium is reached with the intensity deviating only slightly
around a fixed point. Figure 4-7 and Figure 4-8 also showed a similar pattern but with a
much more rapid approach to this equilibrium state, this implies that the same process is
giving the same results from these tablets.

A loss of paracetamol should result in a decrease in signal intensity at key locations not a
uniform increase across the spectrum. The increasing intensities imply that this initial
change is a structural one. These tablets are designed to swell to facilitate the release of the
APIs contained within so this physical change could be the swelling of the tablet however,
without more evidence it is not possible to conclusively say it is swelling and not
expanding post disintegration. The expansion of tablet material as a function of total flow
cell coverage over time is shown in Figure 4-14. The first 3 minutes show a rapid increase
in tablet size as it expands and fills the flow cell. After 3 minutes the tablet continues to
expand but at a slower rate for the remainder of the dissolution. Unlike Tablets A and B
there is no plateauing to the expansion of the tablet material with a constant change
throughout the dissolution. This result agrees with the UV dissolution which shows a fast
release for Tablets A and B and a slower but more constant release for Tablet D. These
results agree with the theory that the early changes to the spectrum are from the changes in

the physical state of the tablet, more concisely the degree of expansion in the tablet.
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Figure 4-14 The expansion of Tablet D during the dissolution experiments as a function of
the percentage of flow cell containing tablet data.

The tablet expansion and particle migration data from Tablets A, B both show a rapid
increase from the initial data before any disintegration or expansion has occurred to a more
constant plateau from the point at which the expansion has reached a maximum level.
Tablet D is constantly expanding with tablet material moving along the cell but the rate is
lower than Tablets A and B. There is also evidence of the particles leaving the flow cell of
Tablets A and B towards the end of the experiments where a drop in the volume of the

flow cell containing tablet data can be seen.

The spectral data from the tablets shows that most of the data lies within a narrow band

except the earliest time points which often have an intensity below that of this band.

By comparing the spectral data from the earliest time points before the narrow band is
reached alongside the plots of the tablet expansion it is clear that the spectra are also
indicative of the disintegration and expansion of the tablet. When the tablet is expanding
rapidly the spectra increase in intensity and once the rate of expansion has plateaued so too

the spectra collect into a small band of intensities.
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4.3.3 Hyperspectral dissolution imaging of caffeine containing
paracetamol tablets

4.3.3.1 Tablet E

The caffeinated tablets were imaged using the same protocol as the non-caffeinated tablets.
Tablet E is a standard non-caffeinated paracetamol and a full set of the images from the
hyperspectral dissolution imaging is shown below in Figure 4-15. The different states of
the tablet can be clearly seen in these images; the tablet starts the dissolution as a solid
tablet, unaffected by expansion or disintegration and then slowly expands as from the
uptake of the acid solution into the tablet matrix. The tablet eventually loses its form and
begins to move along the flow cell as a mass of tablet debris after the 18 minute mark. The
UV dissolution in Figure 4-3 details a slow release of paracetamol by this tablet brand. The
first 15-20 minutes being the slowest and after this point the release begins to increase in
rate. This would coincide with the tablet losing its form and expanding and breaking down
into multiple smaller pieces of tablet. These images show that the tablet expands at a rate
between that of Tablets A/B and D and is an example of the ability of this imaging to
follow the various states of tablet dissolution and to allow comparison between different

tablets while also gathering a huge volume of separate useful data.
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Figure 4-15 The full set of dissolution images from the dissolution of tablet E
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The images of Tablet E’s dissolution look similar to those of Tablets A, B and D. This is
not an unexpected result as the caffeine is incorporated into the tablet for improved
physiological effects not improved dissolution properties. The breakdown and expansion
of Tablet E can be clearly followed as it begins to lose its shape inside the flow cell. The
degree of expansion is shown in Figure 4-16 where once again the flow cell has been
investigated and the number of tablet containing pixels identified. These were calculated as
a percentage of the total flow cell and then plotted against time to show the movement of
tablet materials through the flow cell during the experiment.
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Figure 4-16 The percentage coverage of the tablet data within the flow cell during the
dissolution of Tablet E

The expansion data shows a short lag period before the tablet begins to expand and tablet
material move through the cell, once this period has passed the tablet expands at a linear
rate until the 18 minute mark. The data after the 18 minute mark decrease slightly and then

increase which is most likely showing natural fluctuations in the tablet particles locations.

The mean spectrum was calculated for each of the images in Figure 4-15 and then plotted
to create the data shown in Figure 4-17. Again the standard deviations are shown in the
image a mean value for each spectrum and the spread of these standard deviations is
between 0.015 and 0.028 which is similar to the non-caffeinated formulations. The data
here appears to be following the same trend as the non-caffeinated tablets of increasing
signal intensity as the experiments progresses. However, it is unclear exactly which time
points are causing the highest and lowest intensity bands due to the number of different

spectra.
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Figure 4-17 The average spectra (n=100) collected from the dissolution of Tablet E

The lowest intensity spectrum, at all points expect near 1153 nm, is from the O minutes
image. The highest intensity spectrum is from 18 minutes which shows a large spread of
data within the first 18 minutes and the spectra collected after 18 minutes sit in the central
band in Figure 4-17 with very little variation. To better show this effect the first 7 spectra
were re-plotted and the result is Figure 4-18 where the progression of the spectra can be

easily followed.

The tablets expand and begin to breakdown during the dissolution process, this expansion
and subsequent distribution of tablet particles throughout the cell is shown in Figure 4-16.
The tablet material expands during the earliest stages of the dissolution, the data in Figure
4-16 shows this to occur for 18 minutes. The intensity of the tablet spectra is increasing
during this same time period, but the increase is not occurring in a linear fashion with the
distance between spectra changing as the experiment progresses. One explanation for this
is the physics of how these tablets are expanding and breaking down. The intensity
increases for every spectrum in the first 18 minutes however, inspection of the data from 6,
9 and 12 minutes shows that it these spectra are located within the central band which
contains the majority of the spectra in Figure 4-17. This implies that the cause of the
highest intensities is something which is reached briefly but a change causes the spectral
intensity to decrease back down to the level of the central band once more. Figure 4-18
contains data from the first 18 minutes of the experiment which Figure 4-16 shows is the

same time period as when the tablet expansion is occurring. The majority of the data in the
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narrow central band is from after the tablet has stopped expanding. The exception to this is
the data from 6-12 minutes. The tablet is expanding during these 18 minutes and so the
change in the spectra is most likely a function of the height of the tablet surface as it
expands. The taller the tablet, the shorter the path length of the photons though the
hydrochloric acid solution which will improve signal strength. If the spectral intensities are
showing a measure of the degree of expansion upwards in the flow cell then the height of
the tablet surface in each of the results contained within the central band must be similar.
This implies that the tablet is expanding upwards to a maximum height which is reached at
18 minutes. Once this is reached the tablet disintegration is a greater force than the
expansion of the tablet and the particles settle down to a height equal to the 6-12 minute
region thus the corresponding spectral intensities. While the height of the tablet during the
experiment cannot be determined in these images due to the orientation of the camera it is
possible that the breakdown of the tablets occurs after 18 minutes and the tablet materials
settles at a height equal to that of the tablet material at the 6™ to 12" minutes. Change in

the height of the samples can explain why it is that the fluctuations in the spectrum can be

seen.
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Figure 4-18 The mean spectrum (n=100) from the first 7 HSI dissolution images from Tablet
E

This result shows why the expansion data and the spectral plots used in conjunction are

very powerful. The expansion plot shows that the tablet expands for 18 minute and then
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stops expanding and stays constant. The spectral data shows a change for the first 18
minutes and then a reduction in spectral intensities to reach the central band which is
common in these plots. The cause of these results cannot be determined fully however, it
appears that the tablet is expanding both along the flow cell and upwards in the flow cell
until it reaches a point near the top of the cell. After this point the tablet collapses down to
a height equal to that experienced at approximately 9 minutes into the dissolution. While
this process is probably the swelling of the tablet before the disintegration begins this
cannot be proven, it is also possible that the tablet has disintegrated already and is simply
expanding in all direction as a mass of loose tablet particles. The change in the
environment of the particle and their size will affect their light scattering properties and
subsequently the intensity of the spectral signal. The expansion data does not show this
collapse because it is determining how much the tablet material has moved through the
flow cell, a 3 dimensional process, using only a 2 dimensional image. This is a weakness

with this approach which the spectral data helps to compensate for.

While the caffeinated paracetamol spectrum differs from the earlier non-caffeinated it is a
small change and the general form and progression of the data through the dissolution
appears to be the same. This result is repeated again in the other caffeinated drugs (the
plots can be seen in the appendix) and so it seems that there is no way to use the spectrum
to simply watch changes in the composition of the tablets as a function of the changing

spectrum over time.

There is also a clear change in the colour of the images in Figure 4-15, these colours are a
function of the intensity at three separate wavelengths (1083, 1230 and 1601 nm). A
change in the colour is caused by a change in the relative intensities at these three
wavelengths. In the first 6 minutes the tablet appears red in the image however, from 9
minutes the tablet appears orange. Inspection of the Figure 4-18 shows that the ratio of the
peaks at 1083 and 1230 nm is not constant and that the intensity of the 1230 nm peak
increase more rapidly than the 1083 nm peak. This is best seen by inspection of the 0 and
12 minute spectra, the peak at 1083 nm has only increased by approximately 0.05 while the
1230 nm peak has increased by approximately 0.10. It is not clear what is causing the
change in these results, but there is clearly some affect which is causing the spectra to
change. The change may be caused by the chemical composition of the tablet being altered
during the dissolution (loss of API or excipient) or some other physical factor. As the

intensity of the entire system is increasing during the expansion phase it is likely that the
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spectral change seen is a function of the wavelength dependency of this process which is
causing some wavelengths to change more rapidly than others.

4.3.4 Principle Component Analysis

The basic spectral analysis can be used to track the physical changes occurring during the
dissolution however, it has not been possible to distinguish any specific changes in the
spectra of the tablet which can be attributed to the loss of API or excipient. By using
principle component analysis (PCA) small variations between the data which may be
difficult or impossible to spot by eye can be discovered. These small variations could be
the release of API from the system and this would show the effectiveness of HSI as a novel

approach to dissolution testing.

The PCA of Tablet A is shown below in Figure 4-19 and it uses the mean spectral data
from Figure 4-7, each mean spectrum is a single point in the scores plot. In Figure 4-19
the 3 minute data is far removed from any other data points and this indicates a severe
variation between their spectra and the bulk of the data. By investigating Figure 4-7 it is
clear that the 3 minute spectrum is dissimilar to the majority of the data and thus the

separation in the PCA.

Tablet A, all mean time point data corrected for 850 -950 nm
t[Comp. 1]/t[Comp. 2]

2 = tablet A 3 minutes
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R2X[1] = 0.966571 R2X([2] = 0.0197422 Ellipse: Hotelling T2 (0.395)

Figure 4-19 A scores biplot generatered from the first two components of the PCA of the
dissolution of Tablet A



Chapter 4 94

The majority of the data is centred on the origin of the plot but there are some outlying
groupings which can be seen. At the top of plot the data two points can be identified as
being that from the 45™ and 50" minute spectra. Two points can also be seen in the bottom
left which are the 33th and 36™ minute data. If you imagine a line of best fit through these
4 data points then two things are of note, firstly the data points line up chronologically so
that the earliest is at the bottom left and the latest is at the top right. The second point to
note is that the green square denoting the 40 minute data is also near that line but appears
to be clustered within the remaining earlier data. The loadings for these principle
components should help to show what is causing this linear escalation of sample intensities
from the bottom left quadrant to the top right. The loadings detail which variables, in this
case wavelength, have the greatest effect on scores data. A large peak in the loadings at a
specific wavelength infers that this wavelength causes the variation depicted in the scores
plot. The loadings for the first principle components is shown in Figure 4-20A and the
second component is plotted in Figure 4-20B. While the intensities of these loadings are
very dissimilar the shape of the second loading plot is close to the inverse of the first. A
positive value in the first component is caused by a variation in the same location as

negative value in the second component.
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Figure 4-20 Loadings from the scores plot in Figure 4-19 with the 1st component shown in
A) and the second in B)

The major regions of interest in these loadings are the 1000 - 1150 nm and 1400 - 1600 nm
regions as these give the strongest change in the data. The lower the intensity of the
spectrum in these regions the lower (or more negative) the value in the scores for the first
principle component and he higher the intensity the larger and more positive the scores
value in the second principle component. So as the data from the 33" minute was the most

negative it follows that this spectrum should be the least intense with the 50 minute data
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being the most intense. The spectral data from these regions is shown in Figure 4-21 and as
the loadings have shown the spectra follow a pattern of increase intensity as time
progresses which led to the spread of the data in the PCA scores plot.
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Figure 4-21 The mean spectrum (n=100) from the last 5 time points collected during the
dissolution of Tablet A

This change in intensity is the same trend as was seen in early data with the breakdown and
expansion of the tablet causing these changes in intensity. If this was a spectral change
from the loss or release of API or excipient then it would be seen as a decrease in peak
intensities at specific locations and not as an overall gain in intensity. This shows how an
even greater degree of structural information can be determined from more advanced
analysis of the results. This change is from either a secondary expansion phase or some
other physical process which is mimicking the effects caused by the tablet particles
expanding through the flow cell in all directions. These results agree with the expansion
data in Figure 4-6 that more of the flow cell contained tablet data in the latter stages of the
dissolution than earlier. It is unlikely that a second weaker expansion phase has caused this
effect as starch would already be fully hydrated and swollen before 30 minutes into the
experiment. It is possible that the breakdown of the tablet is becoming more severe and this
is somehow causing the bulk, where the data was gathered, to show an increase in
intensities. The location of the bulk of the tablet data in the scores plot (Figure 4-19)
indicates that the majority of the data has a greater intensity than the data investigated here
which may also help to explain the change. A substantial loss of tablet material could lead

to a decrease in the spectral intensity at the 33" minute, this was then bolstered by tablet
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being deposited at the bulk location and the intensity again rose which resulted in the

strange linear clustering seen in the score plot.

The analysis of this data shows that the PCA can be used to classify patterns of spectral
change which could not be seen in the normal spectral analysis. This is due to the nature of
the data in the tight band of spectra in which small intensity changes are almost impossible

to track.

4.4 Conclusion

The aim of this experiment was to use hyperspectral imaging to follow the dissolution of
tablets and show the physical and spectral changes occurring over time to these systems.
To this end a full set of tablet dissolution was run to give a set of reference data for the
speed of API release. It was hoped that the loss of, or location of, APIs within the tablet
could be identified using this technique however, this was not possible. The UV
dissolution data showed that the release of APl from these systems often occurs quickly
and the time frame for the HSI images was too long. Figure 4-22 shows the hyperspectral
image from the dissolution of the four tablets discussed in this chapter at four different
time points. The 0 minute shows how much can occur in the initial few seconds where the
flow cell fills with the acid solution and the image capture is started. Most tablets remain
whole, intact and show few signs of any change except Tablet B which is clearly showing
signs of the tablet disintegrating. This details the difficulty of tracking the physical changes
in these systems without a change to the time frame, some tablets react faster than the
current image capture procedure. However, while the time frame needs to be reduced the
length of the experiment does not. The 15 minute data shown in Figure 4-22 shows that
some tablet formulations still have some a definitive tablet shape and show no signs of
tablet material being dispersed through the flow cell. A new experimental; protocol is
needed which modifies the experimental technique to lower the time frame between data
capture without changing the dissolution time which is a central idea for the next chapter

of work.
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Figure 4-22 The hyperspectral images of the four tablets investigated in this chapter at 0, 3,
15 and 30 minutes

It was however, possible to closely follow the changes in the tablet on a structural level
with both the image data and spectral data being of use in following the expansion and
breakdown of the tablets over time. The rate of expansion of tablet material was also
shown to be closely related to the UV dissolution result which implies that the

experimental setup is not hindering the dissolution properties of the tablets. By using the
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spatial and spectral sides of the HSI data it was possible to generate a more complete
understanding of the degree and rate of the tablets expansion than would be possible with
only one of them. The spectral intensities changes in the data are difficult to show as being
a function of expansion of the tablet without the images and by using the spectral data the
relative height of the tablet could be identified which could not be done using the 2
dimensional images of the tablet in the flow cell. The movement of the flow cell during the
imaging was also a cause for concern as it lowered the effectiveness of the algorithms for
tracking the expansion of tablet material. The fixing of the flow cell to the stage is
important to prevent these outcomes recurring so a holder is needed for the flow cell. This
is also a critical component of future work which is addressed in the following chapters.

The results in this chapter show that the breakdown and expansion of Tablet B is the
quickest with Tablet A also showing a fast and constant expansion of the tablet. The other
tablets imaged showed good release which was significantly slower than that of Tablets A
and B which agrees with UV dissolution results. These results are as expected as Tablet A
and B both contain a variety of excipients to aid in their release while the other tablets are

more basic and contain fewer excipients.

In a traditional UV dissolution experiment there are none of these expansion and
disintegration parameters that can be ascertained, only the rate of release of specific APIs.
This shows some of the ability of the HSI to give a bigger and more in depth overview of

the processes occurring in the tablets during the stages of dissolution.

The hyperspectral imaging of the tablet dissolution showed a great deal of information
about the expansion of the tablet material however, the time period between image capture
is too long. The majority of the physical changes and the release from the tablets can be
seen to occurring rapidly in both the HSI images and the UV dissolution data. Often there
is little more than a single image during the expansion stages and in the case of Tablet B
there are no images that cover the start of the expansion process. There is more information
which can be gathered in this region as this is where the majority of the physical changes
are occurring and so a better time resolution is imperative for more accurate analysis of

these images.
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Chapter 5: Imaging tablet dissolution using high
temporal resolution.

5.1 Introduction

There is very little literature on the hyperspectral imaging of pharmaceutics in any

form14,130,152

and what little there is concentrates on investigating surface concentrations,
purity and mixing efficiency in solid tablet forms. None of the literature contains any time
dependency or anything more complex, from an imaging viewpoint, than simply taking
one picture per sample and analysing it. This is not the case for this work as following the
dissolution of a tablet requires some way to track the changes over time in a dynamic
system. As far as we are aware this work represents the first use of hyperspectral imaging
in pharmaceutical analysis to track a dynamic process occurring in real time within a liquid

flow system.

In Chapter 4 a series of traditional hyperspectral images were taken, these made full use of
the spatial information to show both the rate of expansion of tablet particles and the
process of tablet breakdown. However, due to limitations with the software the images
were captured once every 3 minutes and this is insufficient to accurately follow the release
of the active pharmaceutical ingredient (API) from the tablet. The majority of the
expansion and release is primarily completed within 5-10 minutes and so there was very
little information captured between the initial whole tablet and when the expansion of
tablet material has ceased. To improve the temporal resolution a novel approach was
needed, one that would give faster image acquisition while still retaining the spectral
fidelity of the hyperspectral data. The solution is to sacrifice some of the spatial
information in the images to acquire a substantial improvement in the time resolution with

data acquisition changing from 1 per 180 seconds to 1 per 100 milliseconds.

5.2 Materials and Methods

5.2.1 Materials

The six different paracetamol brands used in the previous chapter are Panadol Advance,
Panadol Actifast, Tesco paracetamol, Tesco paracetamol extra, Boots paracetamol extra

and Panadol Extra. The tablets are evenly distributed between caffeinated and none
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caffeinated varieties which allows for the potential of an interesting set of comparative
results about the expansion of tablet material and release rates of the two different kinds of
commercially available paracetamol drugs. They are also a range of prices and complexity
between the tablets, with some formulations containing a much greater number of
excipients to help with the tablet function. The exact tablet formulation can be seen in the
Chapter 2.4.2, the major constituents for each tablet are the active pharmaceutical
ingredients and starch which is used as a filler and binder. A small number of common
excipients are present in most tablets such as stearates and polyvinylpyrrolidone, these are
used to improve the breakdown of the tablets. The one tablet formulation that contains a
major excipient that is unique is Panadol Actifast which contains a large quantity of
sodium bicarbonate to aid in the breakdown of the tablet. For ease each of the tablets is
referred to by its code which is shown in Table 5-1.

