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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 let tateakdown 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 t
describe the physical changes occurring within the tignated 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 visitd®0-860 nm) and the near infrare836-1650 nn). As

the polymer samples were similar, comparison of the spectra for distinguishing features
was unsuccessful and principal component analysis was used to separate the spectr
signals. The near infraresIR) was shown to be the most effective wavelength range at
separating signals due to an increased number of peaks for comparative analysis. Th
examination of the dissolution of paracetamol tablets produced by several different
manufacturers was described 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 ofthe signal attenuation affecting the results. The final experiments combined the
spatial and time resolutions of the previous experiments. This system used a minimisec
path length to reduce signal attenuation and give spectra with enhanced spectis.featur
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 resul
were then corroborated using conventional analytical techniguestablish whether HSI

had robustly measured the release of a known compound during dissolution.
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Chapter 1: |l nt roducti on

l1Hyperspectr al Il maging

1.1 11 ntr oducti on

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 digite
camera at each pixel the spectral information is only represented astiggen$ set
wavelengths to give the coloured imadegsed, green, blue etc.) Hyperspectral imaging
however gives the spectral information of the image taken with a predetermined set of
wavelengths (e.g. 360000 nm). At each pixel in the hyperspectral image a spectrum, of a
specfic range of wavelengths, is recorded with a spectral resolution as highGsrg?.

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 on
groups tause hyperspectral imaging for many years where those with large budgets such ac
NASA and the military. Recent advances in detectors have reduced the cost of productior
resulting in cheaper hyperspectral cameras, which has resulted in the technique becomin
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 storedtsogage the user an image

in the (Xx,y) plane where each individual pixel contains the spectral information in the z
plane and this data i 3 Figuefl- israe exampl® of a s
hyperspectral image, the ige 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 spectra
signal by the deep red intensity. An image of this size can be captured within a few

seconds and contains thousands of individual spectra.



Chapter 1 2

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 botf
spatial and spectral information in just a few seconds. There are two main components to :
HSI system, the fitsis a chargeoupled 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

tuneablefilter (LCTF) *°, an acoutsoptical tuneable filter (AOTFJ’ or a spectrograph
8,9

1.1.2Bui l ding a hyperspectral i mage

There are three ways to create a hyperspectral image point and these are known as poir
plane or line scanning. The detector for any HSI camera is determined by the wawelengt
range used and not the approach to generating the hyperspectral image. The theory of ho
the detectors work and the composition of the detectors are discussed in detail in Chapte
2.1.1. The three approaches to creating a hyperspectral image differ ithéhamage is

created and each use a different system for separating wavelengths to be captured by tt

system.

1.1.2.1 Point scan hyperspectral imaging

The point scan approach to hyperspectral imaging is where the image is built up one pixe
at a time with theystem 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 saathes th
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 anwextensirequired

for data capture. These disadvantages make this technique a poor choice for dynami
systems or large target areas. However, when the sample is stationary, stable and a sm:
target area is sufficient then point scan HSI can be very powerfu

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 atolled manner. The two main filters used are the
Acoustcoptic filter and the liquid crystal filter. Therefore with this system the target is
imaged at the first wavelength, the filter changed and the targetaged. By proceeding
through the differenivavelengths 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 &
bulky cooling systems to prevent any fluctuations from the ideal operational temperatures
the system is calibrated for. H atherethae the, a
exposure time for the system they are excellent at quickly imaging static objects such as ¢

tablet surfacé.

1.1.2.3 Line scan hyperspectral imaging

The third system for generating hyperspectral images is to create the image one line at
time and is known as push broom or line scan hyperspectral imaging. These system:
collecta 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 oth
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 canibea to

move these systems have been employed extensively by the remote sensing cdhmunity

where large areas of land are imaged using planes or satellites.
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1.13Remote sensing applications of h

Hyperspectral imaging was first developed for the remote sensing community gs@ wa
Image large areas with sufficient spectral information to investigate processes or change:
which cannot be easily recorded on foot. Differentiating between similar plant types in
coastal regions or large tree canopie¥, detecting mineral deposits and separation out
similar ores across mountainous ar€d3® water quality in coastal ared® and
classification of building and infrastructure in urban aré&8are just a few examples of

how HSI is used in remote sensing. HSI is also used by thanmyilivhile many uses are

not published for obvious reasons there are some declassified documents which have bee
shown in the literature. These detail the use of the technique in identification of target and
target areas such as using satellite data tblindmines in a minefieltf. The use of HSI

data has also been used to detecting potentidhrgitargets such as plan&awith a high

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

1141 ndustrial applications of hyper

One of the largest fields of hyperspectral imaging outside of the military and remote
sensing imaging is its use in industrigbiality control systems, especially the food
industry. The large volume of spatial, spectral and temporal information allows the user to
check the quality of a |l arge area very (
appled® or checking the uniform distribution of a polymer blefidrhe use of HSI to
investigate polymer uniformity® is of particular interest; here Gosseb 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 b
done using current thoiques 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

polymerblend.

In the case of checking for bruising of appleie technique is used to penetrate just under
the skin on the apple where the earliest signs of bruising are shown, these signs are easy
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 ¢crehiehl

shows the areas of bruising under the surface of the apples. This system allows for an\

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 retmchd@ost
profits.

There are numerous different publications showing the use of HSI to detect dis®ase

2930 or contaminatiof*? in food products by using techniques similar to those

bruising
above. The angsis of these imagecan be performed quickly and could potentially be
used in an automated system. These systems can be used to save companies money

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

There are also examples in the literatwhere hyperspectral imaging has been tested to
see if it can be used to separate better quality products which could be sold at a highe
price. One such study looked at the tenderness of beef ¥te@ke tenderness of a steak

is related to key biocheinal 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 tt
beef using snple 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 automate
system of detecting the quality of the meat as a quantitative value of fat percentage in &
piece of meat. This is just a small selection of the wide breadth of uses hyperspectral

imaging has in industrial applications.

l.15Laboratory applicatiahsi madghyger

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

detection and identification of cell$*%°,

As Hyperspectral imaging requires an
illumination source to prodecan image the only thing necessary to view microscopic
samples is simply an amplification device such as an adapted micrdéc@pis 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
Raman and near fimred (nIR) microscopy systems. In the microscopic scale however
most measurements are done using fluorescence and so require more advanced equipme

to detect the data received along with a different microscope set up.



Chapter 1 6

The identification of specific baerial growths in a group of bacteria is just one example
where microscopic hyperspectral imaging has been implemented previfusiis 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 whic
can be used to distinguidietween 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 hyperspecdl 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 slved using multivariate statistics.

Hyperspectral imaging has also been used to investigate areas of interest on or near tr
surface of an animal’ or even internally using an endoscopic approach to ¥|SThe
detection of skin tumurs 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 detec
these tumours®“° by looking for the change in certain specific peaks which indicates the
presence of the growtfihe 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 ofhe 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 mela

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

Hyperspectral imaging hadsa been used to research levels of certain compounds in the
blood of patients*% These papers where looking at the levels of haemoglobin in the blood
of test patients with one papgpecifically investigating patients with sickle cell anaemia to
discover whether certain treatments help oxygen saturation. Using HSI was an ideal way tc
detect levels of haemoglobin using a fiowasive technique which can be used over a
period of time toshow 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 o
the concentrations of the target compounds with minimal discomfort for the patient as the

imaging is fast and nemvasive.
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116 Hyperspectr al Il maging i n phar mac

There are two O6stylesd of hyperspectral
most established is chemical imaging. Chemical imaging is traditionally a stylemf po
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 pgotral
iImaging systems. The use of hyperspectral imaging systems, specifically thosa with
liquid crystal tuneable filter (LCTF) or acoutsgtical tuneable filter (AOTF) filter or
plane scanning spectrograph, is a more recent addition to the fieldaohgadeutical
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 onl
exist in so far as how the data has been collected previoushyhambinenclatures that
were created for them. Chemical imaging and hyperspectral imaging are becoming
interchangeable term¥' 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 i
this field detect inthe 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 drt
contaned within at the intended source at a predetermined rate. The greater the degree c
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 vikahtion

spectroscopy techniques reduces the volume of information on the sample relative to &
hyperspectral approach and this is why these techniques are being investigated
Hyperspectral imaging does not average over a large area but gives spatial resolvec

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 clustefinge components. Investigations

into the homogeneity of tablets have been performed using HSI in an attempt to monitor
the concentration difference throughddf 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 Lopesal * uses a style of post imagaalysis 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 causirgpéogral signal to be a composite

of these different compounds. The algorithm then calculates the abundance of eact
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 fol
spectral unmixing of thelata. These were a single wavenumber method, classical least
squares regression and partial least squares regression. It was found that the partial lea
squares gave the best results with the highest degree of accuracy however, this metho
does require aalibration set which may not always be available. Both of the papers detalil
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 tablet$*> Here a near IR spectral range was used to scan the surface of
theaspirin and the data received along with chemometric approaches like those above wa
converted into concentrations of active pharmaceutical ingredient (API) and then the image

of the tablet recreated as a relative concentration map.