Tesco Boots
Name of | Panadol Panadol Panadol Tesco
. paracetamol | paracetamol
tablet Actifast | Advance Extra | paracetamol
extra extra
Code for

tablet Tablet A | TabletB Tablet C Tablet D Tablet E Tablet F
able

Table 5-1 The naming codes used for each paracetamol brand

5.2.2 Experimental setup: Use of a single line

To circumvent the problems in Chapter 4 the 30 minutes of the dissolution were saved to a
single file. This would mean there is a single 30 minute image with all the data contained
within. While it was a relatively simple procedure to keep the image running for this length
there was no way to move the stage to build up the images. This means that the images
produced are from a single spatial line across the flow cell which is imaged constantly for

the duration of the experiment.

The near infrared (nIR) camera used in Chapter 4 was used again as this wavelength range
was shown to have the better potential for useful results than the HSI systems which are
sensitive to visible light. The use of nIR is common place in pharmaceutical analysis due to
it being non-destructive, fast and easy to use ****°. The camera used for the dissolution

imaging was a Xenics Xeva InGaAs CCD attached to a Specim V17E spectrometer which
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has a wavelength range of 850 — 1680 nm. The stage was a Zolix KSA 11- 200 S4N with
an IMS Mdrive 17+, while the stage was not used for movement it was used to accurately
position the flow cell in the same location for each experiment. At the start of each day and
after any movement of the system it was refocused using a simple checkerboard or
diamond pattern as described in Chapter 2.1.3. The lights were turned on at least 10
minutes prior to any imaging being performed so that they had time to equilibrate the
output of infrared photons. Any imaging before the lights have been able to warm up could

easily give results with weaker or varying intensities.

The dissolution of the paracetamol tablets was performed as in the previous chapter by
pumping a pH 2 HCI acid solution through the flow cell with a constant flow of 10 ml min”
! The flow cell from the previous experiments was again used for these experiments. The
flow cell was placed into the holder, described below, and then locked in place onto the
camera’s stage as pharmaceutical analysis requires a high degree of repeatability between
measurements. This is not normally an issue but when imaging a single line of height ~300
pm it is not possible to guarantee repeatability of the location being imaged by the camera
without something to position the target. A holder was designed which could be bolted
onto the stage to prevent any movement and which would keep the flow cell positioned at
exactly the same location. Once the holder was attached to the stage it was moved to the

stage’s starting location, 0 mm movement from home location, and then moved forward by

90 mm and this process is illustrated in Figure 5-1.

90mm

Figure 5-1 Picture showing the location of the holder and how the motorised stage is used
to position flow cell for each experiment.
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5.2.3 Experimental setup: Experimental procedure

The hyperspectral dissolution imaging system was configured to capture a new line of data
every 100 ms for 30 minutes for a total of 18000 lines of data. Each line had an exposure
of 90 ms which gave a maximum intensity to the data without the detector becoming
saturated. The sample to be imaged was placed into the flow cell which was itself placed
into the flow cell holder. This was then bolted onto the stage and moved into position so
that the imaging could begin. Once the flow cell was in place and all connecters had been
checked the imaging would being and the peristaltic pump would be switched on so that
the flow cell began to fill with the acid solution. After the experiment was completed the
flow cell was emptied and cleaned with distilled water along with the acid reservoir.
Distilled water was then pumped through the tubing to remove and tablet material which

remained.

Before the experiments were run a set of reference spectra were collected to show the
reflectance signals from the various components of the system before the dissolution
experiment. The measurements are of the empty flow cell, the flow cell filled with acid
solution, the white reflectance calibration tile and the dark reference (which was taken by

placing the lens cap on the camera and switching the lights off).

Before the tablet dissolution imaging began a set of spectra were also collected for the
major excipients and active pharmaceutical ingredients (APIs) present in the tablets. There
are a wide range of excipients used across the tablets so the most common ones were used
which are starch, polyvinylpyrrolidone (PVP) and magnesium stearate. These images were
created by simply inserting a large quantity of the powdered compound into the flow cell
and then letting the flow cell fill up. This generated analogous data for the excipients both
before the dissolution and during which could be compared to the tablet data as a way to

analyse and assign any spectral changes.

Each tablet type was imaged three times to ensure that there was no large variation
between the images of the same tablet types. Any substantial intra tablet variation with
respect to the tablet spectrum or dissolution behaviour would indicate an area of concern.
If these images show no major variation in these areas then the imaging setup can be seem

as repeatable with respect to the conditions within the flow cell.
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5.2.4 Experimental setup: The tablet holder

It is imperative in pharmaceutical analysis that the procedures by highly repeatable. These
experiments image a single line across the flow cell and so it is necessary to create a holder
or cradle which can be used to position the tablet in the same spatial location each time the
experiment it run. Figure 5-2 is a picture of the flow cell which has been placed into the
holder which was made using Acetal Polyoxymethylene copolymer and was designed to
perform 3 different functions. The flow cell is placed into the deep groove which is
machined to be an exact fit with no room for lateral movement. Above the flow cell two
bolts can be seen, these are used for attaching the holder to the stage. In this manner the
holder can be guaranteed to be in the exact same location on the stage for each experiment;
the bolt holes in the stage were also marked to ensure the same ones were used each

experiment.

To the left of the flow cell the holder contains a space for a white block, and a small
elliptical white object. These are used as calibration aids in the images, it is important to
show that there is no change in the imaging environment throughout the experiment. To
show this the two reference material are used should never change throughout the
experiment. The white block is a piece of the reflectance PTFE (polytetraflouroethylene)
calibration tile which is used to convert the raw data collected into the corrected
reflectance data. In the final images this should always have a value of 1.0 (+ 0.05 for
machine error). The smaller white object encased in a piece of black tubing is a tablet, of
the same make as that the one in the flow cell, which has been split in half. There are two
uses for this; firstly it should be a constant signal throughout the experiment as there is no
interaction between this tablet and any acid solution. Secondly it gives a reference
spectrum for the beginning of the experiment before any dissolution has occurred and also
shows any change in signal strength which is occurring as the photons pass through the

glass.
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Figure 5-2 The flow cell inside its holder which has been bolted onto the mobile stage.

5.2.5 Corrections

Once the image capture was completed a set of calibration images were captured using a
white PTFE tile for the 100% reflectance and a 0% reflectance image was recorded by
switching off the lights and placing the lens cap onto the camera. These two values are
used to convert the raw data which is expressed as a number of counts into the reflectance

of the nIR radiation from the sample.
The calculation for determining the reflectance of any point is shown below

Isy — Dy
Ry = —=>"
A =Dy
Where |, and I, are the intensity (in counts) of the 100% reflectance standard and the
target pixel respectively at a set wavelength A. D is the intensity of the dark or 0%
reflectance standard and Rs is the reflectance value for any specific pixel in the image at a
set wavelength. This data correction was performed using an inbuilt command in the

imaging software.
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5.3 Results

5.3.1 Creation of line scan results

The hyperspectral images created in Chapters 3 and 4 contain a more traditional image in
which a single snapshot was taken of a sample with x and y spatial dimensions and the A
spectral dimension. The results created using this novel HSI imaging process are quite
different; a single line across the cell has been imaged repeatedly for 30 minutes thus the x
and y dimensions are not both spatial. The x dimension contains the spatial information
across the cell, but the y axis shows the detail in the temporal domain. The changes in the
flow cell are characterised by the evolution of the data at a set x location as the data
proceeds down the y axis. The image in Figure 5-3 has two parts, the top shows the tablet
in the flow cell and the red line depicts the location that the camera is imaging.

The bottom part to Figure 5-3 is a brief section from the hyperspectral dissolution imaging
from Tablet F, the numbers on the y axis show the time in seconds for the first 40 seconds
of Tablet F’s dissolution. The two white bands on the left of the image are the reference
materials placed inside the holder and to the left of the flow cell. The leftmost band is the
calibration tile and the second darker band is the broken tablet. The yellow band is the
tablet, the very first line of data is at the top of the image and every successive line of data
is 100 ms after its predecessor. At 20 seconds into the dissolution there is a clear artefact
created within the data which is an air bubble moving both in line with and perpendicular
to the imaging. This generates the slanted left to right angle to the bubble and also explains
how it can appear and then disappear in the centre of the tablet mass. This example details
the power of using such a high temporal resolution approach to follow the dissolution of

tablets as small fast moving objects like bubbles can be tracked accurately.
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Figure 5-3 An illustration of how the hyperspectral images are created during this imaging
approach. The top image is a standard picture, captured with a digital camera, of the
experimental setup and the bottom image is a short piece of the corresponding
hyperspectral dissolution image. The red line in the upper image denotes the location at
which the camera collects the hyperspectral data.

The data in hyperspectral images is often output in grayscale where the intensity of one
wavelength is used to denote the intensity of each pixel. However, these images have been
shown in a false colour to better detail any changes in the spectra over time. To generate
this false colour image three separate wavelengths are used and the intensities in each pixel
at these wavelengths denotes the intensity of the false red, green and blue colour at that
pixel. The wavelengths need to be chosen carefully or any valuable changes in the
spectrum could be missed. Figure 5-4 is a spectra gathered by averaging the spectra of a 10
by 10 region of pixels within the tablet. This spectrum shows the shape and form of the
average tablet spectrum without the noise often found in individual spectra. The false
colouring used the wavelengths of 1073 nm, 1279 nm and 1407 nm to provide the
intensities for the false red, green and blue colours. These regions were chosen as being the
maxima of the one peaks, a saddle position in the data and also a minimum. Any change in
peak size, locations or the minima should be shown as a perceivable change in the colour
of the data.
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Figure 5-4 An average spectra generated from viewing a 10 x 10 region in the centre of the
tablet mass. The three coloured lines indicate the wavelengths used to create the false
colour HSI images

5.3.2 Analysis of spectral data from tablet dissolution
5.3.2.1 Tablet F’s hyperspectral dissolution images

The use of false colours allows for quick inspection of the data and has the potential to
yield interesting results dependant on the spectral changes and movement of the tablet

through the flow cell.

Tablet F contains a number of excipients and two major components, the release of which
can hopefully be followed throughout the experiment. These APIs are paracetamol and
caffeine with the paracetamol being in the large majority (a 500:65 ratio). The spectrum of
two separate locations in the image from the same time period was extracted and
investigated to determine what spectral changes are occurring throughout the flow cell.
The spectra can be seen in Figure 5-5 with an inlaid image of the tablet dissolution
furthermore the location used to extract the spectral information is marked by the arrows to
the image. There are two separate and distinct spectra present in this HSI data within
bounds of the flow cell and the differences between these spectra cause the colours in this
false coloured image. The first and most striking difference is an intensity change with the
region coloured yellow in the image having a more intense spectrum at all wavelengths

however, on closer inspection the intensity change is not even at all wavelengths. The



Chapter 5 108

wavelengths used to assign the colour to each pixel in the image are 1073, 1279 and 1407
nm. The inspection of the data shows that the ratios of intensities of the two spectra at
these wavelengths are not constant. The ratio of spectral intensities at 1073 and 1407 nm is
around 1:1.3 but the ratio at the 1279 nm point is closer to 1:3 therefore the second
spectrum has a lower intensity at the middle section of the spectrum which can be seen
from 1160 to 1400 nm. The reason this gives a red colour to the second spectrum is that
intensity of the 1073 nm ‘red” wavelength is only slightly changed while the 1279 nm
‘green’ wavelength is severely reduced resulting in little contribution to the false colour
image. This shows how the use of false colour can easily show a major spectral change in
the image quickly and to see how this change is spreading throughout the image over time.
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Figure 5-5 A plot containing the spectra of two distinct locations in the HSI data which is
inset into the figure. The difference between these two spectra causes the different colours
seen in the inset false coloured HSI image.

The dissolution of Tablet F is shown in full in Figure 5-6A with a shorter 400 second
image shown in Figure 5-6B. UV dissolution was performed on these tablets (and is shown
in the appendix) and they showed that the first 400-500 seconds contained a large portion
of the release of the drugs from within the tablets. The time period chosen for Figure 5-6B

was one which should show the majority of the release from the tablets with good clarity.
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The, false colour, yellow band in the image is the tablet and as the image progresses it is
showing how the same specific location in the tablet is changing over time. This yellow
colour is the output from the false colouring of these pixels and not the true colour of the
tablet which is white. As the spectrum of the pixels change there is a change in the false
colouring of the data which is seen with the evolution of a false coloured red region in the

images.

While the tablet initially appears homogenous within 60 seconds there are changes
appearing in the tablet surface.
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Figure 5-6 The hyperspectral image of the dissolution of Tablet F using two time scales A)
the full 30 minutes the experiment was run and B) the initial 400 seconds of the dissolution

A change in the image as the false colouring of the tablet changes from the yellow to red is
also visible within the first 200 seconds of Figure 5-6B. This colour change is a visible
indication of the spectral change within the data described in Figure 5-5. The ability to
easily follow the change in the spectrum of each pixel in the flow cell allows for this

change in spectra to be tracked through time when using these false colour images.

During the initial 400 seconds of the dissolution of Tablet F there are a number of
processes occurring during the early stages of the dissolution. At the start of the

experiment the tablets appears homogenous with no changes in the colour or intensity.



Chapter 5 110

However, as the experiment progresses darker regions can be seen at the edges of the tablet
which indicate a lower spectral intensity. These are most likely from the tablet surface
starting to hydrate and crack as the expansion begins but this cannot be proven without
additional imaging. The evolution of a secondary spectrum can also be seen as a band of
red in the image, which is caused by the tablet having a changed spectral signal. By
investigating the whole data set it was hoped that more useful data could be attained either
as a second spectral change, denoted by a second colour change, or increased spatial
information could show more about the tablet expansion and the movement of tablet
particles. The image in Figure 5-6A contains the full hyperspectral image of the
experiment and the time is shown in seconds on the side of the image. There appears to be
a slow change in the tablet for the first 700 seconds and then a rapid change occurs in the
tablet bulk. Within 100 seconds the false colours derived from the tablet spectrum has
progressed from being predominantly yellow to almost completely red, with only a very
small yellow streak present at the edge of the tablet. This end of the tablet is held within a
small piece of plastic tubing to prevent movement of the sample and it is highly possible
that this yellow streak is the edge of the tablet being held in this tubing. This represents a
rapid change within the physical conditions of the tablet which is causing a spectral change
in tablet. By the end of the experiment the entire flow cell contains the secondary spectrum
with the lower relative intensity at 1279 nm and the tablet appears to be completely broken
down with a distribution throughout the entire cell. The distribution does not appear
homogenous as the right hand side of the flow cell is brighter which would indicate a
higher spectral intensity caused by larger quantity of the material. These results shows that
this technique is able to view the tablets and visualise there dissolution properties within
the flow cell. However there has only been one change in the flow cell, no other spectral

variation is easily notable throughout the full 30 minutes.

5.3.2.2 Tablet A’s hyperspectral dissolution images

The next tablet investigated was Tablet A which is non-caffeinated and is unique amongst
the tablet as it contains a large quantity of bicarbonates. These are used to cause the tablet
to effervesce and quickly break down within the acidic condition of the stomach, aiding
release of the paracetamol. The image in Figure 5-7 is false coloured using the same
wavelengths as previously and begins with a white section of dry tablet which is quickly
submerged and changes to the yellow colouration as the spectrum of the tablet is changed
by the tablets submersion. In previous experiments there was a slow expansion and

development of a secondary spectrum which is characterised in the image as a red
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colouration in the image. In Figure 5-7 however, within 100 seconds of the tablet being
submerged it has begun to expand through the entire cell. The expansion is rapid and the
image reflects this with the tablet appearing to rupture and split into a number of bright
streaks which run though the image. These streaks are thin, and are much brighter in the
image with less of the yellow than previous images which indicates a spectral change has
occurred at these locations, and their presence can be seen through the entire flow cell.
There is still evidence of the secondary spectrum occurring by the existence of the red
colour appearing in the image as the tablet expands but this is quickly smothered by these

streaks in the image.
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Figure 5-7 The hyperspectral dissolution image of tablet A. The first 400 seconds of the
experiment are shown

Investigation of the spectra of these streaks was used to better understand what they are
showing and the plot is shown in Figure 5-8. As with previous results an average spectrum
was creates from a 10 x 10 region of pixel and three different areas were investigated. The
areas of the dissolution which were investigated were the tablet before submersion, the

bulk of the tablet and a section of the streaks which are prominent throughout the image.
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Figure 5-8 The average spectrum of the three regions of interest in Figure 5-7

The spectrum of the streak data has characteristics of both the original pre dissolution
tablet and the submerged tablet. The intensity lies in the middle of the two and for the 900
— 1400 nm region there is no individual peak or shoulder which cannot be seen in one of
the other spectra. There is however a peak in the data around 1600 nm which is either a
unique spectral peak or some characteristic of the process which is generating the spectra
in the yellow areas of the image. In the tablet spectrum post submersion there is little to no
spectral signal after the 1400 nm region, which is a very strong loss of signal relative to
how the spectrum looked before the dissolution began. From visual inspection during the
dissolution these tablets bubble and expand rapidly leaving a tablet residue on the flow cell
which is, in all likelihood, what is causing the streaks in these results. From observation
and analysis of the spectrum these streaks in the images are either from the centre of the
tablet being forcibly ejected by the evolution of large quantities of carbon dioxide or they
could be showing the effect of the depth of water on the signal as they are most likely
attached to the surface of the flow cell with a minimal path length for the reflected nIR
photons. The depth penetration of a photon is a function of its scattering properties which
are proportional to A where A is the wavelength. The photons of lower energy have longer
wavelength and are more readily scattered which reduces the effective path length of these
photons. This would explain why the vein data, which if it is near the surface has a shorter
path length, has more spectral definition in the longer wavelength region of the spectra.

The longer path length to the bulk of the tablet leads to greater scattering for all
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wavelengths but the effect is most severe at the longer wavelengths which causes to loss of

spectral information after 1400 nm.

Investigation of the full image will indicate how this initial expansion progresses and if any
more changes occur within the data. The full HSI data is shown in the appendix and it
shows that the streaks in the data are clearly present for a long time with there being no

real sign of them changing throughout the experiment.

There is a small number of pixels coloured red in the 30 minute image which is unusual as
the remainder of the tablet hyperspectral images show the evolution of the tablet data from
the starting ‘yellow’ spectrum to the ‘red’ spectrum. The tablet is designed to release the
API as fast as possible and the shift in the spectrum which leads to the red colour in the
images is believed to be a function of this process. This implies that Tablet A, which is
marketed as a rapid release formulation, is not breaking down and releasing the API in a
way which is consistent with the other tablets. The two possibilities for this discrepancy
are that the secondary spectrum, giving the red colour, in which the intensity ratio of the
1073 to 1279 nm wavelengths is much lower is not a function of release from the tablet or
that the large steric bulk of Tablet A is causing significant hindrance with the release in the
relatively tight flow cell. On closer inspection of the streaks in the image there is a shift in
many of them down the cell in the direction of flow. These streaks are moving through the
cell in the direction of the flow and appear to show that the steric bulk is not fully
hindering movement through the cell. There is also a small region of coloured red in the
early portion of the image (between 100 and 300 seconds) which indicates that while this
was formed it was in some way stopped, removed or masked by the formation of these

streaks within the dissolution images.

The tablets not discussed here (tablets B, C, D and E) also showed similar results to tablets
A and F. The initial spectrum of the tablet bulk changed over time with the intensity at
1279 nm decreasing relative to the intensity at 1073 nm. This change to the spectrum of the
tablet is seen throughout the hyperspectral data as a change in the false colouring of the
image. Furthermore this spectral change in the images appears to show the point at which
the tablets are expanding and dissolving as it is the edges of the tablet which change first.

The images from these experiments are all shown in the appendix.
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5.3.2.3 Comparison of bulk tablet spectra

An average spectrum for each of the tablets was created and plotted together to show any
similarities or difference between the spectra. These spectra are shown in Figure 5-9 and at
a cursory glance the spectra appear different. However, on closer inspection the data is
very similar but with an intensity scaling difference which is easily explained by the
variations in signal intensities across the tablets. By visual inspection of Figure 5-6 it is
clear that there are regions of higher (brighter) intensity and regions of lower (darker)
intensity across the tablet. These variations are prevalent throughout the images and across
the individual tablets which could easily cause the intensity of a random spectrum to

change in both an intra or inter tablet situation.

Other than the intensity difference between the spectra there is very little to distinguish
between the tablets. The two major regions of difference in the spectra are the gradient
between 1200 and 1300 nm and the broad peak at 1600 nm. There is a large difference in
the compounds used to make these tablets with tablet A being especially complex. This is
not reflected in the post submersion spectrum in any way and details a potential issue with
the data.
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Figure 5-9 The average spectrum from each of the tablets after submersion in acid solution
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5.3.3 Using mesh plots to show the changes occurring to the
tablet as the experiment progresses

5.3.3.1 Introduction to mesh plots and how they were generated

The hyperspectral images of the tablet dissolution details a similar dissolution progression
over time for each different tablet formulation. The tablet spectrum with the more intense
signal at 1279 nm appears in the image as a yellow band and is seen in the initial portion of
the image. Over time the spectrum is changed as the intensity of the 1279 nm is lowered
which causes a colour change creating a red band in the false colour image as the
dissolution progresses. The sole exception to this is Tablet A, the red colouring does
appear briefly in the image before it is masked by intense streaks of tablet data. The shift in
the false colours in the image from yellow to red clearly shows a spectral change within the
tablet data and this can be seen from 1200 nm onwards. By closer inspection of the data
both across the flow cell at set points in time and a set point in the flow cell as the
experiment progresses it may be possible to better characterise this change in the spectral
data. This was performed using mesh plots in MATLAB which plot consecutive spectra to
create a 3D plot. The first tablet formulation investigated was tablet F as this was seen as

the best ‘average’ tablet for the rates of change and tablet disintegration and expansion.

The hydration and expansion of the tablet which appears to create the secondary spectrum
and moreover the red colouration is clearly seen within the first 400 seconds of Figure 5-6
and this same image was used to locate the best positions for the mesh plots. The x axis
mesh plots dissect through the flow cell at a specific time point and will show how the
tablet is changing, how it is expanding and how uniform the changes are across the tablets.
Four of these locations were analysed and the positions were chosen to allow for
comparison of data from multiple points in the tablet expansion process from the early
tablet through to the later time points where the expansion and breakdown of the tablet is
the prominent feature through the entire flow cell. The y axis mesh plots dissect the y
‘time’ axis at a set spatial pixel location; three of these locations were chosen to detail how
the spectrum changes over time. The locations used are from the bulk tablet, the interface
of the tablet between the edge of the tablet and the surrounding acid solution and also a
point slightly away from the early tablet data but within the later expanded tablet data. The
exact locations for these mesh plots are shown in Figure 5-10, the x axis mesh plots are
shown in green and the y axis mesh plots are shown in blue. The y axis mesh plots cover

the whole of the data set not just the 400 seconds shown in this image.
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Figure 5-10 HSI Image of tablet F's dissolution which has been marked to show the
locations chosen for mesh plot analysis. The green lines show the x axis plot locations at
10, 60, 180 and 350 seconds and the blue lines show the y axis plots at Positions 1, 2and 3

5.3.3.2 X axis mesh plots of Tablet F

The x axis mesh plots are all shown in Figure 5-11 with the earliest time point shown in
Figure 5-11A etc. The earliest time data is from 10 seconds into the experiment and is used
to show the tablet data just after submersion when little to no changes have occurred within
the tablet. The tablet itself is between the 9 and 19 mm markers in the cell and is uniform
across the entire tablet which gives a good starting plot for comparative analysis. There is
also an individual spectrum around 22 mm which appears to be an artefact or a small piece

of something which has moved into the flow cell.

The second x axis mesh plot was created using data from 60 seconds after the experiment
began, and can be seen in Figure 5-11B. This plot shows how the expansion and

disintegration of the tablet is progressing after the tablet has been submerged for only 60
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seconds. The once uniform level of tablet spectra is gone by this time point and has been
replaced by a range of intensities. The edges of the tablet have lost intensity rapidly while
the core is staying mostly unchanged from the data shown in Figure 5-11A. The dimension
of the tablet has not changed so no expansion has yet occurred in the direction of the flow
which implies that these changes are either pre-expansion or showing upwards expansion
to fill the flow cell before it spread outwards down the flow cell. One limitation of the
imaging protocol is the lack of the spatial information which could be used to show exactly
what this change is showing. It is not possible to definitively determine if the expansion of
the tablet is the expansion of a complete tablet or the movement of tablet particles which
are the product of the tablet breakdown without the full spatial information. Whatever
change is being seen in this plot it is clear that the change occurs at the end of the tablet
where the surface area for interaction with the acid solution is greatest.

Figure 5-11C is the mesh plot created from taking a cross section of the flow cell at 180
seconds into the dissolution. Inspection of Figure 5-10 shows that this time point is where
the false red colour starts to become prominent on the edge of the tablet but that the tablet
itself is still mostly the same spectrum which gives the yellow colour in the image.
Previously there was no evidence of tablet material in the first 9 mm of the flow cell but
Figure 5-11C does include some spectral data in this region. The intensity is very low but it
is clear that the tablet is beginning to break apart and some of the tablet particles are
causing these spectral signals. The end of the tablet is also beginning to break apart,
something which can be seen in the intensity of the bulk tablet region. In Figure 5-11B the
edge of the spectral data was still sharp with a very clear end to the tablet which is not the
case in Figure 5-11C. In this data the end of the tablet now shows a much gentler gradient
from the tablet bulk to the region of the flow cell which contained no tablet at the start of
the experiment. This change is evidence of the tablet breaking apart from the edge and also
potentially the start of the swelling process as the tablet begins to move further down the

flow cell.
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Figure 5-11 Four mesh plots which show the spectra from a cross section of the HSI dissolution data of Tablet F. The exact locations used are shown in
Figure 5-10 where A) 10 seconds into the experiment, B) is the 60 seconds into the experiment, C) is 180 seconds into the dissolution and D) uses data

collected 350 seconds after the experiment began.
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The final x axis mesh plot is Figure 5-11D and the data used for this mesh plot is taken
from 350 seconds into the experiment. This time point was chosen to show the evolution of
the secondary spectrum in which the 1279 nm intensity is lower, relative to previous data,
and is becoming more prominent and should also show the later stages of the tablet
swelling process. The spectral data looks most like Figure 5-11A as the bulk of the tablet is
mostly uniform with no sign of the strong intensity changes shown previously. This change
in uniformity is due to the expansion of the tablet coming to an end with the tablet material
being either pressed against the wall of the flow cell or settling to a constant level after the
tablet has broken down. There is no way to ascertain the height of the data so either reality
is possible but the end result is the same, a return to the uniform intensities in the bulk of
the tablet. To the side of the tablet is more evidence of tablet material being moved along
the flow cell either by the swelling and breakdown of the tablet or by tablet particles being
moved by the flow of the acid solution. The secondary spectral signal in the false colour
image of Figure 5-10 is generated by these small amounts of tablet material which are
deposited throughout the flow cell and this indicates that the red spectrum is in some way
reflecting the tablet after breakdown.

All of these mesh plots show interesting information about the environment throughout the
flow cell at a specific time but by considering them together it is possible to see the
changes in the tablet. The mesh plots show that the tablet starts as a single uniform
spectrum which quickly changes once the acid solution begins to flow. The tablet appears
to expand and break down with small objects being distributed downstream of the tablet,
which causes a slight change in the signal at specific regions, as the experiment progresses

larger pieces of tablet can be seen.

5.3.3.3 Y axis mesh plots for Tablet F

The Y axis mesh plots can show the changes in a specific point in the flow cell as time
progresses. Unlike the X axis mesh plots these plots don’t show the change for the entire
cell but rather the changes at a specific location such as the bulk of the tablet. Figure 5-12
was created by taking a cross section of the data along the time axis at Position 1 which
can be seen in Figure 5-10. This region was chosen to give more information on the
expansion, breakdown and clearance of the tablet within the flow cell during the

dissolution.
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The earliest data shows very little signal which is to be expected as at the start of the
experiment there should be nothing in the flow cell at this location. As the experiment
progresses there is a clear increase in the signal response from no signal to a maximum

reached after 900 seconds.
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Figure 5-12 A mesh plot generated using a cross section of the time axis in the image from
the dissolution of Tablet F. The exact location used for this plot is shown in Figure 5-10 as
the Position 1

The increase in signal strength is gradual in the earliest stages, which indicates that the
tablet is slowly expanding and that tablet material is being deposited at this location at a
steady rate. It appears that the some of the tablet material is lost in the period between 600
and 900 seconds but that it is quickly replaced and after this point the intensity doesn’t
appear to change for the duration of the dissolution. The tablet has completely broken
down by 900 seconds and no more changes are occurring with respect to changing signal
intensity after this point. To investigate this change the intensity of the peak at 1076 nm
over time was plotted and is shown in Figure 5-13. As with Figure 5-12 there is a clear lag
period before the tablet moves across into the selected region of the flow cell. This lag
period is followed by the first of the three different stages which can be clearly seen in the
plot. This region has the steepest gradient and thus the rate of change is quickest during
this region, this is where the tablet material is initially expanding across the flow cell. The
second region lasts for approximately 600 seconds and shows a slow constant increase in
the single intensity over this time. This increase is seen in Figure 5-12 and is caused by the
tablets disintegration causing more material to lie at this point in the flow cell. The final
region is mostly flat with no change and shows that the tablets disintegration and the

distribution of tablet material have mostly stopped by this point in the experiment.
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Figure 5-13 A plot following the change of intensity at 1076 nm over time using the data
shown in Figure 5-12

The other y axis mesh plots (which are shown in the appendix) show similar results with
the majority of the variation occurring within the initial 900 seconds of the experiment and
very little being visible after this point. The results of mesh plot analysis for each of the
tablets is similar with a change across the tablet as it breaks down and the secondary red
spectrum begins to become prominent. The rate of this change and spread throughout the

cell is different for each tablet brand but the general information shown is consistent.

The loss of the API or excipients from the tablet should cause a slow change in specific
peak locations in the data a process which is not seen in any of these results. Also there is a
significant change in the spectrum of each tablet as soon as it is submerged in the acid
solution; this change is so rapid it could be used in some images to track the rate of the
acid flow in the flow cell. These results imply that there is interference in the flow cell
which is caused by the acid solution. The exact nature of how this interference is
interacting with the signal must be calculated so that a correction factor can be created to
return the attenuated tablet spectra back to the original form. Without this correction then
this data cannot be used to follow the release of paracetamol and caffeine from the tablet.
The data can still be used to investigate the disintegration and expansion properties of the

tablets in great detail due to the high time resolution used in the experiments.
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5.4 Calculating and correcting for the signal attenuation
present in the data

On closer inspection of the results from 5.3.2 it is clear that some physical effect is altering
the spectral data which is creating difficulties with the analysis of the results. By following
the motion of the acid solution through the cell and over the tablets in the initial stages of
the experiment it is clear that the acid solution is causing some kind of filtering effect. The
spectrum is seen to change as soon as the acid is between the tablet and the camera, such
that the photons travelling through the acid are undergoing some form of filtering effect.

A series of different corrections were attempted to remove this effect which are detailed in
the appendices. The outcome of these corrections is that the acid solution is attenuating the
signal from the tablets and this effect cannot be easily corrected. This effect is not a simple
combination of two signals interacting to make the output spectral response as the

attenuation changes during the experiment.

5.4.1 Determination of the cause for the signal attenuation

The correction results in the appendix show that the signal is being affected by more than
a simple masking effect or filtering from a second signal. The spectral response from the
nIR reflectance is being attenuated with respect to some factor. The most likely cause of
this attenuation is the path length of the nIR photons through the acid solution; as the path

length increases the attenuation is also increased.

The reflectance value detected by the hyperspectral camera is a mixture of different
reflectance terms which are shown in Figure 5-14. The light which enters into the flow cell
from the lamp is denoted as Iy and is a 100% transmission of the nIR photons with no loss
until the flow cell is reached. Once the nIR photons reach the wall of the flow cell there is
a small amount of reflection and absorption of the nIR photon which causes a slight
reduction to the total number of photons. This happens each time the photons reach the
edge of the glass the flow cell and they are shown in the diagram as Rg. The loss of the
spectral signal due to the absorption of the photons through the acid solution is shown as
Raand the final reflectance value R is the detected reflectance from the sample. The loss in
the total signal intensity of R is a product of each of the different absorption or reflectance
process; the loss from passing through the glass and the acid solution is a percentage of the

total intensity and so R can be expressed as:
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Where each R term has a value between 0 and 1 such that R has a non-negative value
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Figure 5-14 A diagram showing the different ways that the signal attenuated

The reflectance value from the wall of the flow cell (Rg) is measured during the pre-
dissolution calibration images. This is constant both between and during experiments and
can be considered as a singular unchanging factor. While the signal is attenuated from this
process it is by a fixed amount in each experiment and cannot be the cause of the change

over time to the spectral signal.

The intensity of I, is also a constant throughout the images which leaves only two factors
which could explain the attenuation of the signal; the reflectance of the sample changing or
the reflectance of the acid changing. The sudden change in the spectrum implies that the
change is not from the reflectance of the sample as it is unlikely that the sample would
change so severely so fast. If the path length of the acid is causing this attenuation of the

spectral signal that is seen in the images above then the value of Ra is changing.

5.4.1.1 Path length data

To test if the path length is the factor controlling the attenuation an experiment was carried
out. A small piece of the reflectance calibration tile was placed into the flow cell and the
cell filled with acid solution. The reflectance of the tile was then measured and the flow
cell emptied, the tile was then raised by placing it onto a thin piece of polyvinylchloride
(PVC) and the process repeated. This was done until the calibration tile could be raised no
higher and the reflectance values were then plotted. The calibration tile and the PVC

raisers were used as they are both inert in a hydrochloric acid solution. As the plastics are
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inert the spectral response of the tile will be constant throughout the experiment and the

height will not be changed by any dissolution of the raising materials.

Once the imaging was completed a region of 10x10 pixels was chosen to create an average
spectrum, this same region was used in each image to minimise the variability, if any,
across the sample. The average spectra were then plotted as seen in Figure 5-15 where it is
clear that an increase in path length, or a decrease in height which is how the data is
represented in the plot, has a definitive and seemingly ordered effect on the intensity. The
plot also shows that the data from the second height increment appears to be erroneous as it
changes in intensity to a greater degree than any other signal, this data was removed from
further calculations to prevent any skew or bias to these incorrect values. It is believed that
this result is from the calibration piece moving so that a different edge is facing upwards,

which would change the spectral signal substantially.

The degree of attenuation at each wavelength is separate and unique as is shown by the
difference between the intensity of the signals at the wavelengths of 1255 and 1650 nm.
The change in intensity at the 1255 nm region of the spectra shows a near linear height
change with a loss of reflectance intensity of approximately 0.1 at each height step. The
data from the 1650 nm region however, displays a substantial difference in the attention
effects with the signal intensity quickly minimising to a value of below 0.1 within 3

increments of height.



Chapter 5 125

Plot showing the spectra of the calibration tile under a number of different elevations
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Figure 5-15 Plot showing the incremental height data used to determine the effect of path
length in the data

These results demonstrate that the path length is having an effect on the attenuation of the
signal. The next step was to attempt to calculate how the path length is affecting signal as
the degree of attenuation is not the same in each wavelength. Mathematical models were
created to investigate the signal attenuation and to discover the relationship between the
path length and the degree of the attenuation. These models use the same data as in Figure

5-15 and are included in the appendix.

The models show that the path length and the signal attenuation are related by the equation

below where y is the spectral response, ¢, A and d are constants and X; is the path length.

y; = chitd+ d

This equation shows that the magnitude of the signal attenuation is caused by a power
relationship which highlights the importance for minimising the path length of the photons

through an absorbing medium.

This result is not unexpected as it is showing that the reflectance of the sample can be
calculated by considering the path length of the light through an absorbing medium and a

factor which is related to the absorbance of a signal at a set wavelength with no



Chapter 5 126

interference. This equation is very closely related to the Beer-Lambert law which states
that:

I
R=—=10"%
lo

Where R is the reflectance of the system which is a function of the measured light intensity
divided by the total light intensity, | is the path length of the photons through the absorbing
medium and o is the absorption coefficient. The Beer-Lambert law shows the same
relationship between signal strength and path length therefore the o term is closely related
to the c term.
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5.5 Conclusions

During previous work the dissolution of paracetamol tablets had showed a change over
time but the time between the different hyperspectral images was too long and little useful
spectral information could be gathered. In this chapter a novel approach to the imaging of
these tablets was used, in which the spatial information was degraded but the temporal
information was improved substantially. The new images create a new line of data every
100 ms by only imaging a single spatial location. To ensure the accuracy and repeatability
of these experiments a number of procedures were used and the creation and use of a
specialised holder along with the taking of pre imaging reference spectra being the two

major procedures.

The very high time resolution does, however, come at a price and due to the change in the
form of the hyperspectral imaging the data produced can be difficult to understand. The
loss of spatial information results in no way to clearly see the full breakdown of the tablets
in the flow cell, instead there is a change in a band across the tablet which does not reflect
the full complexity of the tablet breaking down. There is no knowledge of how the rest of
the tablet is moving and if the band seen in the images is representative of the whole.
However, the temporal resolution in this data is extremely good and can lead to the
tracking of small fast moving objects which pass through the flow cell during the
dissolution. This resolution is better even than some UV dissolution experiments and thus

has the potential to better show the rate and distribution of API loss from the tablet matrix.

While there is a loss of spatial information and a difficulty in understanding and reading
the images they have clearly shown more about the system than the previous, more
standardised images. The results from Tablet A in particular emphasise the level of
understanding which can be gleamed in this technique. Within the dissolution of this tablet
a complex system of the acid egress and rapid tablet expansion can be tracked along with
the movement of particles through the flow cell and even slight changes over time in the

spectra of set locations.

The use of the high temporal resolution allowed for mesh plots detailing the changes
within the flow cells at set points, these mesh plots can show how the tablet environment is
changing such as the breakdown and expansion of the tablets over time. The hydration and
tablet expansion can be tracked with high precision using this technique and with further

analysis it should be possible to generate a measure of the expansion as was done in
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previous chapters. The loss of API from the tablet is not visible in this data and appears
impossible to track with the current imaging setup. However, the increased time resolution
means that once the attenuation has been removed or reduced then it should be possible to
use HSI to accurately follow the release of the APl from within the tablet matrix. The mesh
plots also show that is should be possible to follow the loss from specific pixels in the
tablet data rather than as an average of the whole like in the current dissolution systems.

This shows that there is a potential to use hyperspectral imaging in tracking the progress of
moderately high speed reaction, and not just the breakdown and release from tablets, if the

problems in the imaging of the tablets can be resolved.

It became clear during the analysis that the spectrum of the tablets was being attenuated
and that this was most likely due to the path length of the nIR photons through the acid
solution. Further analysis of the results showed that the path length was indeed having an
effect on the spectral signal by attenuation. This attenuation is not the same at every
wavelength and cannot be removed by a simple subtraction or filtering of the data through

a transfer function.

By using a model it was shown that the severity of the attenuation is proportional to a
constant raised to the power of the path length. This explains why the signal becomes
weaker as the experiment progresses because as the tablet breaks down the path length
through the acid to the tablet increase. The increase in the path length causes a large

increase in the degree of attenuation to the signal.

These results were predicted by the Beer-Lambert law but the severity of the attenuation
unexpected, the absorption coefficient of the water in the system is large enough that it is

causing a masking of all over data signals.