There is also intest in the use of HSI to identify counterfeit druf§$’. Hyperspectral
imagng can be used to test large batches of drugs rapidly which allows for quicker

validation of suspect drugs. The work by Lope¢al *°

showed that using HSI it is possible

to take a large sample of tablets of unknown content (although the intended API was
known) and discover which of these tablets were counterfeit. Furthermore the use of
principal componet analysis (PCA) showed that the counterfeit tablets could be grouped

into 13 separate groups. Within these groupings it was also possible to determine which o
the counterfeit tablets were placebos and which contained either too little API or a
substitue 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 anc
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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1.2Tabl et s

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 otlpeuuads

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 differel
physical properties in the tablets. A large proportion of tablet lmlloften 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 microgramsPdf Atablet 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 proces
during the expulsion of the tablet from the tabletingciine. 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 afte
the tableting process and some suclktasch and cellulose are also used as disintegrants.
Preservatives and sweeteners are also used in tablets for a longer shelf life and to mask tt
unpleasant taste of the tablets. Coating tablets is commonly used to disguise the taste ¢
some drugs makinghem 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 Gl tract the tablets release the API in the desired location.

Tablets are created as a thoroughly mixed blend of excipients and API 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 cluste
together due to electrostatic charged created by small particle sizes. To allow for even
mixing throughout the tablet a process of granulation is performed. Granulaten is
process of combining the desired API 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 wslmeh 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 ti
determine the quality of the tablet. For example tablets must be tested to show that the
ingredients arevenly mixed and within specific quantity limits. Two techniques used to

test tablets are dissolution testing to investigate the release rate of the drugs and vibrationé

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

1.3 Phar maceuti cal anal ysi s

1311l ntroducti on

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 withime pharmacopoeias, with the United States
Pharmacopeid® containing many of the most common techniques and procedures for

testing pharmacical products of all types.

1.32Di ssol ution 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) specioscopy to detect the increasing intensities of spectral peaks in the
UV from specific drug absorptions. Then using the Hesmnbert law and known
standards the change in spectral absorbance can be attributed to a specific change in tl
amount of API relead 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 th:
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?,

The USP contains four different dissolution apparatus which are designed for different
experiment needs and pharmaceutical products and may even give different release rate
for certain drugé®*°. Each system is different but there are core similarities between them,
each uses a 900 ml solution, often acidic buffer, into which the pharmaceutical sarhple wil
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 numerous enzyme

to aid in the breakdown of food. Each procedure uses a UV spectrometesdoresethe
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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
tesing 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. Aseincre

the rate of gastrointestinal absorption by the addition of a secondary compound to the
target drugs was shown by Goldbetgal ** 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
different dissolution approaches. Mattek af? investigated three different dissolution
procedures for the release of acetaminophen (paracetamol) and found each to give differer
results. During the experiment it was also shown that older tablets may have a slower
release than recently createablets 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 degrad
over time and that the eslse of APl from a tablet in a reaction vessel is different to the
release and uptake inside living organism. There are some good reviews on where USF
dissolution apparatus is currently in the field of pharmaceutical analysis and the changes
that may be reded in the future®

Van der Weerdet al ** looked into combinig FTIR imaging and dissolution testing to
investigate the release of APl 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 homogesbhuthroughout 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 dissolutiomhich are not seen with the traditional UV dissolution
apparatus alone. There are however problems with the work as the tablet was placed unde
pressure constantly from the golden gate holding it close to the IR beam and a very
restricted flow space forhe water to dissolve the tablet in. It is promising to see the

potential of imaging and spectral analysis merged in this way.
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A new vista in dissolution testing is the combination of the UV spectrometry and imaging
to create an image of the dissolutiorsamples 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 areyooaptured a single wavelength and not the full
spectrum. These imaging systems show great promise for pharmaceutical analysis of the i
situ release of API from different pharmaceuticals.

The use of this technique on transdermal patches was performedegiigate patch
release profiles and also to highlight the ability of this technique for anafysihe
patchescontained 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
bedifficult 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 dissolutioit hestsork

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 isused 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 patc
which are simple analyses which could lead to nisi@mation on the physical changes

occurring during the dissolution.

The UV imaging of the dissolution of a preade tablet of pure Amlodipirf& does contain

more analysis on the spatial information contained within the data. Much of this work
mirrors that done previously, using the datacaiculate the release of the API. However,
this work also investigates the images and the physical effects which are occurring that cat
be detected. The images showed that the release of one formulation of Amlodipine tablet
was much quicker the others. Aly 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 o
the tablet. This is visible as a slight skew in the tablet and as a thin line of dissolved
material athe 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.



Chapter 1 13

Dissolution testing is a powerful tool for analysing the relgasgperties 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 ar
average of the total dissolution in the system sndependent 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. Wever, 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.

1.3.3Vi brati onal spectroscopy
1.3.3.1 nIR spectroscopy

Nearinfrared (nIR) spetroscopy is a fast, nedestructive 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 2826 nm. The region

was first discoverecby Herschel in 1800 when he separated the electromagnetic
spectrum using a prism and noted that the temperature increased greatly past the red end
the spectrum. This region in which the temperature rose is the near infrared. Experiments
have ben performed using nIR since the early 1920s but more advanced statistical
analysis alongside reduced production costs were needed before major advances coul
occur with the technique. In the 1960s Karl Norris from the U.S. Department of
Agriculture recogised the potential of nIR and introduced it for the analysis of agricultural

and food product?.

The use of nIR spectroscopy for pharmaceutical analysis is now widespread with the
technique being used for quality testing of matisrbefore, 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-freatment steps, the nalestructive nature

of the technique and advancaschemometrics.

The bands seen in nIR spectroscopy are from the combinations and overtones of the
fundamental vibrations of theCH, -NH and-OH groups with some contributions from
other similar functional groups. These vibrations are much rarer tharutk@nental
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 obamohsimilar 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, whicl
cannot be removed that causes a broadening of the absorptiks Ipeaexciting all
molecules and causing some degree of vibration. Thus a nIR spectrum contains peak
which are broader and weaker than their corresponding mid IR absorptions. However,
there is an advantage to the weaker nIR signal as the signal peneatfagimlR photon is

much greater than that of the mid IR as they are less readily absorbed. This is caused b
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, fuaiger through an absorbing medium
before interacting than mid IR photons. The second reason is that the scattering of light, a:
explained by Rayl efiwhher ei so pirso ptohret i wanvad | et
the longer wavelengths of the mid fRotons 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 greatérlength through the sample

and a greater sensitivity to the physical changes in a sample, such as particle size, than tt
mid IR. Changing particle sizes causes variability in the degree of scattering in a sample
which with chemometrics and referencealaan be detected and tracked throughout a

sample.

As these peaks are broad they contain less spectral definition and similar peaks from twc
or more distinct environments may overlap. This data is multivariate in nature and so the
spectrum requires moreomplex 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 techmjues is principal component analysis and this is explained in more detail in

sectionl.4

The use of near infrared spectroscopy for pharmaceutical analysis hasbacemmore
prevalent since the 1990s due to improvements in both the hardware and software used t
capture and analyse the spectra. The technique is now used to investigate a wide range
different pharmaceutical forms and processes from tablets to @olinplants®®. 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 adwstructive technique to track and identify
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materials in real time without the need to remove samples to an exteraabroéor
testing. There are a number of papers which discuss the use of nIR for the identification of
both active pharmaceutical ingredients (AP1) and excipirits NIR spectroscopy is also

used to look at the copolymer ratios in some common pharmaceutical copofyrarcs

even how the characteristics of certain excipients affect the tablet propartie3ther
physical attributes of raw materials have also beatyaed using nIR such as particle size
determinatior?*®’, polymorphic form$®® the mtio of amorphous to crystalline forrff$

3 and moisture contert’®.

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 loweraefjicWhile there are a
number of techniques used to analyse this property, such as Karl Fischer tiffatit
spectroscopy is a powerful approach due to its sensitivity to the OH vibrational stretching
frequencies observed in the water molecules. OHe bands of water are intense and
include 5 separate absorption peaks at 760, 970, 1190, 1450, and 1940 nm. These peaks ¢
from different overtones and combinations of the fundamental vibrational frequency and so
each has a different intensity and theesgth 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 gree

number of papers on thésibject.

One of the most common pharmaceutical dosage delivery forms are tablets as they ari
small, provide an easy form of dose regulation and stable. However there are a number o
different parameters for which nIR spectroscopy is used to detect orabdntify such as
tablet hardne&&®, thicknes<®®’, dissolution raté®®° coating thicknes&"°*°* product
degradatior’®?® and identification of tablet componerits®**®, The deepenetration of
nIR spectroscopy also allows for the identification of tablets inside sealed blister packs
9919 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 %28d Raman spectroscopy
is a form of vibrational spectroscopy whidnvolves the excitation from a vibrational

energy level to a virtual energy level and the subsequent relaxation of the bond to a lowet
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vibrational energy level with the emission of a photon. It is these photons which are
detected during the spectroscopfe 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 vibrat® caused by a change in polarisation of that bond and can
detect norpolar bonds such as carboarbon backbones. Due to this difference between

IR and Raman spectroscopy an intense absorption from a functional group in the IR does
not necessarily appear 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 forntf pharmaceutical products such as tabléts°%® The
technique is specific and can be used to detect very low concentrations of a target

compound. Widjajeet al %

showed that the pure spectra of a compound which has a
concentration of 0.2% by weighan be calculated using a multivariate approach. With this
analysis the spectra of a tablet were captured and run through an advanced multivariat
statistical algorithm to generate the pure spectra of each component in the tablet with &
high degree of awracy. 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 &
large volume of high resolution spectral data which is often comprised of multiple signals
combining.*"*° Raman mapping is a commorchaique 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 lorier capture than a standard IR measurement.

l4Mul tivariate analysis of dat:

Multivariate analysis is a set of techniques which are used to analyse large sets of dat:
which contain substantial amount of variables and observatiottsis commonly used in

the fields of nIR spectroscopy and chemical imggiRaman mapping, HSI and image
analysis where there is a large volume of data which cannot be easily analysed using mor

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 asee 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 numb
of the different approded 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 hus only started to become more common with the improvement in

computers and the software packages to perform the analysis.