The cause of the attenuation is the water molecules in the acid solution strongly absorbing
the nIR photons which mask any smaller absorptions from the surface of the tablet. This
attenuation is a crippling problem for using nIR to follow the dissolution of the tablets and
there is no way to stop the attenuation from occurring when using aqueous systems and

near infrared detection.

There are only two possible paths to take from these results, either the attenuation must be

reduced by minimising the path length or a new wavelength range should be used. The new
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wavelength range would require a UV hyperspectral camera as any nIR or IR based system
would be affected and in chapter 3 it was shown that the HSI cameras which operate in the
visible are not sufficient for the task. UV hyperspectral systems are rare and very
expensive so gaining access to a system is unlikely, also the need for a UV light source

could cause further complications.

Minimising the path length could be attained by either using a narrower dissolution vessel
or by using gravity or imaging from below the flow cell. Both of these approaches have
complications and would not completely remove the effect of the attenuation however, it
may well be that this is the most realistic approach to improving the results. The approach
chosen in Chapter 6 is to use gravity to pull the tablet material to the bottom of the flow
cell and to image in a bottom up style. This system is able to minimise the path length of
the nIR photons without changing the fluid dynamics of the system by creating a more

restricted flow.

If the attenuation of the signal can be averted then the high temporal resolution and good
spectral resolution could be used to great effect to determine the release properties of

tablets in new and novel ways.
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Chapter 6: Hyperspectral determination of
caffeine within a tablet during dissolution.

6.1 Introduction

The use of nIR as a tool for hyperspectral dissolution imaging has been shown in previous
chapters to have great potential but it is hampered by signal attenuation. Water absorbs
near IR radiation strongly at two specific wavelength which are 1440 nm and 1930 nm*®,
The absorption of these photons causes specific regions of the nIR spectrum to be masked
by broad peaks which prevent any useful information being identified. This attenuation of
the spectral data causes a loss of meaningful results within the dissolution imaging.

The best way to improve the hyperspectral dissolution imaging is to lower the effect of the
signal attenuation by the water in the flow cell. The simplest and potentially most effective
way to achieve this aim is by changing the experimental setup. The absorption of any
wavelength of light through a liquid is proportional to the path length through the
absorbing medium which the photons must pass. By reducing the path length of the photon
through the liquid in the flow cell then the amount of absorption by the water, and thus the

severity of the attenuation, can be diminished.

This body of work attempts to use this simple premise to effect a reduction in the signal
attenuation present in the data and thus to produce results with a greater degree of useful
spectral information. By lowering the degree to which the signal is attenuated it should be
possible to see peaks of interest in key areas, these peaks could allow for more in depth
analysis of the tablets. This analysis could show anything from seeing an excipient
breaking apart from the cell to being able to track the release of active pharmaceutical
ingredients or even acquiring greater information about the change in the tablet during the
expansion and disintegration stages. Any one of these potential analytical areas could
provide very useful information about how the tablet releases its payload, which could in

turn be used to better design the tablets.

The hyperspectral imaging systems used in these experiments is configured to detect
reflected nIR photons. This was utilised to minimise the path length through the acid

solution by imaging from beneath the flow cell. Gravity will pull the material to the base of
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the flow cell and thus the nIR photons should only have the acid solution which has
permeated the tablet matrix causing attenuation. There will be very little acid solution for
the nIR photons to pass through before reaching the detector which should minimise the
effect of the signal attenuation. The limitation of this system is that the flow across the
surface of the tablet is affected relative to the previous experiments. In Chapters 3 and 4
the image is of the top of the tablet which has no restriction on the flow of liquid over the
surface. However, this is not true with the experimental setup used in this chapter as the
experiment is imaged from underneath the flow cell. The face of the tablet being imaged is
pressed against the wall of the flow cell with minimal space for liquid to flow through. The
tablet will not have the same rate of flow from the liquid over the surface of the tablet than
in previous chapters. This could affect the dissolution properties of the tablets however, the
tablets chosen are fast acting and swell rapidly which will minimise these problems as

swollen tablets can also allow for the solution to pass through them.
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6.2 Materials and Methods

6.2.1 Materials

Due to restriction with the availability of the HSI system a reduced number of tablets were
imaged in these experiments. Previous experiments contained a mixture of caffeinated and
non-caffeinated tablets as well as a range of complexity to the tablet formulations. It was
decided that the three best tablets to use would be Panadol Actifast, Panadol Advance and
the Panadol Extra; these were known as Tablet A, Tablet B and Tablet C respectively.
These three tablets are fast acting and have shown good release profiles, their formulations
are designed to maximise the breakdown and release of the API from the tablet and a full
list of excipients is available in Chapter 2.4.2. Panadol Actifast is unique because it
contains sodium bicarbonate which is used to improve the breakdown of the tablet by
reacting with stomach acids, creating carbon dioxide gas. There is also a mixture of
caffeine containing and none caffeine containing paracetamol tablets, the caffeine is added
as a stimulant into certain brands of paracetamol to improve the performance of the drugs
and to help lessen any drowsy and groggy feelings which the taker may be suffering from.
The inclusion of caffeine into the tablet could show regions of great interest or the

increased complexity may mask other results, which is why both types of tablet were used.

6.2.2 Equipment

The nIR HSI system used in these experiments was a Specim SWIR Spectral Camera
which consists of MCT camera with active pixel dimensions of 320 (spatial) x 256
(Spectral) pixels. The spectrograph was an ImSpector N25E with OLES Macro lens
attached.

The software used for the data capture was SpectralDag® with MATLAB® being used to
control the scanner speeds for later data analysis. Initial image verification and analysis
was performed using the Exelisvis ENVI® software package and SIMCA-P 11 was used to

generate scores plots.

6.2.3 Experimental setup

The flow cell apparatus remained unchanged from Chapter 5 with the same pump, flow
rate, tubing and holder. However, the flow cell holder was suspended in the air above the

HSI camera so that the imaging of the base of the flow cell could take place. The flow cell
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was placed into the grips of a modified clamp stand, which contained a bolt to attach it to
the motorised stage. Subsequently the x-axis and y-axis movement of the flow cell can be
accurately controlled by the movement of the motorised stage. A picture of the
experimental setup is shown in Figure 6-1, the flow cell and holder can be seen positioned
close to and above the HSI camera.
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Figure 6-1 Picture showing the experimental setup used in this chapter
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6.2.4 Experimental procedure

The dissolution of Tablet A, Tablet B and Tablet C was run for 30 minutes following the
same experimental procedure as shown in Chapter 5 with a flow rate of 10ml/min.
Previous experiments had shown that the majority of the API is release from these tablets
within a 15 — 20 minute window. The extra time was to allow for any reduced release rate
due to the more confined position of the tablet with relation to hydration and expansion.
The camera captured a new line of data every 100 ms with an exposure of 2.5 ms, the
motorised stage was set to move 1.97 mm/s causing a full pass of the flow cell every 6
seconds. The movement of the stage was controlled using special functions coded in
MATLAB, this allowed for very tightly defined control of the speed and location of the

stage.
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The nIR photons were generated by a set of high powered DC lamps attached to the
camera to ensure a maximum illumination of the sample. It is important that the sample is
well illuminated to ensure a strong and constant signal response from the reflectance off

the sample.

The system was also used to collect a series of reference spectra for the active
pharmaceutical ingredients (API) and major excipients present in the tablets. The image
capture began as the solution entered the flow cell and continued until 1 minute after the
flow cell had completely filled. This gave an accurate spectrum for both the dry and wet

compounds.

Once the data had been captured it was viewed using ENVI to ensure that there were no
imaging artefacts which would ruin the data processing such as the flow cell ‘slipping’ out

of view or some particles on the lens.

6.2.5 Data processing
6.2.5.1 Data correction

Once the image capture was completed a set of calibration images were captured using a
white PTFE tile for the 100% reflectance and a 0% reflectance image was recorded by
switching off the lights and placing the lens cap onto the camera. These two values are
used to convert the raw data which is expressed as a number of counts into the reflectance

of the nIR radiation from the sample.
The calculation for determining the reflectance of any point is shown below

_ I3 — Dy
A7 I — Dy

Where |, and I, are the intensity (in counts) of the 100% reflectance standard and the
target pixel respectively at a set wavelength A. D is the intensity of the dark or 0%
reflectance standard and R is the reflectance value for any specific pixel in the image at a
set wavelength. This data correction was performed using a bespoke algorithm written in
MATLAB.
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6.2.5.2 Pre-treatment of spectra

It is common with nIR analysis to investigate the first and second derivative of the spectra
with respect to wavelength (SR/81) 228, The peaks in the nIR spectra are often broad,
this is due to them being comprised of a number of smaller slightly shifted peaks. The
change in any one of these smaller peaks will affect the overall peak shape but not
necessarily in a large easily visible manner. By investigating the derivatives of the peaks
any changes in the gradient of the peak (first derivative data) or even the change in the

gradient (second derivative data) can be seen analysed.
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6.3 Results

6.3.1 Creation of tablet dissolution images

Tablets A, B and C were imaged and the data stored and corrected to generate a value of
reflectance relative to the 100% PTFE standard.

The full datasets contain multiple repetitions of the flow cell over time which builds up to
create the hyperspectral dissolution image. A single repetition is shown in Figure 6-2
which has been annotated to show the different areas within the image. The tablet inside
the flow cell can be seen to the right of the image along with the PVC holder used to
position the tablets and to the left are two other distinct objects. The very left edge contains
a piece of white calibration tile, which is used to ensure the accuracy of corrections. The
reflectance value of any pixels randomly chosen within these regions should equal 1 + 0.05
for detector error. The second, more rounded object in the image is a tablet, specifically the
same brand as that being imaged, which has been split in half showing a cross section of
the tablet. This piece of tablet can be used as a secondary reference sample which is

unchanged throughout the experiment.

Reference Flow cell
tablet ,/kfg/—/”\\‘ix "
White
calibration PVC tablet
tile holder

70 mm

Figure 6-2 Annotated diagram detailing the part of the image

The start of the experiment is always the top of the image, with each new pass of the flow
cell over the camera generating the next tablet down in the image. This building up of the
image is illustrated in Figure 6-3, where the first 4 repetitions of the dissolution of Tablet
A can be seen. The motorised stage moves back and forth to capture the data which creates
a degree of symmetry within pairs or couplets of tablets. Every second tablet in the image
is inverted as the direction of the imaging has also been inverted an effect most notable in

these tablets. A bright spot can be seen on the tablet from the centre of the letter P which is
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embossed on the tablet surface. It is possible to follow the location of this P and to see the

mirroring of the images as time progress down the image.

[N

One pass over the detector Two passes over the detector Four passes over the detector

Figure 6-3 A diagram showing how the hyperspectral images are created. The direction of
the stage's movement is shown by the arrows and each new pass across the detector
generates a newflow cell image.

The hyperspectral dissolution images of the three tablets were all built up in this manner
and the resulting images are shown in Figure 6-4 The images, created in MATLAB, are
greyscale with the intensity of each pixel being determined by the intensities of the 1281
nm band. These images contain only the first 2000 lines of data which shows most of the
initial expansion and breakdown of the tablets. The frame rate of the camera was 10 frames
per second so the first 2000 lines contain the data from the first 200 seconds of the

experiment.



Chapter 6 138

iy

Time (s)

B0 25 B8 AR BE BA AG A8 20 s

Figure 6-4 The hyperspectral images created during the dissolution experiments. The image
is a greyscale relative to the intensity at 1281nm. The annotation on the image denotes the
tablet being imaged. Tablet A contains sodium bicarbonate and paracetamol, Tablet B
contains just paracetamol and Tablet C contains paracetamol and caffeine
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Figure 6-4A shows the dissolution of Tablet A during the first 200 seconds of the
experiment. The edges of the tablet are becoming less defined as they begin to break away
and dissolve during the experiment and the tablet loses its shape completely within 200
seconds. The changes in this tablet are slower than is seen in Tablets B and C however, the
changes in the tablet are still rapid as there is clearly expansion of the tablet material within
200 seconds of tablet being submerged in the acid solution. The expansion of the tablet is
tracked in greater detail below (Figure 6-5) where it is quantified and a rate of expansion

determined.

The dissolution of the tablets was measured previously using a USP type IV apparatus and
the data is shown in the appendix. These results show that the fastest releasing formulation
is Tablet B which begins to release almost immediately and reaches 80% release within
300 seconds. Tablet A has a longer lag period before any release of the drug is seen but
then very rapidly releases the drug with less than 200 seconds needed to move from no
release to full release of the paracetamol. The release data for Tablet C is much slower

with approximately 1200 seconds needed for 80% release of the paracetamol.

Tablet A contains carbonates which in the presence of acid will quickly dissolve releasing
CO;, gas. The release of the carbon dioxide gas is designed to aid the dissolution of the API
within the tablet by causing rapid tablet breakdown. The rapid rate of release is aided by
the carbon dioxide gas being forced out of the tablet. During the UV dissolution the tablet
completely dissolves but the HSI shows that there is still tablet material present even after
30 minutes. The change in dissolution properties between the UV and the HSI is most
likely due to the steric confinement of the flow cell used in the HSI experiments. Tablet A
is a large bulky tablet which uses the effervescence of gas to force apart the tablet and
increase the rate of tablet breakdown. When the tablet is placed into the flow cell it fills a
large portion of the cross sectional area of the flow cell before any expansion has occurred
and so the expansion of tablet material will quickly fill the flow cell, impeding the full
dissolution properties of the tablet. However the tablet, while potentially slower releasing
than in the UV, still fully breaks down within 4 minutes and the tablets expands more in

the direction of flow and less uniformly in all directions
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The dissolution of Tablet B is shown in Figure 6-4B, it can be seen that this tablet is much
smaller than Tablet A and that the expansion of the tablet appears to occur much quicker.
The initial six tablets after the flow cell is filled show tablet expansion but with the tablet
remaining in its initial shape. After this period of approximately 45 seconds from the start
of the experiment the shape of the tablet is lost and a flat leading edge is formed as the
tablet expands in the direction of the flow. The expansion appears to stop around 75% of
the way down the flow cell, this is where the outlet for the cell is found and most likely this
is why the expansion of tablet material appears to have stopped. Any further expansion in
the direction of the flow would most likely expand into the outlet of the cell and be flushed

out of the system.

The last dataset in Figure 6-4 is from Tablet C, this is caffeine containing paracetamol
tablet. The rate of expansion and breakdown appears to be the highest for all three tablets,
which later analysis proved by investigating the rate of tablet expansion. Inspection of even
the earliest wet tablet images shows that the tablet is not just expanding. There is evidence
of particles in and around the tablet from its breakdown while the expansion of the tablet
material is occurring; this tablet breaks down into small particles as it expands. This is
contrary to the UV dissolution data which shows that release of API from Tablet C is much
slower than Tablets A and B. The UV dissolution data is not run alongside the HSI but was
collected at a much earlier date using a USP type IV dissolution apparatus and a different
batch. The disparity between the dissolution data and the HSI data is caused by this
variation. Either the change in the dissolution vessel has affected the dissolution rate of
either Tablet C or Tablets A or B or the formulation of the tablet has changed between the

two different batched used in the two different experiments.

The other unusual observations in this image are that there are particles moving to the right
of the tablet which is against flow and that the tablet is able to distribute the particles
throughout the flow cell. Both of the previous tablets generated images which show the
expansion stopping around the out flow point of the flow cell, while Tablet C has particles

which go past this point.

The HSI data clearly shows the tablets beginning to expand and then breakdown as the
experiment progresses. In Chapter 4 the degree of expansion and breakdown within the
flow cell was calculated as a function of how many pixels, within the boundaries of the
flow cell, contained tablet data. A function was written in MATLAB for this purpose

which was able to separate the individual flow cell repetitions and then count the number
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of tablet containing pixels. The number of pixels was then converted into a percentage of
the total flow cell to give a uniform metric to compare the different tablet release rates.
Figure 6-5A is a table containing images of tablets A, B and C every 100 seconds for the
first 400 seconds. This time period shows the initial expansion and breakdown of the
tablets and how the tablet material spreads through the flow cell. Figure 6-5B is a plot
which shows the rate of tablet expansion as a function of the percentage of the flow cell
which contains a significant amount of tablet. This data is for the full 30 minutes of the
experiment and each tablet shows a sharp increase in how much of the flow cell contains
tablet data over the first 400 seconds, after this time there is also a loss of tablet particles in
the flow cell.
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Figure 6-5 The expansion of tablets as A) images from the first 400 seconds which show a
snapshots of the expansion and breakdown and B) a plot of the percentage coverage of the
flow cell

The earliest stages of Tablet A’s dissolution show much a decrease in flow cell coverage
which may be caused by a passing air bubble as these cause intense signals which would
fool the algorithm. After this initial blip the data looks good and the rates of the expansion
can be calculated assuming a first order rate and these results are shown in Table 6-1. The

rates were calculated by applying a line of best fit to the data and these images are included
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in the appendix. The rate of expansion for Tablet A is the highest which can be seen by the
sharp increase in Figure 6-5B, this formulation is specifically designed to use carbonates to
increase the rate of breakdown and release which this data clearly shows. Tablets B and C
are both complex formulation which use a number of excipients to increase their rate of
release over the more basic tablets on the market. Their release rates may be similar and
slower than Tablet A but they are still showing complete breakdown within 400 seconds
which is a rapid expansion of the tablet. A rate of loss was also calculated which shows
how fast the tablet material is clearing the flow cell. Tablet B has material leaving the flow
cell at the fastest rate while Tablet A is much slower. The material that is being cleared
from the cell should mainly consist of the none-soluble excipients within the tablets such
as magnesium stearate and their clearance is not necessarily indicative of the release of the
API from the tablets. The rates of release are much lower for each of the tablets than the
expansion however this does not mean that the tablet is moving out of the flow cell at this
rate only that the pixels in the flow cell are clearing at this rate. Each pixel is over 200 um
in diameter and can contain a great many particles of the tablet stacked on top of each
other. The volume of tablet in a pixel is not calculable due to the signal attenuation
affecting the signal strength and so the algorithm is unable to account for the movement of
tablet particles from a pixel which does not constitute the complete vacating of that pixel.
What this means is that the rate of loss from the flow cell is most likely much higher than

the results calculated here and that these values are guideline approximations.

Tablet A Tablet B Tablet C
Rate of tablet expansion
and breakdown (percentage | 0.1711 0.1102 0.1226
change/s)
Rate of loss from the flow
cell - 0.0005 - 0. 0076 - 0.0022
(percentage change/s)

Table 6-1 Rates of tablet expansion (percentage change per second) through the flow cell
and tablet loss from the flow cell
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6.3.2 Analysis of the spectra for the tablet data
6.3.2.1 Average spectral profile comparisons

The first spectral analysis performed on these results was to simply inspect and investigate
the spectra throughout the data at different times. This experiment was designed such that
the tablet spectrum should be less affected by signal attenuation than in previous

experiments.

The spectra of 4 different regions in the images were analysed, these were chosen to best
represent the data in the image as a whole. The 4 points were: the initial dry tablet, the
tablet immediately after wetting, the tablet during breakdown and the tablet after
breakdown. The spectra of the data in these regions should detail the major changes
present in the tablet as the dissolution progresses while also showing that the experimental
design has been successful. The specific locations used are highlighted as black squares in
Figure 6-6, these locations all lie on the same vertical line down the image. Choosing the
pixels in this way prevents any pixel to pixel variation which may be present in the
detector or any differences in the light intensity across the image. The regions chosen are a
10 x 10 square of pixels which covers an area of approximately 2360 pum2. A 10 x 10
region was chosen as it is a region large enough to give an accurate mean spectrum of the
bulk environment while also being small enough to give multiple regions in the tablets for

comparison is required.

Figure 6-7 contains the spectral data isolated from the dissolution of Tablet A at the
locations shown in Figure 6-6. The first major result from this image is that there is a
distinct difference between the dry tablet data and any data captured from after the flow
cell has filled with the HCI solution. This shows that there is still a significant attenuation
of the signal caused by the solution in the flow cell; however, the degree of attenuation

appears less than in previous results (Chapter 5).
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Figure 6-6 The first 3 minutes of the dissolution of Tablet A, the black regions highlight the
areas used for spectral analysis

The hyperspectral dissolution image in Figure 6-6 details the dissolution pathway of a
single tablet which is imaged repeatedly to create the data. The pre expansion tablet data
has a spectrum very similar in intensity to that of the post tablet breakdown data with the
peak around 1930 nm being lower in intensity than any of data. The pre expansion data
was taken from first wet tablet, the exact location can be seen in Figure 6-6 as the black
square within the second tablet repetition. Visual inspection of Figure 6-6 shows that the
tablet has not yet begun to expand by this point in the image. It is believed that the low
intensity values of the spectra post tablet submersion but pre expansion are due to the
longer path length of the nIR photons through the acid solution to reach the tablet. Once
the tablet begins to expand the path length of the photons decrease and the attenuation of

the signal becomes less pronounced.

This experiment was designed to minimise the path length of the nIR photons through the
acid solution, thus minimising the attenuation that the spectral signal receives from the nIR

absorbance by the water molecules. Unfortunately while the signal attenuation has been
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lowered there is still significant attenuation and loss of characterising peaks in relation to
the dry spectra in Figure 6-7. This is not surprising as tablets are designed to allow water to
be absorbed into the tablet which aids in disintegration. This means that even with a
minimal path length through the acid solution there are still attenuating water molecules
present inside the tablets once hydration and swelling has begun. There is one set of peaks
which can be seen in the 1600 — 1700 nm region, these small peaks may be useful in
identifying the changes in the tablets throughout the dissolution. It is possible that these
peaks could be used to follow any changes over time such as a loss of peak intensity or a
change in the rate of loss for any one of the peaks. The peaks may all be caused by the
same compound with a number of similar but distinct vibrational regions or by different
compound with similar vibrational regions. The former can help to track release over time,

the latter could show the loss of specific excipients or APIs.
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Figure 6-7 The spectra of the four predetermined location in the dissolution of Tablet A

The data used in these plots is generated by averaging 100 points so that a fair
representation of the bulk tablet is given in the data. However it is possible that variation
across the tablet is significant and that this process is insufficient so the standard deviation
of the data was calculated. The standard deviation was calculated for each spectra and
found to be 2.5 % (+0.4) of the data, this is a very small standard deviation and confirms

that the data is mostly uniform and that the averaging is a valid technique. The standard
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deviation is not included in figures as it is just adds unnecessary confusion into the plots,
especially in the regions where the different spectra are very close in intensity.

The same analysis was performed on Tablet B with points at specific time being plotted as
shown in Figure 6-8, the same distinct pattern of intensity changes can be seen. There
appears to be a greater number of peaks in the dry tablet which could be used for
identification than in Figure 6-7 but still after attenuation only the 1600 -1700 nm region
shares any peaks in common with the original dry data.
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Figure 6-8 The spectra of the four predetermined location in the dissolution of Tablet B

The last tablet, Tablet C was analysed in the same manner and the plots are shown in
Figure 6-9. Again there is a significant degree of attenuation to the signal after the flow
cell has filled and the tablet hydration and expansion has begun. The post breakdown data
appears to show the greatest intensity of all the ‘wet’ data points which is unusual and it is
possible that this effect comes from the manner of Tablet Cs breakdown. Tablets A and B
expand in the direction of flow, this mass is then slowly eroded over time resulting in the
eventual breakdown of the tablet. Close inspection of Figure 6-4C shows that the tablet
does not expand and breakdown in the same manner as Tablets A and B but instead
quickly breaks down into large granular components which then move in the direction of

the flow. These granules are easiest seen at the edges of the tablet and at the back of the
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flow cell. The granules may take some time to settle causing the increase in intensity to a

maximum post hydration value to take longer than the other tablets.
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Figure 6-9 The spectra of the four predetermined location in the dissolution of Tablet C

By investigating the spectra in its simplest form there is limited information about the
overall release of drug which can be attained. The UV dissolution data shows that as the
tablet beings to break down the API are release at a rapid rate. The initial expansion and
breakdown shown in the HSI is releasing a large portion of the API from the tablet and
these results show that we cannot simply use signal intensities until after this release has
occurred. Thus simple spectral analysis like this cannot be used to show the release of the
drug as the spectra of the tablet will not settle until after this time and the very early data is

still too attenuated to be of use.

6.3.2.2 Comparison of the different tablet spectra at different time points

The difference between the tablets at set time points can show how the spectral profile of
the tablets changes over time with the breakdown and release. It is also possible to
compare the spectra of each tablet at the same time point. This analysis can show the
differences and similarities between the tablets through time. Figure 6-10 shows a

comparison of the three dry tablet spectra.
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Figure 6-10 Comparison of the dry spectral data from the three tablets

Peak Position Functional Group
1137 nm Methyl group 2™ overtone stretch
1425 nm Hydroxyl group 1% overtone stretch.
1660-1700 nm Aryl and alkyl methyl 1% overtone stretch
1900 nm onwards O-H, C-H, N-H and C-C combinations

Table 6-2 Tablet of functional groups stretches present in Figure 6-10

The position of the major peaks in Figure 6-10 and their corresponding functional group
are shown in Table 6-2. The majority of the peaks are from various C-H and O-H stretches
however, the region after 1900 nm is difficult to identify which stretches, or vibrational
modes, are causing the peaks. This region consists of numerous combinations of different
vibrations which are energetically very similar and so it is difficult to say with certainty
which peak is caused from which combination. Each tablet also shows a trend to

decreasing signal intensity; this is due to the wavelength dependence on the scattering of
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photons. The intensity of scattered light is proportional to A* so the longer wavelengths of
light will have a lower intensity which explains the trend in the data.

Tablet B and Tablet C have a very similar spectral profile with the majority of the
constituent of these tablets being acetaminophen with all other compounds being in a
minority of the total tablet constituents. Tablet C does include one major difference which
is that it contains 60 mg of caffeine. Tablet A shows much fewer spectral characteristics
than the other two tablets which may be due to the structure of the tablet. A major
component of the tablet is sodium bicarbonate and this comprises of only a single set of
active vibrational modes, visible in the near IR, coming from the O-H bonds. This reduced
number of stretching frequencies could be causing the smoothing effect on the tablet data.

One of the major variations between the tablets is the intensity of the spectra, this could be
a physical difference between the tablets but is most likely simply a photonics issues. One
approach to determining if the difference between the spectra is a scaling factor is to mean
centre the data. This process shifts each spectrum individually so that their mean spectral
intensity lies at 0 and the spread of the data is reduced by an amount relative to the distance
from the mean to the 0 point. When this is done the spectra of Tablet B and C will overlay
and any spectral difference can be clearly seen, if there are no differences then the results
seen in Figure 6-10 is simply a scaling effect. The mean centred data was plotted in Figure
6-11 and Tablet B and C now lie closer to each other but not on top of each other. This
result implies that the spectra are different and that the intensity differences are a real and
genuine effect. Such a result is not unexpected as while the major component of two the
tablet is the same they both contain a number of different excipients which should effect

their nIR spectrum.
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Figure 6-11 A plot showing the mean centred dry tablet data

The dry tablet data in Figure 6-10 details any difference that the HSI can detect in the
normal tablets before any expansion or release of drugs. Once the acid has entered the flow
cell, expansion begins and the spectra show how the tablet is reacting. The comparison of
these spectra is shown in Figure 6-12 and these spectra are much weaker than those seen in
the previous plot which contained data from only a few seconds earlier in the experiment.
The cause of this variation is the attenuation caused by the water molecules in the flow cell
which absorb the nIR photons. The longer the path length of the photons through the acid
solution in the flow cell the greater the degree of absorption of photons by the molecules of
water in accordance with the Beer-Lambert law. Figure 6-12 implies that Tablets B and C
have yet to expand significantly, although a small degree of tablet expansion may be
present, and the path length through the flow cell to the tablet is at a maximum. This
maximum causes greater attenuation resulting in the minimum tablet intensities in the
image. Tablet A however, has a much stronger spectral signal which implies that the tablet
has begun to expand very rapidly almost immediately after the liquid has entered the flow

cell.
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Figure 6-12 The spectra of each tablet as it has been submerged in hydrochloric acid.

The next data point was a few seconds after each tablet had begun to show physical signs
of expansion, these points are shown in Figure 6-13. Again Tablet A has a very different
spectrum compared with the others, there is substantially less peak definition with most of
the spectrum being flat. The peaks around 1450 and 1925 nm are from the water
attenuation and other than those there are only a couple of small very broad peaks. Tablets
B and C however, show much more spectral definition and again are very similar but with
Tablet B being the more intense of the tow as with Figure 6-10. One of the largest
differences which is appearing in Tablet B is the region after 2200 nm, in which there is a
strong negative gradient with the signal intensity quickly trending to 0. Both Tablet A and

Tablet C have a much shallower negative gradient in this region.
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Figure 6-13 The spectra of each tablet at 120 seconds into the dissolution

The last time point was used to show how the spectra can compare once the tablets have
completely broken apart and started to disperse across the flow cell. The plot of these
results is shown below in Figure 6-14 and it is clear that the spectra are beginning to
become more homogenous. The intensities of each tablet are closer than in previous results
and this allows for a more accurate comparison between the different spectra. The overall
shape and form of the spectra is very similar between each tablet which is a change for
Tablet A which has previously looked different to the other tablets. The intensity of Tablet
B is different from Tablets A and C as it has the highest intensity at the lower wavelengths,
the lowest intensity at the highest wavelengths and has minima in the water peaks equal to
Tablet C.
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Figure 6-14 A comparison of the spectra from each tablets once the breakdown is nearly
completed

6.3.2.3 Line profile across the flow cells

Simply investigating one point in time or one point in the cell is not sufficient to show the
real changes occurring in the flow cell. By taking a line through the cell and plotting the
spectrum at each point onto a single plot it is possible to see changes in the tablet. If any
major excipient or the API is lost from any point along the line it should be possible to see

this as an anomaly in the plot.

The first line profiles to be attempted were to see any changes across the flow cell at a set
time by investigating the spectra along the flow cell from left to right. The location for this
line of pixels is one that dissects the central point in the tablet as this increases the volume
of useful spectra and should minimise any edge effects. Figure 6-15 shows an example of
where the data for the line profiles is located. The spectra at each pixel is used to create the
line profile, a total of 120 spectra were used in each line profile. Each pixel is 216 pm long
so the total area investigated with this technique is 25.9 mm. These spectra are then placed

alongside each other in a 3D plot to generate the line profiles.
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Figure 6-15 A diagram showing an example location of the line profiles

Four line profiles were generated each at a distinct and different time in the image with the
exact locations being very close to those used in 6.3.2.1. These plots were created using the
mesh plot function in MATLAB and some are shown in Figure 6-16, the front facing axis
is the spatial location down the tablet in the flow cell and the retreating axis is the

wavelength.
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Figure 6-16 Mesh plots showing the spectra across Tablet C at set points in the image which
are: A) dry data (5 seconds), B) wet data (10 seconds), C) early expansion (22 seconds) and
D) late expansion (100 seconds).

The plots in Figure 6-16 are from Tablet C but the results from Tablet A and Tablet B are
very similar. Plot A shows the initial dry tablet when no expansion of the tablet or change
should has occurred as the tablet is not yet submerged in the acid solution. Along the tablet
(left to right in the image is left to right on the tablet) there are some small changes in the
intensity of the signal which could easily be background noise as the deviations are slight.

The edges of the central block fall away quickly which is as expected when the tablet is
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whole. Figure 6-16 B is only 5 seconds later but already a small amount of material can be
seen down the flow cell, with a small set of peaks visible to the left of the plot. The
intensities across the bulk of the tablet are less uniform than before, this may well be
showing the tablet starting to break apart.

By plot C we are again seeing a more uniform distribution, this is because the tablet has
now expanded to fill the flow cell and the spectral intensities have all risen just like Figure
6-9 describes. Thus the none uniform distribution in plot B is most likely showing the
expansion and breakdown of the tablet to the surface of the flow cell at differing rates. The
last plot in Figure 6-16 contains data from much later in the dissolution. The right side of
the tablet still appear to be largely unaffected however, the left side of the tablet has broken
down resulting in the shift of tablet particles through the cell, thus the sloping change in

intensities on the left of the image.

Each of the tablets shows this same progression, starting with a homogenous intensity
across the tablet then progressing so the left side of the plot beginning to show signs of the
tablet breakdown. The other images can be found in the appendix for reference.

6.3.3 Principle component analysis of the HSI data
6.3.3.1 Introduction to PCA methods used in this work

Analysis of the spectral data has produced data on the rate of the tablet breakdown and
expansion, it has also shown how the release of each tablet is different with Tablet A being
of note for its dissimilar spectrum and expansion relative to Tablets B and C. There was
not however, any information on the release of the API from the tablets which is the aim of
this work. By using more complex analytical techniques it should be possible to investigate
the changes within the tablets which cannot be easily seen by the more basic analysis of the
spectrum used previously. Using principle component analysis (PCA) allows for the slight
variations between the spectra to become more apparent and also shows the reasons for
these variations, the exact wavelengths in this case. Principal component analysis is
explained in greater detail in Chapter 2.5.1 and the reader is encouraged to read this section

for clarification on terms and how the analysis works if they are unsure.

These images contain a wealth of data and two different styles of PCA are required to best
analyse the data. The first approach is to take an individual or mean spectrum from each

tablet in the image and to compare these in the PCA. Using the individual pixels allows for
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the separation of the data through time so that any variations which are occurring during
the dissolution can be tracked. This approach uses a biplot of the scores values for each
tablet sample to show the clustering and separation of the data so that the patterns and
variations between the tablets as the dissolution progresses can be followed. The advantage
to this style is that it is quick and able to show the small variations between tablets in a
clear fashion. The only real disadvantage is that it requires more work to distinguish the
cause of the variation between the tablets than other approaches as loadings must be
inspected to better determine the reasons for the splitting and clustering shown in the

biplots.

The second approach to the PCA of this data is to run the PCA on the entire image and this
can highlight any difference within the tablets over time such as the release of any one
component from the tablet. The visualisation of these results is not, as in the other
approach, in a biplot but instead the entire image is recreated with the scores values used as
pixel intensities. This gives clear way to see exactly what variations the PCA is using at
each component which is the major advantage to this style of PCA it also has the potential
to distinguish variations within the tablet which the single spectra approach would not do.
The disadvantage to using PCA in this way is the increased processing time required to run

the analysis and to create the images.

6.3.3.2 Principle component analysis using individual spectra

The data from a single pixel location over time should show any changes or groupings in
the spectral data throughout the dissolution. To better improve the data and to make it
cleaner and easier to interpret only one sample per tablet was taken and plotted. The
sample is a mean spectrum taken from a 10 x 10 area of pixels within the centre of the
tablet. An average spectrum is used as it best represents the tablet a whole without any
individual tablet variations causing an unintentional skewing of the results. A mean sample
spectrum was collected from the centre of each tablet repetition in the HSI image for the
first 2 minutes of the dissolution. It took 6 seconds for the flow cell to complete one full
pass over the HSI camera and so 20 sample spectra were created to be put through

principle component analysis.
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PCA scores plot containing data from Tablet A
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Figure 6-17 PCA scores biplot showing the scores of the first two components generated
from the PCA of the data from the HSI dissolution of Tablet A.

Figure 6-17 is the scores biplot of the first two principle components generated by the PCA
of Tablet A. Each sample in the plot is numbered to show where the data was extracted
from with number 4 being the 4™ tablet (from the top) visible in the HSI dissolution image
of Tablet A (Figure 6-4A).

The most notable point in Figure 6-17 is the first data point, this is located quite far from
the rest of the data. This change reflects the difference between the dry and wet tablet
spectra and is a very strong outlier. PCA analysis involves the comparison of variables
from different samples to generate a matrix of variance; therefore one value which is
strong outlier has the potential to skew the data significantly. To correct for this the data

point was removed and the PCA analysis was recalculated.
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PCA scores plot containing specific data from Tablet A
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Figure 6-18 The data from Figure 6-17(for Tablet A) recalculated to remove outlying effects

The recalculated scores plot is shown in Figure 6-18; the numbers assigned to each point
are the same as in the previous figure. To the left of the plot is a series of data points with
three very tightly clustered and 3 more moving away in linear fashion down the y axis.
These are the data points from tablets 2 — 6 and they appear to show the change in the
tablet over time as it begins to expand and change. There is also a linear progression from
points 8 — 10 which are the last data points outside of the central cluster. The central cluster
contains every sample from number 11 — 20 which implies that at from point 11 there is

very little change in the tablets.

When principal component analysis is performed it is standard to also generate an
eigenvalue for each principal component which shows the relative size of that component.
This is a measure of the degree of the total variation within the data which can be
described using that principal component. It is a simple process to use these eigenvalues to
generate a percent of the total variation described within a component and these values for
the previous two PCAs are shown in Table 6-3. The first component is showing the
majority of the data with over 96.5% of the total variation explained in just this component
in both analyses. The tables also shows that the removal of the first erroneous data point
makes very little difference to the scale of the components with only a 0.3% change in the

total variance explained in the first principal component.
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Percentage of total variation explained by the principle
components.

Principle component | Figure 6-17 Figure 6-18

1 96.6 96.9

2 98.7 98.8

3 99.6 99.4

Table 6-3 The percentage of total variation shown by the first three principal components in
Figure and Figure 6-18

The loadings are also created during PCA and can be used to determine which variables
are having the greatest effect on the principal components. The more intense the peak in
the loadings the greater the variation between the samples at these wavelengths and using
this information the cause of groupings in the scores plots can be identified. The loadings

from the first two principle components are shown in Figure 6-19.
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Figure 6-19 The loadings for the first two principle components from the PCA analysis of
Tablet A
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The loadings from the first component show very little to distinguish between the results;
the peaks at 1250 nm and 1700 nm are the most prominent and should be the cause of the
variation between the samples. The loadings from the second principle component detail a
much greater range of useful peaks with two peaks being of particular interest. The peaks
at 1250 nm and 1950 nm are intense and lie in a position similar to peaks in the tablet
spectrum in Figure 6-7. These results imply that the variations seen in the scores plot are
caused by changes in the peaks at 1250, 1700 and 1950 nm during the dissolution.
Inspection of these wavelengths in the spectrum of the tablet highlights three major areas
of intensity change throughout the experiment.

In previous chapters PCA has shown how the tablet is expanding as a function of the signal
attenuation. These PCA results are complimentary and are showing how the tablet breaks
down with clear separation of the initial dry data, the expansion of the tablet and then a
steady state where the tablet data clusters together. This clustering is coming from the end
of the tablet expansion at a point where the tablet should be breaking apart. The steric
problems of a large bulky tablet within a relatively small flow cell where seen in the image
analysis of Figure 6-4 and these problems are what keep the samples clustered in the PCA
scores biplot. The tablet is unable to break apart as rapidly due to the confinement of the

tablet and so there is little change in the physical composition in the bulk of the tablets.

The scores plot from Tablet B and tablet C show also show very little other than a
separation of the dry data, early expansion and late expansion data. Inspection of data from
after this point or of every data point for the first 120 seconds still shows the same shape
and form to the results with no discernible pattern other than the change in the physical
state of the tablet. This technique is much more advanced than the simple spectral analyse
implemented in earlier approaches but is still very limited in the amount of information it

can produce.

6.3.4 Processing and Principle component analysis of the image
data

The second style of principle component analysis used is to run the analysis on the entire
image to investigate any spatial variation in the data and also potentially any changes over
time. In previous experiments a select number of mean spectra were used in the principal
component analysis but for this approach every pixel in the image was inputted into the

PCA. Once the PCA was run and scores values for each pixel created, images could be
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made by using these scores values rather than the wavelength intensities used in the
previous images. The initial approach to this used the same corrected data as in 6.3.3.2 and
showed very little variation of interest. Most of the results simply detailed variation
between the different components of the system with no new useful data. The first (and
second) derivative with respect to the change in intensity across the spectrum is a common
form of pre-processing applied to nIR datasets. By using the derivative of the data it is
possible to better determine changes in the shoulder peaks which are common throughout
nIR spectra. The derivative was calculated using the methods discussed in 6.2.5.2 and then
the PCA was rerun on this new dataset. Analysis of the PCA data was performed by
investigating the scores values for each pixel at each principal component. The scores
values were used to generate greyscale images which could be examined for any anomalies

or regions of difference.