141Principal component anal ysis

Principal component analysis (PCA) is one of the most common forms of multivariate
analysis and is udeto identify clusters of signals which are similar within large data sets
which contain shared variables. The techniques used today for PCA were first developec
by Hotelling in 1933"#3ajthough various forms of PCA were discovered prior to this
with the first recorded paper being published in 1901 by Karl Pedféofhe theory of

PCA is detailed in Chapter 2.5.1 but for the ease of the reader a beiptes 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. Thes
components show the largest variation within the data isleteach 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 astwotafo new princi pal con
This allows for similarities between samples in a complex system to be determined such a:
spectra which share a specific peak or regions in an image which contains the same
material. These principle components camtavo factors which are the scores and
loadings. The scores are a measure of the variation shown by each sample for tha
component and the loadings detail which variables are causing the variation which is being

described in the data.

Principal component ralysis is often employed in hyperspectral imaging as a way to
determine which areas within an image which have a similar spectral response. Remotse
sensing imaging is one of the oldest forms of the HSI and involves the imaging of large
areas of land eitheby plane or satellite often to look for specific vegetattoh**® or
mineral deposits®. 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 whict
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contain the greatest degree of variation in the images. This can reduce 200+
wavelengths of interest to-B) wavelengths which is a much smaller sample set for
comparisont*>. The use of PCA in HSI, as either a standalone analysis or a midpoint for
more complex analysiss also common in laboratory experiments. PCA has been used to
analyse a wide range of systems such as bacterial cdbités demineralisation of

enamel*? biological materials such as lung celfé 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 differenc
slight. The analysis is often performed to distinguistwben 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 excipiert$ analysis of cellulose and lactose content in
ecstasy tablet$?* and determining the degree of water absorption onto microcrystalline
cellulosé®. There are also a number of/i@vs which cover the use of PCA within the

areas of nIR spectroscopy in greater détai**.

1420t her 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 \@ay 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 tt
sample. The pharmaceutical compounds can have an effective diameter of less than 1
um™° and image pixels can represent an area much larger thamrthiso 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 whichtrspace contained within the

data and the relative contributions from each source. PLS is very common in nIR

§1—134

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

compounds being invagated.
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Support vector machines (SVM) are a form of supervised learning mitdehich has

been shown to be effective at separation out similar signals for the qualification and
quantification of sample$®****” 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 imdge laberlled

as belonging to a specific compound. SVMs are also used in machine learning as a way o
training the data inputted to identify new target gefiesr drugs™®. These can be used on
their own to produce a reduced da& or as a precursor to further computational analysis

such as artificial neural networks.

15Hyperspectr al di ssol ution i m:

The dissolution and release of active pharmaceutical ingredient from a tablet can be
tracked using traditional UV spectroscopy alisisolution 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 solutiol. New imaging approaches have been shown which image the
dissolution using a UV system at a singlevelength to see the change in the tablet with
the increased information that the spatial dimension can give. The disadvantage to thes
systems is that they can only track a small number of wavelengths simultaneously and sc
any complex drug release systerieh requires multiple wavelengths to track affectively
may be unsuitable for this sort of analysis. An IR based system which tracks the release o
the drug using a FTR imaging system has also been showwhich is able to track the
releasse 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 cordirthehdata

shown in this region is consistent throughout the tablet.

Hyperspectral imaging, especially using tuneable filters or spectrographs, has shown itsell
as a powerful tool in various different research areas including pharmaceutical affalysis
The point scan imaging systems have been in use in pharmaceutical analysis for some tim
where it is most commonly referred to as chemical imaginghese new systems which

use the tuneable filters and spectrographs for line scanning are much faster than the poir
scanningwhich 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. Th
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line scan systems are also implemented in production lines where constant analysis o

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 press. 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 surnending 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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16 Ai ms 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 spatiarmétion in the image and the
spectral information at each pixel.

The key objectives are as follows:

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

compounds.

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

1 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.

1 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

1 To show the loss of API or excipient from the tablet as a function of time
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21Hyperspectr al Il maging

Hyperspectral imaging (HSI) is a spectroscopic technique which enables the user to obtair
an image with both spatial and spectral informatién There are three main ways to
collect hyperspectral images which are single pginlane scal* and push broom
scannind®. The systems used in this work all use plane scanning HSI, with the exact
experimental setup of the cameraanging between the different experimental chapters.
However, the necessary component pieces remain the same throughout and they are tt
detector, the spectrograph, the stage and the light sotiigare 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.
series of slits insidéhe 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

211 The detector

The detector is a device which stores and translates the electrical impulses received int
spectral data. It is located behind the spectrometer eitharsaparate 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 actior
for any detector is the same with incoming pimstditting 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 energ
difference between this is knowas 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 energiggormed 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 coun
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 specifi
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 atitetbassitivity

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 gappsbximately 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
photon at a set wavelength is specific and somanipulating 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 differen
detectors were used. An electronltiplying chargecouyled device (EMCCD) for the
visible wavelengths of 350860 nm, a InGaAs CCD for the very near infrared region (780

T 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 detor 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 systenmaufficient 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 systel
to sufficiently detect the photons. For this range an MCT detector was used which contains

a detector made from a mercury cadmitelluride alloy.

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

excitation of the electrons in the detector without arternal 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 no
exposed to incoming lighfThe pushing of lectron charge through the detector can also
cause some error, where every step adds a small degree of noise into the signal, althouc
this is often much smaller than the thermal noise.

21.2The spectrometer

A spectraneter is a device commonly used in a numbgr different spectroscopic
techniques;its primary function is toseparate 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 tf@@ camera) during the imaginth a
hyperspectral imaging system the spectrometer consists of three major components whicl
are the objective lens, a series of slits and a diffraction grating or. @isrphotons which

enter the devicein these experinmgs, are scatteredirom the target surfacd=igure 2-1

shows a schematic of how these pieces fit together and Warkbjective lens is often

used to focus the incang beam of photons onto the detectmce the reflected light has
entered the spectrometer it passes through a series of slits which reduce down the bea
into a singlenarrow beamof photons. This line of photons then enters into a diffraction
grating which causes the different energy photons to be separated out such that a spectru

of different energies hits the detector.

—@® ) _).3 .,

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 passFigure 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 o
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here as a particle) hits théfchction grating it is diffracted outwards in all directions, this

iIs 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 thee 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 th
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
Figure2-2. 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 construatitexference is different due

to the different wavelengths of the photons as they enter into the grating. The grating
equation inEquation2-1 gives the angle of difctiond,, at which the diffracted light will

be at a maximum. The other terms in the equatioraavbich is the distance between the
mid-point of two adjacent gratings) is an integer which specifies the order of the various
principal maxima and | i wavelength.

+viR Of

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 ehavavelength range. As with the

detector three separate spectrographs were used for the three different wavelength range
investigated. The visible used a Specim V8E, the near IR used a Specim V17E and the nez

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 t
the spectrometer. During these experiments the camera was positioned as closiblas pos
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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21.3The stage

The spatial image shows the physical representation of the target in a manner similar to :
normal digital camera. Hosver 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 showfigare2-3. 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 multipledneesollected 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 pusbotor 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 exposerased 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
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too fast the pixels become short and daast. Once the exposure time and frame rate had
been set (which is discusseddri.4) the correct speed of the stage could calculated. The
speed was determindxy 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 patter
become truncated and the speed was slowed, and when the speed was too slow the squa
were elongatednto rectangles. By a manual iterative process the ideal speed was
determined and incorporated into the experimental setup for the imaging as once calculate
the speed is always correct as long as exposure time, frame rate and camera distanc
remain congint. 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 wi
no jerking of the sample. The same stage was used throughout all experiments, which wa
a Zdix KSA 11-200 s4N withanIMS Mdrive 17+ motor attached.