Figure 6-20 The scores results from the first six principle components generated by the PCA
of Tablet A. Shown as the greyscale images with the scores values being the scaling factor
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Figure 6-21 The scores results from the first six principle components generated by the PCA
of Tablet B. Shown as the greyscale images with the scores values being the scaling factor

Figure 6-22 The scores results from the first six principle components generated by the PCA
of Tablet C. Shown as the greyscale images with the scores values being the scaling factor
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Percentage of total variation explained by the principle
components.

Principle Tablet A Tablet B Tablet C

components

1 57.25 50.12 56.48

2 71.32 69.01 73.35

3 83.58 80.38 84.05

4 92.11 89.82 92.91

5 95.11 92.39 94.91

6 95.99 93.66 95.77

Table 6-4 A table showing the cumulative variance detailed within the principal components
for the three tablets

Figure 6-20 shows 6 separate images which have been generated from the PCA analysis of
the Tablet A data; the results in Table 6-4 shows that the first four principal components
contain over 90% of the total variation within the data. The images contain data from the
first 30 seconds of the experiments and the variations seen in these images are between
different objects in the flow cell and not a change in the data over time. This is not a
surprising result as PCA separates out the data with the greatest variations being shown
first, the second greatest variation being second etc. The biggest variation in the image of
the flow cell is between the different physical components within the cell and not the small
changes in the tablet data over time. The exception to this is that the top tablet is of the dry
tablet before submersion and this tablet is often shown as being considerably different to

the remainder of the data which is not unexpected.

The first two scores images separate the tablets from the surrounding environment and also
show a degree of homogeneity between the tablets, an air bubble is also clearly marked as
a region of very dark intensity near the centre of the images. This air bubble can be viewed

by inspection of Figure 6-4A, with the air bubble being slowly drawn out of the flow cell
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by the flow of the acid solution. The third and fourth principle components appear to
separate the two reference objects to the left of the image. These scores plot also show that
the top tablet is not submerged as it is closely linked to the strong signals coming from the
dry tablet ad the calibration tile. Once the tablet is submerged the attenuation of the nIR
signal by the water molecule causes the tablet spectrum to be altered, as shown in chapter
5, and so these tablets do not show up in these scores plots. The final two components
show the variation within Tablet A as a function of the topographical change throughout
the tablet, the most striking variation is between the edge and the central bulk of the tablet.
The scores plot clearly shows the edges of the tablet to be very pale with the centre being
much darker which implies a very large gap in intensity values. This difference is
explained by the change in the path length of the nIR photons through the acid solution to
reach the tablet. This slight difference in the path length and reduced thickness in the tablet
for nIR scattering and absorption causes a significant difference in the attenuation of the
signal and the spectral response detected for these regions of the tablet.

Figure 6-21 contains the scores images from the first derivative data of Tablet B, both this
tablet and Tablet A contain acetaminophen as the major ingredient. However, the scores
plots show some stark differences. The first component image highlights the tablets but it
also shows some degree of variation within the tablets with the first two tablets being much
fainter on the left edge. The second scores images separates the dry reference tablet and the
first two tablet repetitions, this implies that the reason for the variation in the first scores
image is the hydration and wetting of the tablets. The remaining 4 scores images in Figure
6-21 show very little useful separation despite being responsible for almost 14% of the

total variation.

The scores images for Tablet C are shown in Figure 6-22 and as with Figure 6-20 90% of
the total variation within the data is explained by the first four principle components. In
each component the seconds tablet is not visible and the images imply that the flow cell is
empty. It is not clear what is causing this disparity but it is most likely that the tablet is
raised up by the flow of the acid solution filling the cell. As the tablet is raised up by the
acid solution the path length through the acid is maximised and the signal attenuation
severe. Once the flow cell is filled the tablet settles back on the base of the flow cell and is
visible again. The first component details the variations within the image from the dry
tablet data, thus the reference tablet as well as the initial tablet data is pronounced in the
image. The second scores image describes two separate sets of variation; the first is the

same as the first scores image, with the dry data being coloured black. The second
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variation with the scores plot is the bottom two tablets which have already started to
expand and break apart. The fourth principle component shows black pixels within the
tablet images which are distributed in a none-uniform manner throughout the tablet. The
location of these black pixels is constant throughout the image (the fourth tablet is inverted
due to the back and forth motion of the scanner). This implies that these black pixels are a
physical effect inside or on the surface of the tablets. Figure 6-23 is the same image as the
one in Figure 6-22 but showing data for a much longer period of time. The black pixels are
visible throughout but the number of them is decreasing over time, which implies so kind
of loss or change over time. It is important to note that the principle component analysis
itself is not showing a change over time but rather it is showing a spectral difference within
the tablet. The change within the tablet which is generating these regions is much more
significant than the change in the tablet over time as these regions disappear. Thus the PCA
is showing the greater variation of the regions and not the lesser variation of the changes
within the tablet over time. Once created however, the scores images can be analysed as to
determine a change in the tablet as the dissolution occurs.

The pixels which have been coloured black in this PCA scores images have a lower
intensity than the bulk of the tablet, thus the colouration in the greyscale image. It is
possible to analyse the number and intensity of these pixels in each of the repetitions of the
flow cell to generate an understanding of how the tablet is changing throughout the

dissolution.
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Figure 6-23 The scores plot from the fourth PC of Tablet C, the right hand image continues
from the bottom of the left hand image.

The reference tablets on the left of the image also show these black regions throughout and
the reference tablet is a tablet which has been split down the centre so that the image
contains a cross section of the inside of the tablet. That the reference tablets also shows
these black regions proves that this effect is not just an artefact on the surface of the tablet
or within the flow cell itself. These black pixels never move or decrease in intensity which

shows that the change within the flow cell is due to a physical change in the system.

6.3.5 Spectral analysis of the black pixels

Figure 6-22 shows that Tablet C contains some very interesting regions which are
highlighted as black pixels. By using the data in Figure 6-22 the locations of the black
pixels were calculated and the spectra of these regions investigated. An average spectrum
was created from the data of 8 separate pixels and was then plotted against a mean bulk
tablet spectrum. This graph is shown in Figure 6-24; the shape of these two spectra is very
similar with little to no difference at most of the wavelengths. However, around 2250 nm
there is a clear dip in the nIR spectrum of the black pixel which is not found in the bulk
spectrum. This is shown in Figure 6-24 as a blue region with an arrow and it is this spectral
difference which the PCA is using to separate the data, giving the black pixels. The

difference in the spectra is slight but distinct which implies that this is showing a change in
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the relative chemical composition of the tablet. A new or increased concentration of a
compound is shown in these regions which is not present throughout the rest of the tablet.
The most probably cause of this is an increase in caffeine concentration, this is the second
most common compound in the tablet and if the mixing is not homogenous it is possible

that areas of higher caffeine concentrations can be found.

I:I? T T T T T T T T
Black pixel

Tahlet bulk

0Ef

Reflectance
o =
= M
T 1
1 |

o
[N
T

|

o
]
T

|

01 .

I:I | | | | | | | 1
800 1000 1200 1400 1800 1800 2000 2200 2400 2800
Wavelength (nm)

Figure 6-24 The spectra of the bulk and black pixels, the ellipse marks the region of interest
that the PCA is using to separate out like spectra in Figure 6-23.

The loadings for the fourth principle components are shown below in Figure 6-25, the
more intense the peak the greater the affect that variable has on the variation depicted in
the scores images. The loadings clearly show corroborating evidence that the region of the
tablet spectrum which is causing the separation in the PCA, and thus creating the black

pixels, is the peak at 2257 nm.
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Figure 6-25 The loadings from the 4th principle component analysis of Tablet C

This change in the spectra of certain pixels implies that there is something different within
these areas of the tablet than the bulk; the most likely cause is that an active
pharmaceutical product (API) or excipient is more concentrated in these areas than the
bulk. This would imply a potential mixing issue within the tablet and a non-homogenous

distribution.

The two APIs in Tablet C are acetaminophen and caffeine and the most common excipient
is starch. The excipients were also imaged using the same experimental procedure to gather
a set of reference spectra. The spectra for these three compounds were plotted to see if the
peak in Figure 6-24 could be identified; the mean black pixel spectrum was also plotted for

comparison and the results are shown in Figure 6-26.

There is only one spectrum which contains the peak at 2257 nm, which is the caffeine. The
peak and adjoining shoulder in the black pixel spectrum are very similar to caffeine
however the rest of the spectrum is closer to the acetaminophen signal. This implies that
these black pixels contain a high concentration of caffeine but are still mainly

acetaminophen.

The pixel size in these images is 219 x 219 um? which is large enough to contain clusters

of caffeine particles which have not been mixed thoroughly. However before any
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conclusion regarding the nature of the black pixels can be postulated more results are

required.
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Figure 6-26 Spectra of Tablet C's major components alongside a reference spectrum from
the black pixels

6.3.6 Tracking the change in intensity of the black pixels over
time

6.3.6.1 Investigating the change in the number of black pixels within the
tablet over time in an attempt to infer changes within the tablet

The basic spectral analysis of the tablet data performed previously in this chapter and other
has shown that while the expansion can be tracked with a high degree of time resolution it
is not possible to follow the spectral data to generate an accurate dissolution profile. Two
separate factors cause issue with the spectral data firstly the change in the tablet spectra
due to the attenuation of the signal and secondly the requirement for the tablet to expand
before a stable ‘maximum’ spectrum can be achieved. This effect is seen clearly in Figure
6-7,8 and 9 where the initial dry spectrum is dissimilar to the other data and there is a
period of fluctuations in the spectral results before the spectra settle. To determine a

release from the data it would be necessary to have a 100% drug reading from a sample
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submerged in the acid solution. However the expansion of the tablet changes the degree of
attenuation and therefore the spectral response. A tablet containing 100% of the drug while
also swollen fully so that the attenuation is not changing the spectrum would be required to
give a true starting value of 100% drug in the tablet. The UV results in the appendix show
that the release of the acetaminophen and caffeine from these tablets is rapid and that as
soon as the tablet has begun to expand it has started to release. These factors result in a
portion of the data which has misleading intensity values and no true starting intensities for

the attenuated data.

However, the black pixels in the image can be seen from the very first image and followed
throughout the experiment which potentially gives a novel approach to following the
release from the tablet. These black pixels eventually begin to diminish in number
however, and the rate at which these pixels leave the cell should be indicative of the
release rate of caffeine from the tablet. Therefore by investigating the release of these
black pixels if could provide a possible approach to calculate some form of rate of release
for the tablets.

The intensity of the black cells is lower than any other values within the flow cell and it is
this property can be used to count how many black pixels are present in any flow cell
repetition, The number of black pixels in any individual flow cell was calculated using
code written in MATLAB, which is available in the appendix, this code used a thresh
holding approach to find every pixel with a value below 0.18. By finding every pixel
below a specific value it was possible to find only the black pixels. There is a small issue
with this approach however; it requires manual interpretation of the data to find a threshold
value. This can be changed however, as an automatic thresh holding system could be
implements for further analysis which would remove the need to manually choose a value.
It was decided that for a single tablet experiment, this was not necessary and so a manual

approach was used.

The count of pixels was calculated and then plotted against time to show the change in
numbers as the dissolution progressed; the plot is shown in Figure 6-27. The initial two
flow cell repetition in the HSI dissolution image are very dissimilar to the bulk of the
results, as can be seen in Figure 6-23, which is the cause of the sharp peak at the very
beginning of the plot. The general trend of the data is a loss of black pixels over time with
the loss of black pixels being fastest in the first 1 — 2 minutes. The gradient of loss

becomes shallower after the 2 minute mark until after 6 minutes no more black pixels can
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be seen. This pattern can be thought of as the inverse of a standard dissolution UV
spectrum in which there is a rapid release followed by a more gradual gradient until it
plateaus at 100 % release.
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Figure 6-27 A plot showing the count of black pixels present in the scores plot of Tablet C
over 10 minutes

6.3.6.2 The rate of caffeine release from the tablets

These results have shown that a change within the image can be followed as a function of
time. It is important to investigate if this change is the release of the caffeine from the

tablet, a combination of release from both of the APIs or some other physical effect.

To compare the change in black pixel counts with the release from the tablet systems it is
necessary to perform a standard UV dissolution with the same setup as the one used in the
experiments. While the dissolution testing of Tablet C was performed previously, and is
shown in the appendix, this was on a different system and the values cannot be used for
comparison. Tablet C contains two UV active compounds, acetaminophen and caffeine,
which makes calculating the release of one of these more difficult. The concentrations

were calculated by using the intensities at two separate wavelengths and then using
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simultaneous equations to solve for the caffeine concentration. The simultaneous equations

are based on the Beer Lambert law and are shown in the appendix.

For the UV dissolution the imaging experiment was repeated using the same experimental
setup as the hyperspectral imaging but without the camera, a second line of tubing was also
run out of the dissolution reservoir and into a UV spectrometer. The UV spectrometer
measured the intensity at 4 different wavelengths every 10 seconds for 30 minutes. These
spectral intensities were then used to calculate the release of caffeine from the tablets by
using a simultaneous equation to separate out the two UV active APIs.
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Figure 6-28 The percentage release of caffeine from Tablet C, measured by UV dissolution

The release of the caffeine from Tablet C as a function of the percentage of total release
against time is shown in Figure 6-28. If the decrease in the number of black pixels is
analogous to the release of caffeine from the tablet then the two plots should show similar
results. The UV release data shows that after a short lag period the majority of the release
occurs in a 100 — 200 second window after which the release slows. The black pixels
decrease over time with the majority occurring within the first 2 — 3 minutes, this loss is
analogous to the release of caffeine. However the results in Figure 6-27 show that there is

complete loss of the black pixels within 7 minutes while the dissolution in Figure 6-28
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only reaches a maximum of 37% after 30 minutes. The reason for this discrepancy in the
total percent of release is that the UV dissolution is a very sensitive technique which can
detects very small volumes of dissolves drug while the HSI is showing pixels which
contain a higher than average caffeine concentration. The spatial resolution of the HSI
image gives pixels which are ~219 x 219 um? in length which means that each black pixel
covers a large area within the tablet and contains a huge number of caffeine particles.
When the tablet expands the caffeine in these pixels is released and the high concentration
of caffeine begins to dissolve and dissipate through the flow cell. Once the total amount of
caffeine in a pixel is below a threshold it will no longer be detectable by the camera thus
giving a 100% release reading when the UV data shows only 37%.

This UV dissolution should be smooth with no decrease in intensity at any point as it
shows the cumulative release. There was no mixing in the reservoir which stored the
hydrochloric acid and this resulted in poor distribution of the APIs through the solution.
With this poor mixing it is possible to get inaccuracy in the UV spectroscopy results which
are what causes the noise in the data. The general shape of the data however, follows the
traditional dissolution format with a fast release followed by a much slower release. There
is a major issue that these results are showing which is that within 30 minutes there is only
35% release of the caffeine from the tablet. Multiple dissolution experiments were tried

and multiple standards were used to double check the accuracy of these results.

The flow rate used in the UV dissolution tests was the same as the flow rate used in the
HSI experiments to ensure accuracy and comparability between the experiments. The flow
through the cell is limited during the experiment and the flow rate, during the experiment,
of 10ml/min may be too low to properly allow for the tablet to dissolve and for particles to
be swept away from the flow cell. The UV dissolution was repeated using a flow rate of
20ml/min in an attempt to improve the release characteristics of the experiment and to
prove that the poor release was due to the flow rate. The release was calculated for the
increased flow rate and the results can be seen in Figure 6-29. The original dissolution data
is shown in Figure 6-29A for comparison and the 20mn/min UV dissolution data shown in
Figure 6-29B. With the higher flow rate a maximum release much closer to 100% can be
viewed, which shows that the quicker flow rate is allowing for the tablet to better dissolve
and flow through the system. There is very little difference in these two release profiles
other than the total degree of release and the speed of the initial release. In Figure 6-29A

and Figure 6-29B the end of the steep fast release period is at around 200 seconds which
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also shows that the flow rate has not affected the physical breakdown of the tablet only the
quantity of caffeine which has been able to dissolve into the bulk of the solution.
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Figure 6-29 The release of caffeine from Tablet C as a percentage of total release with a flow
rate through the system of A) 10ml/min and B) 20ml/min

The black pixels are detailing regions which contain a higher than average mass of caffeine
but they are not pure caffeine. When the tablet expands and begins to dissolve into the acid
solution the quantity of caffeine in these pixels will begin to decrease. As the concentration
decreases there will be a point at which there is no net change to the spectral signal and the
PCA will no longer be able to distinguish these regions as being different to the bulk. At
this point the pixel will change from black to the same grey as the bulk thus lowering the
total number of black pixels. These results show that the reduction in the number of the
black pixels can be correlated to the release of caffeine from the tablets either as a function
of dissolution or expansion so that the particles spread through the flow cell. While the rate
of change cannot be exactly matched to any dissolution data it does show the ability of the
system to follow a physical change within the tablet at specific spatial locations, which can

be identified spectrally, over time.

6.3.7 Raman mapping of the tablet surface

Raman mapping is a process which generates a hyperspectral image containing Raman
spectra. It is used for frequently to determine what chemicals can be identified on the

surface of the tablet. Using Raman spectroscopy it is possible to scan a region of the tablet



Chapter 6 175

surface and to use the map generated to look for regions containing high caffeine

concentrations.

6.3.7.1 Raman spectroscopy of tablet APIs

Raman spectroscopy produces maps with a much higher spatial and spectral resolution
than HSI.

The Raman system was a Thermo DXR Raman spectrometer which used a 532 nm laser
for excitation with a power of 10 mW through a 25um pinhole aperture. The sample was
exposed for 20 seconds and an average of 4 measurements was used to create each
recorded Raman spectrum. The spectra were corrected for fluorescence using a second
order polynomial correction algorithm which is built into the Raman OMNIC software.
The mapping was performed on a 1500 pm by 2000 pm region of the tablet with spectra
captured every 100 um. Due to the curvature of the tablet it was necessary to capture each
line separately and to re-focus the microscope for each new line. To use the Raman maps
effectively specific wavelengths which contain peaks unique to caffeine or acetaminophen
are needed. The Raman spectrum for each APl was generated just prior to the mapping to
reduce any environmental or experimental deviation; the plot of the spectra is shown in
Figure 6-30.
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Figure 6-30 Raman spectrum of acetaminophen and caffeine

6.3.7.2 Raman map of Tablet C: determining the distribution of caffeine
throughout the sample.

At 558 cm™ there is a peak in the caffeine spectrum which is strong and unique and there is
no such peak in the acetaminophen. By looking at the intensity at this wavelength for the
captured data it is possible to create a map which shows where the concentration of

caffeine is highest.
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Figure 6-31 Raman map of Tablet C, showing the intensity at 558 cm™

The Raman data in Figure 6-31 is shown as a contour map with the red areas showing the
most intense peaks. There are a number of areas in map which correlate to high caffeine
concentrations, these regions are spaced throughout the image in a none-homogenous
manner. The sporadic placement of the caffeine clusters throughout Figure 6-31 matches
the distribution of the black pixels in Figure 6-22; the caffeine should be evenly distributed
throughout the tablet.

The size of the caffeine regions vary from a single pixel like in the top right with a
dimension of approximately 100 x 100 pm? to much larger particles like in the bottom
right with dimensions of approximately 300 x 200 um®. This range of caffeine region sizes
also agrees with the image data in Figure 6-22, were the black pixel regions range from a
single pixel to groupings of 8 — 10 pixels. The larger pixels sizes from Figure 6-22 can be
attributed to the long path length and scattering of the nIR photons which can cause the

caffeine signal to from one pixel to be detected within the surrounding pixels.
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6.3.7.3 Raman map of Tablet C to show the distribution of acetaminophen
throughout the tablet

It is possible that the regions in Figure 6-31 are not specific to caffeine but are instead just
areas of with higher signal intensity. To correct for this possibility a second Raman map
was created using the same data and the results are shown in Figure 6-32. The first map
was tailored to find areas of caffeine by using a unique peak; the second map uses a peak
unique to acetaminophen, specifically the one at 886 cm™. This peak results in a map
which will show either an even distribution of acetaminophen throughout or the intense
peaks in Figure 6-31 will be either fully or partially replicated.
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Figure 6-32 Raman map of Tablet C, showing the intensity at 886 cm™

The Raman map of the acetaminophen data shows an intense region on the left of the
image which corresponds to Figure 6-31. However, all of the other intense regions in
Figure 6-31 have no corresponding intense region in Figure 6-32. These results show that
the caffeine regions are not simply areas of higher intensity but are actual areas containing
high caffeine concentration. Thus by two independent techniques it has been shown that
these regions containing black pixels in the scores image are consistent with high caffeine

concentrations.
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6.3.7.4 Degree of caffeine coverage detected using HSI and Raman mapping.

The British Pharmacopeia states that any caffeine containing paracetamol tablet must have
a mass of caffeine within the tablets to be 60mg + 5%. The average weight of Tablet C is
687 mg and using this information any single Tablet C should contain 8-9.5% caffeine in

any one region if the mixing is even.

To calculate the ration of the black pixels to the bulk a threshold algorithm was used on the
scores data which first showed the black regions. The algorithm simply finds every pixel
with a value within certain bounds; this value was determined by simple observation of the
data. The algorithm was used on the first ‘dry’ tablet in the image as this has not undergone
any expansion or potential loss of any API or excipient components. It was calculated that
14.4 — 22.5% of the tablet surface contains black pixels a value higher than the British
Pharmacopeia standard values. This is not unexpected, the nIR photons have a large path
length as described early which could easily cause a number of false positive results. The
total size of the tablet is also difficult to determine as some is hidden in the holder on the
far right of the image. These two factors could be causing a value much higher than

expected.

The same treatment was given to the Raman mapping data shown in Figure 6-31, this time
the threshold algorithm was used to find how many pixels contains a value above 150
counts. This value is high enough that any background will be removed while low enough
that any region which shows a higher than average caffeine concentration will be counted.
This threshold finds exactly 27 pixels out of the total 300, giving a percentage coverage of

9% which also corresponds to the previous results.

6.4 Conclusions

In this work hyperspectral imaging has been used to create an image which contains
spectral information bound within 2 spatial dimensions along with a time axis with good
resolution (100 ms). The way this image was generated with the same region imaged over
time is a novel use of the HSI systems and has resulted in some very powerful images. The
dissolution of a tablet can be seen as a real time image which can be made into a pseudo

video with spectral information at every pixel.
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Using HSI and PCA caffeine has been shown to exist in Tablet C in a non-uniform manner
and this determination was also possible with the strong signal attenuation caused by the
acid solution in the flow cell. The caffeine was first identified as a none uniform
distribution of black pixels in the scores images from the fourth principle component
generated by principle component analysis of the hyperspectral imagine of Tablet C’s
dissolution. Spectral analysis of these black regions showed that there was a key difference
in the spectrum and comparison with the loading data confirmed that this region was the
cause of the separation in the image. Further investigation was performed using UV and
Raman techniques to verify that these black pixels were caffeine containing areas of the
tablet. For the first time hyperspectral imaging has been used to successfully isolate,
identify and track a known compound during the dissolution of a pharmaceutical grade
tablet.

To image the dissolution of a tablet within an aqueous fluid system was a problematic
proposition due to the effect the water in the flow cell has on any nIR signals. By
positioning the camera underneath the flow cell the issues caused by the attenuation of the
signal by the water present in the flow cell, in the form of the acid solution, have been
reduced. A significant increase in the signal intensity was visible as well as some small
regions of identifiable peaks which were seen in the original data. This is a massive
improvement on the earlier data and resulted in the identification of caffeine in the tablet

being possible.

Simple analysis of the unprocessed spectral data was insufficient to determine any changes
within the image caused by release of API but could show changes that can be attributed to
the physical processing occurring within the tablet during dissolution. The expansion and
hydration of the tablet can be easily tracked and followed with this techniques but the

analysis shows little novel or unexpected.

By processing the data and generating the first derivative of the image combined with
principle component analysis it was possible to detect regions within a tablet which could
be attributed to a specific tablet component. This was achieved without the need for a
zoom lens or other magnification which would be necessary in Raman spectroscopy, the

other technique which could be potentially used for this purpose.

Using a standard dissolution experiment it is only possible to gather the spectral and

temporal information from the release of the drugs. Using Raman or traditional nIR
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spectroscopy allows for the spatial and spectral information to be mapped but loses the
temporal information due to the long times required for data acquisition. However, with
hyperspectral imaging it has been shown that you can collect a huge amount of spatial and
spectral information while also recording this data in the temporal domain. This is a
massive advantage of this technique over the major systems for tablet analysis which are
currently used.

There is also a compromise with HSI as the spectral and spatial resolution is often lower
than the normal spectrographic techniques. Without the use of an expensive zoom lens the
pixel size of 219 x 219 um? is one of the best that can be achieved, Raman can easily be
used on much smaller scales than this. The spectral resolution with this HSI equipment was
~ 6.3 nm which is much lower than a standard nIR, which can cause issue with smaller
finer peaks which may be lost within the data when the resolution is lowered. Again this is
a compromise of sorts; while the resolution may be poorer in some areas it is substantially
greater in others. A normal nIR spectrometer would struggle to collect images at the speed
utilised in this work and most Raman would not be able to collect high quality spectra
within 100ms.

However, despite the complications brought on by the use of nIR spectroscopy in an
aqueous environment it has been possible to show the physical location of an API inside a
tablet during dissolution. This API was characterised using PCA and the existence of these
regions can be tracked throughout the entire dissolution until the concentration of them
becomes too low and they disappear from the image. This is, to the authors knowledge, the
first time that the dissolution of a sample has been followed with the whole tablet being
imaged and with APIs being tracked within the tablet in real time at the sub millimetre

level.
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Summary and future work

7.1 Summary

In this work hyperspectral imaging has been used as a novel approach in tracking the
processes occurring within a tablet during dissolution and to follow the loss of a known
compound from the tablet. The earliest stages of the work centred on analysis of different
HSI systems to determine which was most effective for pharmaceutical analysis. The
results showed that the nIR was a substantially better system for investigating white solids
or powders than a system working at visible wavelengths. It also showed that principal
component analysis is necessary when analysing these images due to the large number of
variables and small differences between the spectra of the samples. Once the best system
and methods of analysis had been determined then the investigation of the dissolution
process was performed. The established USP dissolution apparatus was not suitable for
imaging due to the curved dissolution vessels and large volumes of liquid which would
affect the quality of the imaging. A flow system was designed which would allow imaging
to be performed by placing the tablet inside a modified 1cm quartz flow cell. Using this
flow system the dissolution was imaged and while APIs could be isolated the physical

changes in the tablet were tracked.

The time resolution of the first experimental setup was poor with respect to the fast release
from these tablets which had been shown in separate UV dissolution tests. A system was
devised that would sacrifice spatial information for enhanced time resolution to improve
the information gathered on the release from the tablet. This system showed a definitive
affect from the acid solution, which caused attenuation of the signal and affected the
quality of the results. The degree of signal attenuation was shown to be proportional to the

path length travelled through the absorbing medium using mathematical models.

A protocol was devised which combined the spatial and time resolutions from earlier
experiments to create a hyperspectral image which accurately portrayed the dissolution of a
paracetamol tablet. Principal component analysis was performed on the images and
investigation of these results showed the locations of caffeine rich regions in a tablet.
These regions were verified as being caffeine containing by analysis of Raman mapping of
the tablet surface. The rate of loss of these regions was also investigated and compared to

that of the UV dissolution data which gave comparable results.



Chapter 6 183

These results showed the potential of using a nIR HSI system to follow a spectral signal
which would normally be too attenuated by water in the flow cell to give any meaningful
data. Overcoming this problem, by inverting the camera and placing it under the
experiment, allows for analysis of a number of spectral regions which could potentially be
used to follow release. In the data presented above there was a set of peaks in the 1600 —
1700 nm region which were never used for analysis but which have the potential to be a
second point of interest for further analysis. These peaks and the ones at 2257 nm also
show that this approach to nIR spectroscopy can result in useable signal peaks through

such a strong attenuating medium as water.

All of these areas show that hyperspectral imaging has the potential to be a very powerful
tool for investigating the breakdown and release of tablets. There are however, some
problems with HSI that must be considered. The technique while fast generates a huge
quantity of data which can take a large amount of time and effort to successfully mine for
useful results. It is also very possible that potentially useful results could be missed if the
correct analysis is not performed a problem which is much rarer in the more standard

spectroscopy techniques.

However, despite the complications and difficulties inherent to this work it has been
possible to show the physical location of an API inside a tablet during dissolution. This
API was characterised by a specific wavelength region which allows the whole dissolution
to be tracked. This is the first time that the dissolution of a sample has been followed with
the whole tablet being imaged and with APIs being tracked at a micron level. While it has
long been possible to follow the release of a drug during dissolution, following the whole
tablet changing spectrally is a novel result. It has taken a number of years to progress the
work to this point due to the inherent difficulties present when using nIR in an aqueous
system. The results do show the potential of this technique to find a place in improving
both the manufacture and pharmokinetics of the tablets. These data show how the API is
distributed throughout the tablet over time and how these clusters of APl move, dissolve or

stay resistant to the dissolution process over time.
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7.2 Future work

The results in this thesis give a number of potential avenues for future works to further
investigate the ability of this HSI system as a novel technique for the analysis of dynamic

systems.

Greater analysis of the data presented here could be performed to enhance the knowledge
of how the caffeine is being lost from the tablet. Analysis of the intensities over time of the
different caffeine regions could give a measure of the homogeneity of the release from the
tablet. This could lead to a better understanding of the processes occurring in the
dissolution and if the uneven distribution of the caffeine in the tablets also affects the
release rate of the caffeine. In this work a single caffeine containing tablet formulation was
imaged during the last experiment. By investigating the other caffeine containing
paracetamol formulations the results could be verified and the protocol shown to be a good
identifier of known compounds in a tablet system. The expansion of the imaging
methodology to include new tablet variants which included known excipients or APIs in
sufficiently large concentrations is a logical progression to this work. This would reveal
whether the system is an effective method for tracking these compounds through the

dissolution in a spatial resolved manner.

The use of magnification to improve the spatial resolution of the hyperspectral imaging is
also a possible area of interest for improving the quality of the results. By improving the
spatial resolution, it should be possible to get more separation of the components within
the tablets as current pixel sizes are in the order of hundreds of micrometres. An increased
spatial resolution without using magnification can also be achieved using a higher pixel
density in the detector. This is especially useful for investigating the location of excipients
which are a small quantity of the tablet, in a large pixel the majority of the signal is API

but a small pixel may contain a higher proportion of excipient.

The biggest problem in the analysis of these systems is the presence of water, especially in
as an acid solution, which caused severe signal attenuation. Investigating the use of other
non-aqueous solvents could also be a possible area of interest. This would require the
identification of a solvent that the tablets can dissolve into and that don’t cause corrosion
of the equipment. By using this system it should be possible to follow the breakdown and
release of API and excipients with much greater spectral definition than is possible when

using aqueous solutions. The major component in the tablets used in these experiments is
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paracetamol which is soluble in a number of polar organic solvents such as acetone,
ethanol, ethylene glycol, butanone, tetrahydrofuran and formamide. These solvents contain
either a hydroxyl or carbonyl group which helps to facilitate the uptake of the paracetamol
into solution making them suitable replacement dissolution solvents. It would be necessary
to test these solvents individually for their signal attenuation and efficiency at dissolving
the paracetamol tablets as the solubility of excipients will be variable for the different
solvent systems. However, it is seems probable that a solvent could be chosen to replace
the aqueous solution and thus remove or lower the signal attenuation caused by the

absorption of near IR photons by water.

All of these possible areas of interest centre on the use of the HSI system to image more
tablets systems but it is also possible to use the time resolved nature of the system to
follow other dynamic process. The investigation of chemical reactions or the tracking of
particle size in a solution that is aggregating should be possible and is a novel, none
pharmaceutical use of the imaging setup.
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Appendices

Appendix 1: Hyperspectral images

Al.1 Chapter 3

MPEG-PCL PEG MPEG

Figure Al-1 The greyscale images of the starting materials and copolymers not shown in
Chapter 3

Al.2 Chapter 4

Figure Al1-2 False colour images of Tablet C at 0, 3, 15, 30 and 45 minutes
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Figure A1-3 False colour images of Tablet F at 0, 15, 30 and 45 minutes
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Al1.3 Chapter 5

Tablet A Tablet B Tablet C

Tablet D Tablet E

Figure Al-4 False colour images of the full data captured during the dissolution of Tablets
A-E
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Each tablet also had a full set of reference spectra created before the experiments began
and the reference spectra for Tablet B are shown here:
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Figure A1-5 A set of reference images and their corresponding spectra
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Al.4 Chapter 6

0—5 minutes 5—10 minutes 10—15 minutes 15—20 minutes 20—25 minutes 25—30minutes

Figure A1-6 The full hyperspectral image from the dissolution of Tablet A
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Figure A1-7 The full hyperspectral image from the dissolution of Tablet B
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0— 5 minutes 5—10 minutes 10—15 minutes 15—20 minutes 20—25 minutes 25—30 minutes

Figure A1-8 The full hyperspectral image from the dissolution of Tablet C
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Appendix 2: Spectral data

A2.1 Chapter 3

A2.1.1 Scores plots

The labelled scores plot from the principal component analysis of the data collected using
the visible HSI system. The labels used denote the locations of the pixel from the spectra

were collected.
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Figure A2-1The labelled scores plot of PEG and PEG-PCL-PEG
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A2.2.1 Tablet Spectra
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Figure A2-2 The spectra of the bulk of Tablet C at 0, 15, 30 and 45 minutes
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A2.2.2 Swelling data
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Figure A2-4 The percentage of the flow cell covered with tablet material during the
dissolution of Tablet C
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Figure A2-5 The percentage of the flow cell covered with tablet material during the
dissolution of Tablet F



A2.2.3 PCA scores plots
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Figure A2-6 The scores plot from the PCA of Tablet B
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Tablet D
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Figure A2-8 The scores plot from the PCA of Tablet D
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Figure A2-9 The scores plot from the PCA of Tablet E
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Figure A2-10 The scores plot from the PCA of Tablet F
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A2.2.4 PCA loadings plots
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A2.3Chapter 5

A2.3.1 Spectra of tablets
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Figure A2-12 The spectra of 3 different regions in the hyperspectral image of the dissolution
of Tablet B
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Figure A2-13 The spectra of 2 different regions in the hyperspectral image of the dissolution
of Tablet C
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A2.3.2 Mesh plots detailing the spectra in the y axis of Tablet F
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Figure A2-16 The y axis mesh plot created using the hyperspectral image of Tablet F at
position 2. The relative location of this position is shown in Figure 5-10

Reflectance
o
w

900 1200

Wavelength (nm) 1700 300 500

Time in seconds

Figure A2-17 The y axis mesh plot created using the hyperspectral image of Tablet F at
position 3. The relative location of this position is shown in Figure 5 10
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A2.4.1 Rate of expansion within tablet
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Figure A2-18 The plots of tablet expansion during dissolution with the linear fits used to

determine the rates of expansion shown in Table 6-1
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A2.4.2 Mesh plots
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Figure A2-19 The mesh plots across the flow cell during the dissolution of Tablet A. The four mesh plots are created using the data across the flow cell,
from top left to bottom right, at 1 second, 7 seconds, 70 seconds and 160 seconds.
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A2.4.3 PCA data

2nd principal component

Tablet B

PCA scores plots containing data from Tablet B
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PCA scores plot containing specific data from Tablet B
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Figure A2-21 The scores plots from the PCA on different time points during the dissolution
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dissolution of Tablet B
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PCA scores plot containing data from Tablet C
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PCA scores plot containing specific data from Tablet C
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Figure A2-23 The scores plots from the PCA on different time points during the dissolution

of Tablet C
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A2.5UV data

120

100

@
S
T

Percentage release of drug
o
o
T

Tablet D
Tablet B
40 Tablet A1 —
Tablet A2
20 —
0 1 1 1 1 1 1 =
0 200 400 600 800 1000 1200 1400 1600 1800 2000

time (seconds)

Figure A 2-25 Release profiles of the non-caffeinated paracetamol formulations determined
using a USP type IV dissolution apparatus.
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Appendix 3: Mathematical functions: Dissolution
corrections functions and the Data correction
methods from Chapter 5

A3.1Simultaneous equations to calculate the
concentration of two compounds which both
contribute to the absorbance of a solution in UV
spectrometry

A = Absorbance
C = concentration
L = path length

¢ = molar absorbance coefficient

A= ecl

As the path length is unchanging throughout the experiment a new term A’ is created by

the form of;

The molar absorbance coefficient can be calculated for the different absorbing compounds
by using standards of known concentration. By using this value of the molar absorbance
coefficient it is possible to calculate the absorbance value in the solution. In a two sample
system where two separate absorbing species exist then the absorbance can be seen as

being equal to:
At = Al + A2

Alt: €1XC1+ £2XC2
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If we rearrange this further then the concentration of one species can be determined as

A, &,C
C1=—t-22

€& &

By using two sets of wavelengths then it is possible to create a value for C, which can be
solved to generate a value for C;.

If the two wavelengths are called x and y then:

A €5 Cy
C, = -

€1x €1x
C. = Ay &y C

, = —2- 2 =

SZy SZy

A &5 Gy Ay &y C
Clx = b X -

€1x €1x E2y 82y

By expansion of the terms and rearrangement the equation can be expressed as:

€2x € Altx €2x A't
C, (1-— x L) =B 7
€1x 82y €1x €1x E2y

All of these terms can be discerned during the UV dissolution testing and once the
concentration of C; is calculated it can be inputted back into the earlier equations to

calculate C.,.

A3.2 Calculating and correcting for the signal attenuation
present in the data

On closer section of the results from 5.3.2 it is clear that some physical effect is altering
the spectral data which is creating difficulties with the analysis of the results. By following
the motion of the acid solution through the cell and over the tablets in the initial stages of
the experiment it is clear that the acid solution is causing some kind of filtering effect. The
spectrum is seen to change as soon as the acid is between the tablet and the camera, such

that the photons travelling through the acid are undergoing some form of filtering effect.

The spectra of the tablet at two distinct, different times are plotted in Figure A3-1. The

initial spectrum before the tablet has been submerged is labelled as the dry data and the
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spectrum after the tablet has been submerged is called the wet data. Figure A3-1 shows that
the two signals are quite dissimilar with a great deal of the spectral information being lost
after submersion in the dissolution liquid. The major goal of this work is to follow the
breakdown and release of active pharmaceutical ingredients (APIs) and excipients from the
tablets over time. The results of Figure A3-1 make it clear that some form of correction
needs to be applied to the data to account for the effect of the acid solution before any
further analysis of the release of excipients can be performed.
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Figure A3-1 A plot of the data contained both before and after tablet submersion. The tablet
used for these spectra was Tablet B

Subtraction of background signal

The results shown in Figure A3-1 imply that the spectral profile of the target is being
modified in some way by the presence of the acidic media which the photons are passing
through. This effect needs to be corrected using some form of manipulation of the data; the
first such correction used was the simplest, subtracting the spectrum of the acidic medium
from the tablet data. If the effect of the acid is additive then it can be considered as two
separate overlapping spectral signals which generate a single spectrum with intensity equal
to the sum of the component spectra. If this holds true then the subtracting the acid

spectrum should reveal the original tablet spectra.