214Exposure 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 PTF
calibration tile which was used to calculate reflectance values (s&8d). By imaging

this tile and inspecting the raw counts values the exposure timeegaaripulated so that

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

215Li ght sources

The light source used in these experiments is important, if the light source is variable then
inter-image variation may become a substantial sewf 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 (PTiEEused as a standard in these
experiments for 100% reflectance and is used to calculate the reflectance of the data, thi
process is shown igection2.3.2 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 thecller 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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22Pharmaceutical anal ysi s

221Vi brati onal spectroscopy

This information on vibrational spectroscopy is based on the information given in
6Spectroscopy of ¥andfunherrdetais obthe thkory okvibmtional
spectroscopy can be found there. There are three separate and distinct techniques withi
vibrational spectroscopy; these are Raman, near Infrared (nIR) ahdnfrared (IR)
spectroscopy. These three techniques are used to show different and distinct informatior
about the chemical structure of a samiffeHowever the cause of the absorption bands in
each of these techniques is the same. Vibrational spectroscopy revolves around the enerc
changes within a compound due to the molecular vibrations of its atoms and bonds. The
simplest form of molecular vibrations Bxplained by the diatomic oscillation model
shown inFigure 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 is a measure of the energy required to make a bond vibrate,

moreover it can be calculated using the harmonic oscillator approximatitquation2-2

i ]
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Equation 2-2 The harmonic oscillator approximation

In this equatiorf is the force constant of the bond and is proportional to the length and
valency of the bondndthe electronegativityfdthe atomsn the bondThe reducedna s s ¢

is used to account for the masses of the two atoms and is calculateB asatgpn2-3
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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 thésingye,
double or triple bond) can have a signif
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 aeatad 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 sam
vibrational energy and the energy levels are queats® 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 quit@oowith
vibrational spectroscopy that the bonds detected are not a simple diatomic bond but &
polyatomic bond which contains a number of different atoms bonded to a single central
atom. These bonds vibrate in unison to create more complex vibratiaralser 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-BN3N-5 in a linear system) different
molecular vibrations (also called vibrational state@bgre theminus 6 vibrations are those
related to translation and rotatio the bondin thex, y and z spatial cordinates Each
unique bond vibration is known as a vibrational mode, for examplgQarblecule has

three vibrational modes (3x3. These modes areissoring, antisymmetrical stretching

and symmetrical stretching vibrational modes and the movement of the bond is detailed in

Figure2-5.
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Anti-symmetrical stretching Scissoring

N e

Symmetrical stretching

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 thedizdlora
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 allow
the vibrational energy level of the bonds to increase, causing theponcéng 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 I&velhigher 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 eperuired for the scissoring of a water
molecule is not the same as the symmetrical stretching of the same water molecule and th
symmetrical stretching of water is different than the symmetrical stretching of hydrogen
sulphide, which has a similar struoe. 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 vibratn 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 energ
frequency and wavelength are all related by the Planck relation shd¥guation2-4:

o0 —

Equation 2-4 The Planck relation

Where E is the energy of a photdni, s Pl anc kadss d dires tsgprete,d o f
the wavelength of the photon. The frequency of the photon is giveheby

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 banat$ 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 dbemical identification and structure elucidation.

Near and mid IR spectra are batteasured as a function of the absorption of photons
which either pass through or are reflected off the surface of the sampé&photons are
streamed from a source todetector 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
specificand discreteRaman spectroscopyg uses high energy lasers to cause excitation
and relaxation of the vibrational quantum stafiése relaxation of the bond emits a photon
with a different energy to the incident photons if the vibration is a Raman adinetion.
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 s€cfidn3 The data collected

in Raman spectroscopy is not a measure of the wavelength at which a vibration occurrec

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

Mid IR spectroscopyletails the absorbance of photdrem ~200crt to 4000crt while

the nIR photons are found in the range of 12400 to 4000 Baman is often in the range

of ~100cnT to 4000cri but not as absorbed photons but the energy difference between
incident and emitted photons. The intensitytled 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, Ramal

and nIR are both much weaker. In Ramscattering 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 tauque 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 photon
are used in Raman spectroscopy and the power of the laser can sometimes damage tl
sample if used for toahg. 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 (butstill 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 molecule
vibrations involved in nIR spectroscopy require a change in quantum energy level of
greater than %, 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 stand
IR spectrometer is 2500100000 nm and this portion of the electromagnetic specsum

often referred to as the mid IR.

For a bond to be visible and significant
means that the vibrational of the bond must obey certain selection rules. The selection rule:
are that the vibrational energy levaust increase by only 1 and that the bond vibration
causes a change in its dipole moment. An energy level diagram is shdvigumne 2-6

which details allowed energyansitions in IR spectroscopy. The absorption of a photon
must causes an increase in the vibrational energy fevtl but the starting energy level

is not a factor in the selection rule. The excitation from higher energy levels is less
common howeveras 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
hasa 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 anc
negative end and the degree of the polarity is the dipole moment. Vibratopoddr bond

will cause the dipole moment to change as the poles are moved closer together and furthe
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away and this change iIis necessary for a
such as in the €€ chain of a polymer backbone will not showiomn IR spectra, unless
one of the carbons has a unique group attached which affects the dipole moment (a C=C

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, comtnatdf mid IR vibrational and from

an increase in vibrational energy leva) 6f +2 or more which is shown fRigure2-6. As

with the IR vibrational excitations thaitial 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 analR spectroscopy both show the vibrations of polar molecules where a
change in the dipole momeof the bond occurs during the vibration. This means that the
bonds seen in thelR are from heterogeneous bonds witiHXbeing the most commonly
seen bonds in thelR. The peaks seen in the neardR associated with peaks in the IR
spectrum a carbonytretch in the IR has a complimentary peakthe nIR from the

overtone vibration.

The overtone and combination vibrational bands seen imlfR@are broader and weaker

than there corresponding IR bands. These bands can1@0lfimes weaker than in tihe
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corresponding IR bandd’ and while most IR absorptions are narrow (with the exception

of hydrogen bonding @ bonds) thenIR peaks can be much broader, up tc 100 of nm

wide or are seen as sharper peaks within a much broadefTpesiks especially true when
water is within the sample as this has strong absorption bands. The broad nature of thes
peaks means that it is very common procedure to use more advanced analytical techniqu
than are normally applied in analysis of mid I&al Multivariate analysis is the style most
often applied to the data using techniques such as partial least squares, principa
component analysis and artificial neural networks tecal®volute the data and extract

valuable information.

The path lengthfonIR 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 thER photons is greater, typically, than that of the mid IR
phaons. This is due to the reduce absorption coefficient of near IR photons and also that
the scattering of t h'husptheaontd éRrusdergoss considenaldyr t
fewer scattering events per unit length than the near IR, though will tieredafrom a
greater depth in the sample. Traditionally IR @h& 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 ieowenost modern IR
spectrometers do not use this kind of setup and instead use a Fourier transform system 1
allow for rapid data acquisition. In a Fourier transform setup (FTIR) an interferometer is
used to allow the collection of all the data at ondééng an interferogram. This
interferogram is then put through a Fourier transform and the spectrum of the sample is

output.

The convention for both IR anglR spectra is to measure the transmission of the beam
from the source to the detector. Thiseggig a spectrum where t he
the transmission energy of the beam due to the absorbance by the chemical bonds withi
the sampl e. The x axis in an | R spectru
where & is the \eam and¢ha gnitshof vafenumbberearetcihe
wavelength range used in a typical pilRlspectrometer is 2500100000 nm, however, the

use of wavenumbers reduces this to 208000 cn. A wavenumber is a measure of
energy,Equation2-4 s hows t hat the relationship bet
proportibphateft®@re a change in t'Héeadmdue
change to the energy of the related photon. The difference between vibrational modes cal

also be expressed as a form of energy change using wavenumber. There is no clee
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nomenclature for the near IR as to the units of the energy specifleetpeaks, 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 hyperspectra

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 spectroscapwitieal

a simple increase in the vibrational state of +1 (or more in the cad®)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 accomeplby a change in the
polarisation of the bond for it to be Raman active. These vibrations are most common with
nonpolar groups which are why Raman spectroscopy is very good for identification of the
carboncarbon backbones as this is a pmiar struture 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 energyate; the vibrational state quickly relaxes to the lower
energy and release a photon in the process. This photon is the particle detected in Rame
spectroscopy which is why the technique is a disperse scattering technique and not a tightl
controlled absrption such as is the case with the IR. There are three types of scattering
observed from this process which are showikigure 2-7, they are Rayleigh scattering,
Stokes Raman scattering and aBtoke 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 Ragleigh
scattering is the most common of the scattering processes created in Raman spectroscop
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 stétdhe bond and this

kind of energy change is known as Stokes Raman scatteringstAkés Raman scattering

is the third and least common kind of scattering process seen in Raman spectroscopy. |
antkStokes scattering a bond absorbs the energy of ampluaiusing it from go from an

excited ground state to a virtual energy level. The bond then relaxes by expelling a photor
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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 origmtat before the initial Raman excitation.
Raman scattering requires a change in the ground state energy level of 1, this is the

guantum selection rule for Raman spectroscopy.

Virtual

yy i energy

levels
3 Vibrational
2 energy
v 1 levels
A A 4 0
Rayleigh Stokes Anti-Stokes
scattering  Raman Raman

scattering  scattering

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

222Di ssol ution testing and apparatu

Dissolution testing is a way of detecting and following the breakdown and release of
tablets by using spectromgto track spectral changes in the system over time, leading to a
quantification of the release from the target samplBissolution testing apparatus vary in
their exact setup but must contain a few key components, a vessel which holds 900 ml o
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 wate
moving to facilitate the tablets dissolution and a UV spectrometer which cdpstdes
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 differe
6all owedd dissolution tests araepea@UsPiai ne
The protocols contained within the USP are rigid and must be adhered to when running
pharmaceutical analysis of any druds. 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 compoundis.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 andrishg 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 buffel
composition are norntig 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 muct
higher, not the pH1 or 2 that might be used for absorption in the stomach.

The dissolution gparatus 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 tinigig the
experimentif this was requiredin 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 solutisn thu
minimising these effects. Achematic of this vessel is shown kigure 2-8. The
dissolution apparatusontains aflow cell which has buffer solutionpumped through
constantly during the experimefithe buffer enters the vessel from the bottom and passes
through a series of glass beads, these beads help to remove the pulsed nhtufiewf

from a peristaltic pump andromote a constant steady flowhe buffer then passes over

the tablet and goes back into the buffer reser¥ogecond 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 i
explained in detail in the individualhapt er however, the flow
picture of the flow cell is shown iRigure2-9; the cell is a modified 10 mm quartz UV cell

with a screw cap anoh 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 cased 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 peristaltip pvith

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 bottaheafmage with the inflow at

the right hand side of the image.



Chapter 2 39

lllumination Tablet holder

Figure 2-9 A picture of the flow cell used in the hyperspectral dissolution experiments

23Data cali bration and correct.

231 Data cali bration

The pectrograph was recalibrated before use if the system has been moved or disturbed i
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 mercuryHasep,

emission are tightly defined and have known waveleriths
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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

Figure2-10 A shows a single framehich was captured with the mercury emission used

for the calibration. The x axis is the spatial location across the image and the spectral dat:
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Is shown in the y axis. There are 5 clear and distinct lines in this image, these are assigne
to known Hg enssions 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 wavelengtbare 2-10B is the
spectrum from a single pixel in the imageFagure2-10A and shows the spectrum of the
merculy emissions. Viewing this spectrum shows which are the intense spectral signals
which give the bright intensities iRigure 2-10A and also can be used to check thre t
calibration was performed correctly by matching other spectral peaks with known mercury

emissions.

232Refl ectance calcul ati ons

The data captured in its raw format is a function of the counts of detected photons at eact
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 problefatiorrect 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 inftare

Once the image is captured a set of calibration images are created using this white PTFF
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 valuesearéo convert the

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

The calculation for determining the reflectance of any point is showlqumtion2-5

below

Equation 2-5 The Reflectance correction equation

Where b .and k. are the intensity (in counts) of the 100% reflectance standard and the
target pixel respectively at a set wavelengthD is the intensity of the dark or 0%
reflectance standard and Rs the reflectance value for any specific pixel in the image at a

sd 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.

24 Reagent s

241 Chemi cal s

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

specifically.
Chemicals used were:

Hydrochloric acid, 1M
Acetone

Polyethylene Glycol
Methoxypolyethylene glycol
UCapralactone

Tin(2) ethylhexanoate
Toluene

Dichloromethane

Hexane

= =4 -4 _-48_-9_-9_49_49_-2

242 Tabl et s

2.4.2.1 Panadol Actifast

Ingredients Paracetamol (500mg), Sodium Bicarbonate, Starcky€leginised, Povidone,
Maize Starch, Potassium Sorbate (E202), Microcrystalline Cellulose, Magnesium Stearate,
Carnauba Wax, Titanium Dioxide (E121Rolydextrose, 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, Crospovidne, 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 Paraceamol (500 mg), Caffeine (65 mg), Starchgedatinised, Maize Starch,
Polyvinyl Pyrrolidone, Potassium Sorbate (E202), Purified Talc, Stearic Acid,
Croscarmellose Sodium, Hypermellose and Glycerol Triacetin.

Produced by: GlaxoSmithKline

Expiry Date: 052015

Batch no: 100696A

2.4.2.4 Tesco Paracetmol

Ingredients Paracetamol (500 mg), Pgelatinised 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), Starchgetatinised, 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

25Stati stics

251Prinkcipamponent anal ysi s

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 Pearsdf’, although the modern version of PCA was first

developed by Hotelling*>*3

If you have an experiment with two or three variable it is easy to plot the data and to see
groups or tends 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 likeritlese a
to quickly analyse the data to discover these same trends and groupings as can be seen
the basic plots'®**¢ PCA plots the data in-dimensional space so where n is the number

of variables in the dataset. A vector is created whickBgsthrough 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 componerigure2-11 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 secong@oemt must be orthogonal to

the first and must account for the second largest variation in the complete data set and i
Figure2-11 this is shown as the green lin&hen 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 tota
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 A@al space and so the data must be
transformed to a value which can be used to show the groupings and trecdsavehof
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 loading
show to what degree each variable effect a principal component and thus ahadiev

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 dimensigiat 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-precessing to the data to prevent any bias
occurring in the results. Thcan 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 lightir
variation from the lamps or emission spectra which are based on a random event such a
the angle oemission being consistent with the detector location. Any data like this which
is not preprocessed in some way will lead to poor results and potential the PCA failing to
di scover true variations, such as riationg e a k

in the data. To remove the bias in the data it is normalised in some way, there are a numbe
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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, agsin which the mean
spectrum is subtracted from each sample and allows the PCA to better show variations
from the mean along. A second gecessing is normalisation by total intensity which is

a way to remove topographical changes in the sample subfasubtracting 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 md& and visible spectra. In later chapters
mean centering is used to improve spectral definition, this is done by subtracting the mear
value for an individual spectrum from each wavelength in that spectrum. The resulting
spectra then have a mean of 0 whieduces 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 tispectra. This is a common approach to PCAI®¥ spectra
where the broad peaks can mask small spectral changes.

26 Softwar e

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

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

26.1SpectraSENS

SpectraSENS® is software developed by Gilden Photonics for use with their hyperspectral
imaging systems. This software has twaimfunctions, the first is the setup and running

of the hyperspectral camera. The software can be used to set a number of factors such :
the stage speed, the exposure time, the pixel binning and distance imaged. The secor
function of the software is terform the corrections onto the data to generate the

reflectance values.

26.2ENVI

Exelisvisés ENVIE software is widely use
the user to open the hypercube, make false colour images and even perform som

statigical 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 endin
chapters in favour of MATLAB.

263 MATLAB

The MATLAB® software is published by Mathworks® and is used to create code for
performing a wide range of mathematical functionslata 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 addtwas 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 analysiddcbe performed. The meant that a powerful

PC was needed for some analysis while for others a subset of the total data was used t

reduce down the memory constraints.

264SI MOR 11

Principal component analysis can be performed by a number of differdisticsia
programs, once such program is SIMCA 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 teoftvisre is that it
cannot be used to generate score images easily, only biplots. It is used for predominanth

for the first few chapters alongside ENVI.

2650ri gin 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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Chapt Ar cdmpar atiine esttudgyat i

di fferent hyperspectr al | me
determine which wavelength
the near | R, Il s better for
pol ymer sampl e

3l ntroduction

The aims of this chapter are to investigate the use of hyperdpetaging 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 ar
simple monomeric polymers and block -polymers which containhe 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 valighacision to
pharmaceutical materials. The wavelength range best able to distinguish between thes
polymers samples should be the wavelength range most effective for pharmaceutical

analysis.

3.1.10verview of the techniqgue

Hyperspectral imaging is restricted teesgic wavelength range by the internal optics used

to capture the spectrum. The two most common wavelength ranges used are the visibl
spectral region of 300 800 nm and the near InfrarelR) 8351 1700 nm. In current HSI
applications, the visible spial region of 306800 nm is widely used, for example, in
geopatial imaging of vegetatiot’. The use ofIR HSI is less common due to its price

and also that many uses of HSI are for stigating 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 aghe visible systems to distinguish samples.

312Phar maceuti cal anal ysi s

There are very few examples of HSI systems which use a scanner or tuneable filter for fas
acquisition of spectral data pertinent to pharmaceutical analysis. There are many example
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 chemice
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iImaging and are most common with nIR and Raman spectroscopies. The majority of the
avdlable HSI literature o pharmaceutical analysisentres on using@ 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 authertitityhis research is

often carried out using HSI systems which operate in theinfared (nIR) (8351650

nm) region of the electromagnetic spectrum. This is due to the speed, ease of use and nol
destructive nature of the nIR regiand because standamtR spectroscopy is common in
pharmaceutical analysisA detailed discussion of the use of nIR in pharmaceutical
applications is beyond the scope of ttimpter and there are a great many comprehensive
review papers which cover the subjet®'*® Outside of pharmaceutical research,
extensive comparisons have been made between nIR and visible HSI in order to establis
the most effective wavelength range for the imaging application in quéstiddere we
present,totheantor s 6 knowl edge, the first study
HSI in thefield of pharmaceuticanalysis

31.3Pol ymer materi al s

The monomeric polymers used in this chapter are polyethylene glycol (PEG) and
methoxypolyethylene glycol (MPEG) aride block copolymers angolyethylene glycal
polycaprolactonepolyethylene glyco(PEGPCL-PEG) andmethoxypolyethylene glycel

polycaprolactone(MPEG-PCL). The structure of both the monomeric and block
copolymers is shown iRigure3-1
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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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32Mat eramd sMet hods

321Experi ment al procedur e

Two similar cepolymers, PEEPCL-PEG and MPEG°CL were synthesised using similar
thermal reaction methods as described®inPdymer starting materials (PEG and MPEG
respectively) wer e rcappotadtomeh 5 mli daf toluenehwath timo n o
(2) ethylhexanoate as a catalyst. The reaction mixtures were heated and stirred and th
resulting polymer dissolved in dichlororhene 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. Titgactions 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 samges/mer
samples and starting materials wptacedonto amicroscope slidand fixed in place. The

slide was theplaced onto a motorised stage bendhdéthyperspectral camerdhe camera

was positioned 135 mm above the stage with an exposure time of 50 ms, a scanner spee
of 4mm/s and the pixel resolati was 219 x 219 pmThe images were captured using
these setting and the SpectraSENS software, the data was also corrected into reflectanc

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

Two HSI cameras were used: the first imaged the88Dm UV/visible spectrum region

with a spectral resolution of 2.36 namd the second imaged the 88860 nm nIR region

with a spectral resolution of 3.28 nidata in the visible spectrum region was collected
using an Andor Luca EMCCD camera with a Specim \épEctrograph. The nIR region

was imaged using a Xenics Xeva CCD camera coupled to a Specim N178 Spectrograph
Samples were mounted onto a Zolix KSA-2Q0S4N motorised stage and illuminated
with an Armley 150W Halogen lamplo magnification was used in ghsetup to allow for

all of the polymer to be imageddyperspectral data was manipulated usbah the
ITTVis ENVI software packagand MATLAB.