Every dissolution experiment contains a series of pre-experiment images which were
created to allow for the correction of the data. One of these images is the acid flowing

through the empty flow cell and it is this data that is used for the correction and an example
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of the acid spectrum can be seen in the appendix. For each correction a unique acid
spectrum was calculated to account for any changes which may have occurred between
images. There should however, be no change over time within the image as there is
nothing in the system other than the acid, unlike in the dissolution when the acid contains

dissolved chemicals.

During the dissolution process the tablet undergoes complex spectral changes which are a
result of the loss of both APl and excipients from within the tablet which would add
difficulty when trying to determine the validity of the corrections. This is not a problem
with the pure tablet APIs or excipients as these components should not undergo any change
when submerged in the acid solution over than to dissolve. Due to this the correction was
run on the tablet component spectra initially; if the correction is not successful with these
spectra then there is little advantage in using the correction on the tablet data. There are a
large number of excipients in each tablet and none of the tablets contain exactly the same
excipients. Therefore the excipients used for these experiments were chosen as the ones
which were used by the largest number of the tablet brands and were readily available. A
total of three excipients and the two APIs have been imaged for classification of the tablet
data: Acetaminophen, Caffeine, Starch, Polyvinylpyrrolidone (PVP) and Magnesium
stearate. Two distinct spectral regions of PVP were seen in the data, one with a much
higher intensity to the spectral response than the other. These regions were classified as
being either PVPL (low intensity) or PVPH (PVP high intensity). The data was then
corrected by subtracting the acid spectrum and the results were plotted, alongside the
original data, which is shown in Figure A3-2. The spectra of the excipients before any
corrections were applied are shown in Figure A3-2(A) with the corrected excipient spectra
in Figure A3-2(B). The majority of the excipient data shows very little spectral change
other than a decrease in intensity, there are no new peaks formed and no correction of the
data. The only exception is the PVPL data which became virtually flat; this implies that
either the acid data in the flow cell was incorrectly assigned as being PVP, or that the

signal of the PVP is too weak and only the acid spectra can be seen.

These results clearly detail that a simple subtraction of the acid spectrum to remove any
additive issues is not sufficient. Without the ability to correct for the change in the spectral
signal caused by the acid solution it may not possible to detect the change in tablets as the
APIs is released. A more complex system needs to be derived and tested to discover if this

can allow the original data can be re-calculated.
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Figure A3-2 The average spectra of excipients before (A) and after (B) acid subtraction
The Transfer Function

The transfer function is a mathematical approach to correcting the spectrum for the effects
of the acid signal. The idea is that there is a relatively simple mathematical change
occurring to the signal which is changing it from the initial spectrum to the altered one.
This idea is expressed as a schematic in Figure A3-3 and if this holds true then it should be

a simple process of reversing the mathematical process to get to the correct data.

Original signal Transfer function Outputted signal

Figure A3-3 A schematic view of how the transfer function works with the data

The change has been shown to not be a simple addition of a secondary spectrum so the
next approach was to test is the change is multiplicative, that is that the change is from the
original spectrum multiplied by a filtering factor which would be unique for each
wavelength. As the original signal and the outputted signal are readily available in the
images then it should be a simple process to calculate a transfer function. If the original
signal is being multiplied by the transfer function to generate the outputted signal then it is

a simple matter to rearrange this equation to calculate a transfer function.

The transfer function was generated using data from over 500 pixels at both dry (original)
and wet (outputted) regions of the tablet spectra. The wet spectrum refers to any spectral
data after the target is submerged in the acid solution and the dry is tablet data from before

the tablet is submerged. The dry and wet spectral data used to generate the transfer
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function must come from the same image because intra image variation could cause the
transfer function to be incorrectly calculated. When generating the transfer function the
points of wet data were from immediately after the wetting of the tablet to minimise any
physical changes which may have occurred to the tablet.

. Wet Spectra
Transfer function = ————
Dry Spectra

While the data used to calculate the transfer function was from 500 pixels a single mean
spectrum was created for use in these equations. This mean spectrum is generated from a
large data set so should be a good indication of the average for entire tablet. The pixel to

pixel variations in the data are minimised in this way.

A transfer function was calculated for Tablet B and then tested on the rest of the image to
try and correct the ‘wet’ spectra back to their original, unaffected spectra. The first data
recreated was from a time immediately after the wet data used in the calculations and the
corrected dry data was a good match for the original pre submersion spectrum. The next
test was to apply the correction to data much later on in the dissolution process to see if the
change holds. The times chosen were 1 minute after the initial submersion and the last
minute of the dissolution as these represent both a small and large change to the spectra.
The data after 1 minute has not changed significantly to produce the characteristic red
colouring in the HSI image but by the end of the experiment the spectrum is completely
changed. The results of this test are shown in Figure A3-4 and it is clear that the transfer
function is not an accurate tool for correcting the full data set. The data from shortly after
the dissolution of the tablet began is still closely related to the original dry spectrum, while
the wet data collected from the ending stages of the experiment displays a significant
difference in spectral responses. The data from the ending stages represents the tablet once
it has broken down fully and contains only the spectrum of the ‘red’ colour in the false
RGB images. This implies that the transfer function cannot account for these changes in

the spectra, especially in the region after 1300 nm.
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Figure A3-4 A graph showing three separate dry spectra from Tablet B: the actual dry
spectra, one calculated from the initial portion of the dissolution experiment and dry data
calculated from the later stages of the dissolution.

There are two main possibilities for this extreme variation between the data; the first is that
the release of the APIs and excipients from the tablet matrix is changing the spectra of the
tablet. While this spectral change should be best seen as a shift in peak position or a loss in
peak intensity this is not what is shown by the transfer function. The second possibility is
that as the tablet expands and then begins to break down there is a notable change in the
path length of the photons through the acid solution. This increased path length is having a

pronounced effect on the spectrum of the tablet.

The second explanation for these results appears the most likely as the loss of tablet should
not cause such a severe and drastic change in the effectiveness of the transfer function. The
loss of any one excipient or APl would cause a change at key locations throughout the
tablet spectrum but not such a severe change through the whole spectrum. If the path
length is the problem however, it is quite possible that the whole spectrum could be altered

by this change which agrees with the results of the transfer function.

While the second explanation appears the most likely it is worth noting that that the change
to the data is not a single finite mathematical operator which is the assumption made in the
previous analysis. As the dissolution progresses the correction is becoming less accurate,
this indicates that there is at least one more term effecting the correction and that without
knowledge of the terms and a system to empirically calculate these new factors then it

would be impossible to correct the data.
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Calculating the effect of the path length on signal attenuation

These results demonstrate that the path length is having an effect on the attenuation of the
signal. The next step was to attempt to calculate how the path length is affecting signal in
the form of a simple algebraic equation. Four different wavelengths were chosen and the
intensity of these wavelengths at the different height increments was plotted as a function
of the path length. If a best fit of these different intensities show a linear gradient then the
path length is affecting the attenuation in the form of:

y=cx;+d

In this equation the signal intensity (y) is the intensity of a given pixel at a given
wavelength and the x value relates to the ith path length of the photons through the acidic
dissolution media. The d value is a constant which is used to account for the changes in the
signal intensity due to the photons having to pass through the cell wall of the flow cell; the
c value is also a constant and is the correction factor which can give the value of y. The
value of ¢ must be between 0 and 1 which is also true of y.

These linear plots can be found in the appendix and they show that the data points do not
trend towards a linear relationship in this data but rather an exponential one. Such results
clearly indicate that the effect of the path length is not a simple linear multiplicative as
explained above but instead follows some kind of power law or possibly something more
complex. The log of the data was then plotted against the path length; if this data is linear
then the effect of the path length is most likely given by:

yi =cfi+d

These results are displayed in Figure A3-5 and show a substantially better fit to a linear fit
than the previous data. This illustrates that the path length is causing the attenuation effect
on the spectral signal from the tablet data and that the degree of that attenuation is raised to
the power of the path length. The greater the path length the more severe the attenuation
which agrees with all of the results from earlier, but the results must first be tested to
ascertain their validity. This was done by creating a model of the data which can accurately

recreate the real values of y using the modelled values of ¢ and d.
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Figure A3-5 Plots of logy versus path length

A3.2.1 Modelling the attenuation of the spectral signal

Models were created to show a correlation between the spectral response recorded y, the
path length x; and a constant ¢ which corresponds to the original spectral signal in a
manner according to the proposed path length equation shown below. Two different
models were used to look into the data and to try and determine a set of values which could
be used to show that the equation below holds true. The values of x; where chosen to be 1,
2, 3,4, 5, 6 as this represented the identical change in the height of the reflectance tile. The
values of ¢ and d must be within the bounds of 0 < x > 1 as the value of y must also be

within these bounds as it is in units of reflectance.
yi =cfi+d

The Rearrangement Model

The Rearrangement Model uses simple algebraic re-arrangement of the equation above to
calculate the values of ¢ and d which is shown below. By using three different adjoining
height data sets then it is possible to generate the equality at the bottom of the equations.
This shows that by simply using the known values of y a value of ¢ can be calculated and
this can subsequently be used to calculate the value of d by a basic rearrangement of the

initial equation.



yi =
Y2 =
y3 =

Where x;=1, X, =2 ...

cx1 4+ d
c* 4+ d
¢ +d

Y1y = C1 + d‘CZ‘d

y1-y2 = c(1-¢)
Yi-Y2 _ c(1-c) _ l
Y2-¥3 c2(1-c) c
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This model was able to quickly compute the value for ¢ however, the problem with the

second height level data severely limited the number of calculation which could be used to

generate c. The model was run using data from three separate wavelengths to increase the

number of results and to better show the accuracy of this model.

The results from the three wavelengths are shown in Table A3-1 and detail both possible

values of ¢ generated by this model; the mean value is also shown with the standard

deviation in brackets. The values for ¢ are mostly within the 0 < ¢ > 1 bounds however,

they have substantial percentage variations between samples. The values for 1255.77 nm

contain a standard deviation of 14.9% which is too high a degree of variation for the model

to be seen as accurate in its current form.

Wavelength(nm) 1255.77 1349.83 1681.68
Y1-Y2/Y2-Y3 1.230 1.803 3.057
Y2-Y3/Y3-Y4 0.9776 1.817 2.320

0.8127 0.5547 0.3271
C
1.022 0.5503 0.4311
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Mean C value 0.9178 (0.1486) 0.5525 (0.0031) | 0.3791 (0.0735)

Table A3-1 Results from the Rearrangement Model

The variation this model has shown is due to the lack of an error term, this means that any
slight variation within the imaging becomes transferred into the model. A good example of
this problem is that one of the values of C is slightly above 1 which is not within the
bounds of true reflectance values but is within experimental detector error of 5%.

The lterative Model

The second model was named the Iterative Model' and uses a very different approach to
calculating the values of ¢ and d. The first step to this model is again to rearrange the
proposed path length equation so that the log of the equation can be used to calculate the

value of ¢ for a given value of x:

log(y-d) = logc*
log(y-d) = xlogc

When plotted the values from this equation should generate a simple linear progression
with gradient logc, given by the standard linear equation of y = mx+c. By calculating a
value for d which minimises the variation between the log(y-d) and the linear regression fit

of the data then the value of ¢ can be calculated.

The model was created using MATLAB and follows a Newton-Raphson process of
iteratively changing a value to get the best fit for the data possible. The model first selects
a semi random value of d (d is within the limits of 0 < d > 1) and log(y-d) is calculated,
once this is complete a linear fit is applied to the data and residuals calculated. The residual
is defined for this work as being the modulus of the difference between the value of log(y-
d) and the fit of the data. A smaller residual will mean that the linear fit is closer to the real
data than it would be if the residual was larger and this is the ideal result. Once the residual
has been calculated the value of d is changed slightly, the process repeated and the
residuals compared. The model continues this iterative process of constantly changing the
value of d until a threshold number of iterations have been run with no change to the
minimum residual achieved. Once this occurs the value of d used to generate the minimum

value of the residual is output along with the corresponding value of c.
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The model was tested for accuracy and the optimum number of iterative cycles before
completion to obtain the ideal balance between processing time and accuracy of the data. It
was found that the model worked very well using a relatively small number of cycles and it
was decided that 1000 was a valid cycle number to use. If the required number of iterative
cycles is much higher than 1000 then this can cause the processing time to increasing
dramatically so that to calculate the value of ¢ and d for each wavelength can take hours. It
was also discovered that much below this threshold number of cycles and the outputted

values of interest could be inaccurate and showed a large degree of variation between runs.

The model was run using data from the 1249 nm region of the hyperspectral image and a
plot of these data points as a function of path length is shown in the appendix. This data
was input into the Iterative Model and run with until the fit of the data had not been
improved in 1000 iterations. Once the necessary data had been output the plot of log(y-d)
versus the path length which represented the best possible fit of the data was plotted; the
linear regression fit was also plotted onto the graph to show how well the data is fit. This
plot can be seen in Figure A3-6A and it is clear that there is very little difference between
the residual values and the original log(y-d) data. This very close fit means that the value

for c is very accurate as the fit is good and that the values can be trusted.

plot showing log(y-d) vs x along with best fit line pict showing y versus x for the 1349nm region
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Figure A3-6 A) a plot which details the accuracy and closeness of fit for the values
calculated in with the iterative Model and B) Calculated and real values for y at 1349 nm

A final test was to use these values of ¢ and d to generate a new set of y values and to plot
these against the data real values of y. The result from this test can be seen in Figure

A3-6B with the red line showing the calculated values of y and the blue line are the real
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values of y. The intensity of these calculated values is constantly below that of the real
values but they do follow the same trend perfectly. These results imply that there may be a
co-efficient to the c* term which would scale the results; this is not unexpected as the
modelled path length value does not in its current form account for the path length through
the cell wall.

This change to the path length to account for the absorbance and reflectance from the glass
wall of the flow cell should be a constant. This is because the glass remains unchanged
during the dissolution and its reflectance properties would also be unaffected. By using this
knowledge a new form of the path length equation can be proposed in which A is used to
account for the path length changes due to the cell wall and the equation is:

Vi = CXi+A + d

The Iterative Model is able to generate the values of ¢ and d with a high degree of
repeatability and accuracy; the testing of the model has shown that a new value of y can be
calculated which follows closely the trend of the data but with an intensity lower than the

original.

This result is not unexpected as it is showing that the reflectance of the sample can be
calculated by considering the path length of the light through an absorbing medium and a
factor which is related to the absorbance of a signal at a set wavelength with no
interference. This equation is very closely related to the Beer-Lambert law which states
that:

I
R=—=10%
Io

Where R is the reflectance of the system which is a function of the measured light intensity
divided by the total light intensity, I is the path length of the photons through the absorbing
medium and « is the absorption coefficient. The beer lambert law is the same equation with

the ¢ term being related to a.

1. In consultation with Dr Greenhalgh & Dr Gray, Department of Maths and

Statistics, University of Glasgow
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Appendix 4: MATLAB code

The code used to manipulate the hyperspectral data is different between chapters and is
tailored to the specifics of the images and the wavelength ranges used. Shown here are
examples of the most common coding templates that were changed for the specific needs
in the different chapters.

A4.1 Code for opening HSI images and creating a false
colour image with the data

clc, clear all, close all

$Code to open image files

$start by moving the active MATLAB window to the same location as the
file

$to open

location = 'E:\PhD\Chapter 6\Sorted Good Data\Linescan Videos of
Panadol\PaEx Video and Corrections';

cd(location)

$set up the filename and header for reading

Filename = 'PaEx refl';
InputFile = [Filename '.raw'];
Inputhdr = [Filename '.hdr'];

%Read the file header for the bands, lines and samples

fid = fopen (Inputhdr, 'rt');

out = textscan(fid, '$s = $f', 'headerlines', 8);
fclose (fid) ;

ind = strmatch('samples',out{l});

S = out{2} (ind) ;

ind = strmatch('lines',out{l});

L = out{2} (ind) ;

ind = strmatch('bands',out{l});

B = out{2} (ind) ;

%open the Image, subset the image to make the file a manageable size
Data = multibandread(InputFile, [L S B], 'float', 0, 'bil', 'ieee-le',
{'"row', 'range' [1 1 20001}, {'column', 'range', [1 1 S]1}, {'band',
'direct', [10 1 Bl} );

%Clear unwanted data for memory

clear out fid ind L S B F

X
°

o\©

% Create a false coloured RGB image

%Make the matrix Y which contains the three bands used for the image and
%create matrix of size of data

Y = Data(1:1000,:,[71 111 1731);

[rows cols bands] = size(Y);

$Take any values which are above a threshold and turn pixel data to O.
This

%1is to remove erroneous values from the edge of the air bubbles

for a= l:rows;
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for b = 1l:cols;
for ¢ = 1l:bands;
if(Y(a,b,c) >= 1.1);
Y(a,b,:) = 0;
end

end

end
end

$Image must have values between 0 and 1. Use the min and max functions to
snormalise the values to between 0 and 1

Max = max (max(Y));
Min = min (min(Y))
ImData = zeros(rows, cols, 3);

for 1 = 1:3

Y(:,:,1) = Y(:,:,1)- Min(i);
ImData(:,:,1i) = Y(:,:,1)./ (Max(i)-Min (1)) ;

end

%output image
image (ImData)

A4.2 Code for determining the degree of tablet expansion
within the flow cell

[

% The areas of the individual flow cell repetitions must be identified,
this

[

% i1s done by finding the edges in the white tile to the left of the image

o\°

The WhiteData is a strip of data which disects the location of the
refrence claibration tile in the image. Using this data the location of
the flow cells can be determined

o o oo

b

= find (WhiteData(:,4) <= 0.6);
[rows cols] = size (X);

%When there is a gap of 2 or more pixels which arnt white then this is an
%edge, these edges position are stored as pixel locations in the matrix Q

for 1 = 1l:rows-1
if (X (141)-X (1)) >= 2;
Q(i) = X(1);
Q(i+l) = X(i+1);
end

end
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$find the locations of the Q values and make a matrix of these wvalues
YY = £find(Q >= 5);

Loc = X (YY) ;

$clear X Y YY WhiteData

o

Next run the analysis on the flow cells split into sections

Use the locations generated to calculate the location of each flow cell
and then simply find the number of pixels within the flow cell which
ave

a value = black region

o0 O d° o° o° o

[rows cols] = size (Loc):;
for 1 = l:rows-1

if Data(Loc(i)+1, 8) <= 0.6;
i = i+1;
end

%$create a redcuded size cell

Cell = Data(Loc (i) :Loc(i+1l),:,:);
$imshow (Cell)

Cell = Cell(:,115:245);

%Now use the size of the cell to caluclate a total pixel count
[rowsC colsC] = size(Cell);

TotalPixels = rowsC*colsC;

Totalswell = find(Cell(:,:) >= 0.18);
[swell misc] = size(Totalswell);

%calculate a % swelling

PercentCoverage (i) = (swell/TotalPixels)*100;

End

A4.3 Creation of mesh plots from the images

%$Input a range of locations which are then used to create mesh plots

%0pen specific locations containing the wavelength data, this is used
%$during the mesh plot function

location = 'E:\Sorted Good Data\';

cd(location)

load SWIR Wavelengths
W = SWIR wavelengths(10:256);

%Choose the lines for creating a mesh plot
X = [45, 115, 235, 10801;

%Use a for loop to select each location in turn and then create a
smesh plot of the data.

for 1 = 1:4;



end
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Y = X(i);

figure, mesh (W, 0:120, squeeze(Data(Y, 140:260,:)))
xlabel ('"Wavelength (nm)', 'fontsize', 13)

set (gca, 'fontsize', 11)

zlabel ('Reflectance', 'fontsize', 13)

set(gca, 'Ztick', 0:0.1:1, 'fontsize', 11)

ylabel ('Pixel location', 'fontsize', 13)

set(gca, 'YTick', 0:20:120, 'fontsize', 11)