3221 mage analysis techniques

Principal component analysis (PCA) wased on the spectral daia better separatthe
spectra and to determine which peaks are most efficient at separating out the two similal
polymer samplesA 10 x 10 aredhat showed a large degree of homogeneity throughout

was chosen for the PCA analysis and each pixel in that area was usedeatad erset of
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100 data points per polymer in the PCA analysi. PCA was performed using the
SIMCA-P 11 software from Umetrics.

Preprocessing is a common procedure in data analysis to prevent any bies\woin the
data. In this workhe topographial changes in the polymer surfaces and variations in light
intensity caused the greatest variation within the imagése variations caused by the
changes in light intensity are corrected by calculating reflectance \adesormalisation
can reduce theffects of the topographical changes present in the samples.

Equation 3-1 The equation for calculation of normalisation by total peak intensity

The preprocessing used imhis work was normalisation by total peak intensity, the
equation for this is shown iBquation3-1. X is the normalised value derived usinghe

raw dataj is thesample number (pixel number) aadenotes the variable number (in this
case wavelength)lhis 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,

323Data 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 dataandrugi t hi s value rather than
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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33Resul ts amd obi scus

The images were captured using the HSI systems and the data arfalyseel;analysia

10 x 10 area of pixels was chosen. A greyscale image of theFREGPEG copolymer
formed using the data from the spectral band atr6fis shown irFigure 3-2. This band

was chosen as it showed strong intensities and gave a clear ihh@geed square shows

the 10 x 10 region selected for spectral analysis; the area chosen is relatively homogenou
with both minimal curvature of the surfacnd nonotable shadowing effect&reyscale
images of the other polymers are shown in the appdodieference.

A
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547 mm

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 sHegurérB-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 forfaster analysis.

33l1Results from theCamerble | ight H
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
section3.2.1 The spectra of the data gathered using the8®&Dnm visible camera are
shown inFigure 3-3 with the PEGPCL-PEG polymer and monomer kigure 3-3A and

the MPEGPCL polymer inFigure 3-3B. The 2806450 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 tlmalysis inFigure3-3 was chosen as it showed little

to no changes in light intensity as well asnimal topographical variation across the
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sample. It is clear fronthe graphs ofigure 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 betwedrtPEG and PEGCL-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 bpthyoaoer samples.
However the intensity of the colymer 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 differene 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 sizs. The error bars in theigure 3-3 show the standard deviation of the 100
spectra averaged, a single error bar is used to prevent the spectra being obscurkdl by the
set of error bars. The variation is even throughout the spectra and one error bar is a goo
representation of the error within across the spectrum. The largest errors are in the
synthesised polymers which show a standard deviation of more than 128évétpthe
variation is an intensity scaling factor as when plotted the standard deviations show a lineal
plot across all wavelength, thus the deviation is even across all wavelengths. If the
difference was from different spectra then these will causendimear plot of standard
deviations across the data as the different peaks would result in greater variance in the dat

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, Whi detailed in the methods secti®2.2 will

reduce this variation between the data and gives a clearer image of the spectral similaritie:
and difference betweethe polymers. All of the spectra were normalised as standard from
this point on and the normalised data plotted agaligare 3-4. As before a single error

bar isincluded to show the standard deviation of the data. These error bars are much
smaller than inFigure 3-3 with the PEGPCL-PEG having the largest percent standard
deviation of 4.14%, this shows that the process of normalisation has successfully reducec

the variation between spectra from the same polymer.

The spectra irFigure 3-4A have pronounced differencethe spectrum of PEG shows a
broad peak around 500 nm but little other spectral characteristics while th&@ BEBEG
contains a strong peak at 580 nm. The peaké PEGPCL-PEG data is visible ifigure

3-3A but it is much weaker than iRigure 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 toeatect specific emissions in the spectra. This peak is present in
each of the spectra to some degree which highlights a potential issue with the correctior

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 showigure3-4B have very little to distinguish them, due in part
to a lack of spectral features for comparisdhere is an increase in the signal intensity
after 700 nm in the MPEG which isehmajor spectral change which could be used to

distinguish between the datd@he differentiation between samplegll become less
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pronounced as individual pixels are user rather than the mean of 100 pixels. This is due tc
the decreased signal to noise atihen 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 PClpeating 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 (M@sa)used anche
generated plots of scores are showRigure3-5. Each point in the scores plot represents a
unique pixel, and thus a unique spectrum, in the image and eachepagmple has 100
pixels which were used in the PCA analysis. The data was imputed into SRVEDA the
PCA was then run using no other processing of the @iatascores plotted iRigure3-5A

are fromthe first two principal components computed from the FEG.-PEG and PEG
data. As can be seen, a good separation of the data is acimetieal first principle
component (x axis) as the two separate data sets sithan sitle of the originHowever,

the data from the PEBCL-PEG sample is heavily dispersed in the direction of the second
principal component (the-gxis). This implies that the first component is separating the

samples but the second is highlighting soselary (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 #HiCREG

PEG polymer is not as random as it appears. Each sample point in the PCA scores plot i
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from an individual pixel in the HSI image and the general posagfdhese 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 an
included in the appendix is the scores plot with th@esample 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 thes
results, with both sides of the msple 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 MPE@CL and MPEG inFigure 3-5B showspoor separationand 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 dmponents 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 deat of inter
sample variation in both the synthesised polymer and thalistarting materials which
are most likely due to topographical variation within the samples, chemical composition
and particle size should be similar thro

major cause of variation.

Principle Component | Percent of total sample variation (%)
PEGPCL-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 dativalpercentage of

the total variation detailed within the principle components can be calculated, and this is
done as standard in the SIMCA software dattle3-1 shows these results. In the PCA of
PEGPCL-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 c
the total sample variation. The second PC/A wan on the MPE&CL and MPEG sample

data and the cumulative variance are also shdable3-1. The cumulative totals for this

PCA are much lower than the first sasplwith 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 s&ntpe first two components contain the largest share of
the variation and so the scores values from these two components were analysed b

plotting them in the graphs seenFigure3-5.

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 variallébis 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 onange 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 datgigure3-5, are shown below iRigure 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, FEGE-PEG and PEG, in the first
principal component. The loadings for this component are showigure 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 mai
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broad peak intte spectrum of PE®CL-PEG inFigure 3-4. These results show that the
spectra of the starting materials and synthesised products can best be separated using t
peakat 580 nm. The loadings iRigure 3-6B do not show a single definitive peak for
separation as with the other data, this is not surprising as the original spaeti@matains

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 t
differentiate between the two original polymer samples witlgh Hegree of success.

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

The highly dispersed data frotvoth the PEGPCL-PEG and MPEGPEG sample in
Figure3-5 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 ahown inFigure 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 tioeagreerregion it is
relative smooth withittle change in illumination across the samglae red regiors the

red square inFigure 3-7 and containsa more curved surface with visible shadowing
effects. Thedata in these regions was analysed in the same way as discussed above witl
scores plots generated for further comparisoffse regions were selected by visual
inspection of the polymer to show which areas would best show the difference between
different tgographical locations. Histograms of the intensities from each pixel in the
regions were also created and are showrigare 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 minima
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variations caused by peak positions or shifts. Other positions wergtigated and showed
similar results but a larger spread in the d@tse 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 3.8 39 4 4.1 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 shownHigure 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 distributionFigure 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 re
region. While the total range of the greesgion 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 ever
distribution from 3.9 to 4. (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 ths
the reflectace correction and normalisation processes are effectively reducing the

variability in the sample from lighting changes.

The Scores plots iRigure 3-9 show the redts from the PCA of the data for the selected
regions inFigure 3-7. Four separate PCA scores plots are showkigare 3-9 which are
investigating the similarities and difference between the two regions in thePRE®REG

copolymer and a PEG sample.



Chapter 3 59

® Redregion ® Redregion
A B § S
20 ® Greenregon 20 - PEG
25 254
=
20 20
€ 154 g 154
2 2
§ 104 § 104
E 51 £ 51
Q Q
S 0 S 0
- 2
N 3
£ 104 < -104
o a
o -154 o -15
o <
N 204 N 204
25+ 25
-30 T T T =30 T T T T
30 25 20 15 10 -5 O S5 10 15 20 25 30 30 25 20 15 .10 5 0 5 10 15 20 25 30
1st Principal component 1st Principal component
% C i D ® Redregion
® PEG
254 254 £ X
® B Greenregon
st ® Greenregon 20 o
€ 154 € 154 " =a "
§ ¢ § 8 o Y @ PEG
S 104 - g S 104 . - ."
g 54 - 1."? n % 54 A'. "] : .
8 W e ] L A, g e,
04 5 S 0 T "
® " ". © 5, « ™ L]
a .54 -y a .54 '.. ™
2 e’ 2
e -104 s & -10+4 =
("% - a
- 15 o 15
< = <
N 204 a N 204
254 <254
-30 T T T 30 T T
30 25 20 15 <10 5§ O S 10 5 20 25 30 -3 25 20 15 10 S5 0 5 10 15 20 25 30
1st Principal component 1st Principal component

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 feature
between the spectra. The PCA should not be able to clearly separate out the results int
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 causingaioa in

the spectral datarigure 3-9B and Figure 3-9C both show the PCAcores plots of the
regions in PEEPCL-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 sufficielstige to affect inter sample
separation in PCA. The spread of the green regidfigare 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 samplingaarefl y it shoul dndét affe
to separate different polymeric speciegyure 3-9D is a PCA scores plot generated from

the analysis of both the PERCL-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 th
groups. The % principal component contains the majority of the variation and clearly
separates the red regiaoin 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 copolymel
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 fanalysis to reduce the intsample variation. The nIR region should not
suffer from these problenesseverely due to the loegpath length of the scattered light
used. It is also possible that usindaeger magnification (achievingmallerpixel sizesin

the imagé would reduce some of th®pographical and lighting effects.

332Resul ts mi&A®BIt Camer a
3.3.2.1 Analysis of sample spectra collected using the nIR HSI camera

The polymer samples were imaged a second time using th&@6B58nm HSI camera to
obtan data in the nIR region. The data was treated in the same way as visible HSI data
with the same spatial region of 100 pixélsing chosen and the average spectra of these

regions are shown iRigure3-10.
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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 thar
those obtained using the visible region cambardhe visible spectra the PEG sample gave

very little spectral information across all wavelengths but the spectrum contains
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numerous peaks:igure 3-10A showsthe excellenseparation between the spectra @& th
PEG starting mat@&l and the synthesised PHECL-PEG polymer, this difference
between the spectra is most notable from 1200 nm onwards where the size and shape of tl
peaks are very dissimilar between the two spectra. The peaks around 970, 1200 and 14%
nm are characteristic of OH overtone and combination vibrations. The broad peak betweer
1450 and 1650 nm is seen only in the polycaprolactone containing species and is mos
likely a combination vibration involving the carbonyl group PCL.

The improvementn spectral information with the nIR HSI camera compared to visible
region HSI is particularly apparent iigure3-10B. 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 th#R howeverthere is a clear distinction between

the averaged spectra of MPEHREL and its MPEG precursor which was not the dase
data collected in the visible spectral range. The MAESE spectrum is overall of much
greater intensity, and contains a peak at 1180 nm which dwarfs a neighljmeakig the
MPEG spectrum. The close location of these fweaksmay imply that apeakthat is
present in the spectrum of MPEG at around 1260 nm is also present in the spectrum of th
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 IBBInm egion of the
spectrum of the synthesised MPEEL 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 saipe@essing

as earlier andhe results are shown Figure3-11 as scores plots. The scores plots show
good separation of the samples and the grogpamgtighter than the equivalent data from

the visible camera. The distribution of the RPBGL-PEG sample data shown kigure

3-11A is much tighter than in the previous experimemth excellent separation by the
first principle componentThe 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 thelR data is notaffected 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 visiblsy$8im 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. HowebvenIR has very few causes

of background radiation which are strong enough to affect the results and so the photon:
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 astant 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 nec
infrared compared to éhvisible. 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 surfac
changes so ds the relative quantity of the total incident photons which are reflected back
at an angle which can enter the instrument. Alfephotons however, will often penetrate
through these samples and then be emitted at a location close to but not exaatlyetlas s

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 th#1PEG sam in Figure3-11B is unusually dispersed when compared to
the other sample data captured using thi&k camera.The dispersion of the data may be
due to imaging diffialties with the sample or problems relating to the region of polymer

chosen for data collectionfhe MPEG was a purchased from SigAddrich and not
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synthesised for the experiment so the powder is assumed pure. Therefore the separatic
seen in the data Bom 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, howeve
on inspectiorthe total dimensions of the spread it is clear thantReis a smaller cluster

than the visible. This shows that while some problems still occur due to variation within

the images these problems are minimised imtRe

The biggest improvement betwedmr tvisible and nIR results is shown in sample data from
MPEG-PCL and MPEG irFigure 3-11B, where the samples are grouped into two well
separated clustergvith the visible data there was an overlap of results with a large spread
in the PCA scores plot but tm@R 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 fiogt and
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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34Concl usi ons

This study has shown that thene aignificant differences in the effectiveness of HSI in
distinguishing betweetwo block copolymers and their starting polymeric materials. The
visible HSI system had an effective operating range of-4860 nm and showed little
spectral definition thatould be used to separate the polymer signals.nfReédSI system

has an effective operating range of 300650 nm and the spectra contained more unique
characteristics for the differentiation of the polymer signals. Ml system shows
functional group 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 disshqwg features in the visible
wavelength range. PCA was used as a way to reduce the huge number of variables in th
data to a much smaller sample size and to attempt to separate out the similar spectra signe
of the starting materials and synthesised potsl 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 betweerpatymers and their starting materials than visible
hyperspectral imaging. Thigsult 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 vargignificantly 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 expensiveaaadnIR HSI systems.

The results show that th@dR HSI system is much more effective than the visible HSI
systems when imaging samples which are homogenous in colour and intensity such a:
tablets and powders. From results it was decided to use neaedhfryperspectral 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 topograusg dhe

samples can have a substantial effect on a spectrum. The variability of the spectra due t
these factors caused a great deal of the analysis issues but it is something which can

corrected for by simply choosing the idea locations on a samgks.
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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 cemtreshalysing
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 fognped using
existing techniques sucas RamarspectroscopyThe comparison of HSI and Raman
spectroscopy is discussed in Chapter 6 where the two techniques are used to investigate tl
distribution of specific compounds within a tabl& the knowledge othe 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 attafilebe 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 tableile &lso collecting information

on the rate of tablet expansion and disintegration.
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Chapt édry per spectr al Il maging
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containing tablets

411 ntroducti on

In Chapter 3 it was shown that a hyperspectral imaging (HSI) system which was attuned tc
detect photons in the near Infrared region (nIR) of the electromagnetic spectrum was bes
able to distinguish between and separate similar polymers.tAdalR spectrum is better

than the visible spectrum is not unsurprising as standard nIR spectroscopy has been use
by the pharmaceutical industry for some time as a powerful analytical tool. Near Infrared
spectroscopy is a fast, none destructive tealmigvhich 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 sp@scopy.

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 theselef the active
pharmaceutical ingredient (API) from the tablet is dissolution testing with a UV
spectrometer. These procedures are common place amt taetoway to measure the
release of an APl and to calculate rates of release and the time froabldiesubmersion

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 ir
the one system before. This workilwise 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 shoultde possible to track the disintegration and expansion of the

tablets, to determine how fast and for how long these processes occur and by using th
spectral component then it should be possible to follow the release of the individual

components of the tadtls. 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 conguasiit requires a great deal of
analysis of batches to ensure the tablets are uniform in their APl content. There are alsc
potential issues with components clustering within the tablet which could result in poor
dissolution properties.

Commercially avadble 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 us
of these tablets as samples should remove any requirement to create tablets carbéully in t
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 inFigure4-1. It is both an analgesic and antipyretic meaning thaglps 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 chasethe 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 alsc
packaged with caffeine as a secondary API. Caffeinesigrailant and is used to improve

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

may be suffering from.

H
R
o

HO

Figure 4-1 The chemical structure of paracetamol
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42 Met hodsmaanedr i al s

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 thi
experiment to proceed which are the tablets, the camera and a setlpwilhiallow
imaging of the dissolution.

421 Materi al s

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 complewntaining 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 Paracetam
Extra, Boots Paracetamol andds Paracetamol Extra. These tablets all contain 500mg of
paracetamol with the OExtrad tablets coni
use starch as a major excipient which works as a binder and filler to improve the stability
of the tablés. Panadol Actifast is the only brand which includes an excipient in higher
guantity than the starch which is sodium bicarbonate and this is used as a disintegrant. Th
sodium bicarbonate works by reacting with stomach acids to release carbon dioxide whic

forces the tablet apart and enhance the breakdown of the'fablet

The number of and types of excipients present in each tablet varies between but there ar
some common excipients su@s 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 anc
should allow for a varigtof 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. Th different brands of paracetamol were given codes for ease of use and

reference and these codes are displaydaiie4-1.
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Tesco Boots
Name of | Panadol | Panadol | Panadol Tesco
_ paracetamo| paracetamo
tablet Actifast | Advance Extra | paracetamo
extra extra
Code for
b Tablet A | TabletB | Tablet C| Tablet D Tablet E Tablet F
tablet

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

422Experi mental desi

gn

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 agueous solution
(normally the buffer reservoir) or to beapkd 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 causingstiortion 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 celilong 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 extemally fro
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 solutiorkigure4-2 contains two different diagrams of the experimental
setup,Figure4-2A 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 moa 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 fhigure 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 buifalthe 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

with screw top » Outflow
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 possiolecapture 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 ce

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

423Exper i ment al procedur e

Once the experiment had been devised the experimental procedure was created ar
followed for each experiment. The first step in the experiment was to calibrate the
equipment ging 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 o
adhesive putty, the slide was then placed onto the motorised stage. The tabletceds pla
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 idputte

The camera was positioned 100 mm above the stage anchdéiges 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. Usinghese values allowed for the greatest intensity in the Piwelhout
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
215 pm. As with previous experiments the images were capusiagd the Gilden in house

HSI software SpectraSENS but unlike previous experiments the software was used ta
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 adashto the large memory
requirements of these images. From the beginning of the experiment a new image wa:s
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 possildapture 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 bur
this extra time was to allow for the confined sterondition in the flow cell. This was also

the reason for the change in imaging rates for the last 15 minutes of the experiment as i
was felt that using 5 minute intervals would help to reduce the total amount of data that
needed analysis without beingtdmental 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.

424 Equi pment

The equipment used in this expeent 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 216mm lens with f value
of 1.4, the stage was a ZqliKSA 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 caus
flickering during testing whickvas 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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43Resul ts

431Tradition UV dissolution of t abl

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 releaséharidbfet
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 ar
simplest with these systems. Using the detected intensity at 2a@awomparing this to a
known standard a percentage of release was calculated for tablets A, B and D. Thest
release profiles are shown kigure 4-3 and each tabletofmulation shows surprisingly
different results. The error bars in the data show the average standard deviation for eacl

tablet, the standard deviations for each tablet are low which shows little tablet to tablet

variation.
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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% reldasis, @h
course impossible. Two separate tablets were run through the system to verify the accurac
of these. The cause of the value being greater than 100% is from poor mixing and the rapic
speed of the paracetamol release. The value of release is l@dainst 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 2% 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 careefively diffuse throughout the reservoir. As time
progresses the reservoir begins to equilibrate with respect to the concentration and locatiol
of the paracetamol and thus the UV spectrometer accurately detects the percentage c
release after 400 secondablet 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 fewe
excipients to expdite 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
shouldbe reflected in the HSI data.

The caffeinated paracetamol tablets were also investigated to determine the release of th
paracetamol and caffeine from the tablet matrix, the release from Tablet E is shown in
Figure4-3 alongside the nonaffeinated paracetamol tablets. The gktions required to
determine the exact release of the paracetamol and caffeine are more complex than thos
used in a standard one drug systas both of these drugs absorb ultraviolet light and so
the absorbance of the system is a function of two concentrafldnis means that the
spectral intensities recorded by the UV spectrometer is a function of the two component
spectra adding togethar create the detected signal. This process is additive and so can be
solved by using standards, as before, and simultaneous equations with the exact derivatior
and equations shown in the appendix. Caffeine and paracetamol are both readily dissolve
into acidic solutions and so their release profiles are similar with the only notable change

coming at the end of the dissolutionTablet E.

The release profiles of each of the tablets R is given in full in the appendix and show

that the formulations ardesigned 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 excipientsand 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 whick

was chosen as a sufficient timerjpd 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 U¥sults to conclusively determine when the API is release in the

HSI experiments due to the different reaction conditions most notably the different flow

cell.

432Hyperspectr al di ssolution testin

The images were created using thethods 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 datzere the images could not be captured but the
majority of the imaging was successfully. The images were then investigated to see whalt
information could be discovered from them by either simple visible inspection of the
images or by more complex speciaahlysis.

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 ratedlwi relative
intensities of the pixels at these wavelengths. The more intense the red wavelength, relativi
to the other two, the more red that pixel will appear. The wavelengths used ®&3e

1230 and 1601 nrand they were chosen because of thegitmm on the average spectrum

of the tablet which can be seenhiigure 4-4. These wavelengths are located on three
separate peaks and should detail any changesak iptensity 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 norcaffeinated tablet, Tablet A, was imaged in full aRdure 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 inFigure 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 dow 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. Thetablet at time 0 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 a
three minutes has lost the sharp edges of the tablet which is indicating that the s®lution i
starting to breakdown the outer layer of the tablet and that the tablets expansion is
imminent. These results agree with the dissolution daagure4-3 which shavs a delay

of around 200 seconds before the tablet began to expand and release the paracetam
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 showst arfd rapid release

from the tablet. The amount of these particles appears to remain relatively constant even a

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

There are some issues with the images which needed to be addressedare 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 bedloshn cause unusual scattering
and dampening effects to the reflectance signal. The movement of the flow cell also mean:
that it is very difficult, without additional complex image processing techniques, to
investigate the same location on the tablets tivee 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 Ismsradically 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 a
that moment dueotthe 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 insurmountah

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

The tablets are designed to absdr® 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 dissolutiomlue 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 celhnd 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 setvavelength (1263 nm) highghan 0.5 is counted. This value was high

enough to remove amyf the cell wall pixels but low enough to ensure that every pixel in



Chapter 4 77

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 cellvas determined, specifically the percentage of the total flow cell which
contained tablet data. This process was repeated for every image created during th
dissolution of the tablet and the percentage values plotted to generate a plot which car
show the dgree of expansion.

The plot of the movement of tablet particles from the dissolution of Tablet A can be seen
in Figure4-6, 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 th
exact times the imagegere captured.

100 T T T T T T T T T T T T

Percentage of flow cell which contains tahlet
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time in minutes

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 tHiow 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 anc
movement of particles through the flow cell increases in a linear fashion for 12 minutes
when the maximum degred 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 throughou
the image whichmakes it difficult to define the exact same area. By inspection of the

images inFigure4-5 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 twaosfar®
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 thenpscdoie 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
apparatusKigure4-3), details a small lag period followed by a rapid release which began
to plateau by the-80 minutes. The expansion data reveals a constant expansion of the
tablet for the first 12 minutes, wedlfter the tablet should of release the majority of the
paracetamol. However, both the UV and expansion data show a plateauing of the data afte
12 minutes which implies that either the release from the tablet is faster than the expansior
or that the flowcell 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 create
from the UV dissolution testing can only be used as a guideline to the release properties o
the tablets in the HSI dissolution as the experimental conditions are not the same betwee

the two experiments.

There is clearly breakdown and release of Tablet Aiwithe flow cell and a spectral
change which accompanies the breakdown and release of the paracetamol should b
detectable. A region of 100 pixels was chosen in the bulk of the tablet and the mean
spectrum calculated by averaging these 100 spectrat, s ihoped, 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 waelleach 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 €tgeess-7 shows

this data and apaftom the data collected & minutesthere is very little change in the
spectra over time. The error bars in the image show the mean standard deviation in the dat

which is approximatdly 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 i

this plot, shown irFigure4-8, only thedata 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 disdution experiment. This generates a plot which is much easier to

follow thanFigure4-7 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; th
spectra change substantially 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. Th
tablet specum 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 bu
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 fronfthe 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 seendrbmtth45 minute
spectra but this change is small with the difference between the 15 and 45 minute dat:
being less than 0.05. It should be noted however, that this change is not as clear as
appears irFigure4-8 which implies that the later the data in the central belt the lower the
intensity. Inspecting the lower intensity spectraFigure 4-7 shows that the minimum
intensities are not from the ending data but from tH& 38" and 44" 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. figure4-8 the 0 and 3 minute data shows substantial differences
to the other spectra. By inspection of the images from 0 and 3 minuEgguire 4-5 it is
apparent that these spectral changes are caused by the physical state of the tablet. There
few signs of expansion or disintegration in the images of the tablets at these time points
with the 0 minutes image showing the tablefdve 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 Rigure 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 whiare 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 nesaffeinated drugs imaged. The dissolution images at four
points tirough the dissolution of Tablet B can be seehRigure4-9. Figure4-9 shows that

this tablet is so fast to dissolve that even the initial images show a tablet which has begur

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 openali 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 tf
by the time the tablet passes under theader 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 ¢figure4-9 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 talil@as 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 Figure4-9 show only the data from four of the dissolution
images an average spectrum for each images was created and plotted together to cree
Figure4-10. 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 ofhe 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 Figure4-7 this band is very tight and there is no @¢on 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
visible changes over time are being seen in the tablet spectrally. rbnebars inFigure
4-10represent the mean standard deviation of each spectrum. These are between 0.015 al
0.025 which is similar to the standard deviation of the other tablet spectra which indicates
variation withn 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 fRigure4-11. The spectral analysis showed very little changes
through time, something which is also shown by the expansion analysis. There is a fas
expansion state for the initial 3 minutes of the dissolution which is precedaglayeau

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 nooaffeinated tablet formulation that was imagé&igure 4-12
contains a selection of images frommettablet dissolution, the broad time points were
chosen as they best show the slow progress of the tablet which is in stark comtigsteto

4-9. Even by 45 minutethere 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 th
two previous tablets, the UV showdtht 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 Tabletsand 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. Theason 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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0 minutes 15 minutes 30 minutes 45 minutes

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 tabletBigure4-12 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
makeFigure4-13. 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 shewg error bars and have values between
0.012 and 0.024. However, the data from the first 15 minutes can be tra¢kgdred-13

as the 0 minutes is the lowest mé¢y 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 fixd point. Figure4-7 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 ofparacetamoshould result in a decrease in sigmaénsity at key locations not a
uniform increase across theegprum. The increasing intensities imglyat this initial
change is a structural on€hese tablets are designed to swell to facilitate the release of the
APIs contained within so this physical change could beswling of the thlet however,
without nore 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 shownkigure4-14. 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 dissolutiorkeJntiblets 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 constieatsesfor Tablet D. These
results agree with the theory that the early changes to the spectrum are from the changes

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
increasdrom 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

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 thablets 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 alongsidéh¢ 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 tc

the spectra collect into a small band of intensities.
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433Hyperspectr al
paracetamol t a

4.3.3.1 Tablet E

The caffeinated tablets were imaged using the same protocol as thaffeonated tablets.
Tablet E is a standard naaffeinated paracetamol and a full set of the images from the
hyperspectral dissolution imaging is shown belowrigure 4-15. The different states of

the tablet can be clearly seen in these images; the tablet starts the dissolution as a sol
tablet, unaffected by expansion or disintegration and thewly 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 inFigure4-3 details a slow release of paracetamol by this tablet brand. The
first 1520 minutes being the slowest and after this point the release begins to increase ir
rate. This would coincel 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 rat
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 Tabl et E6s dissolution | oo
not an unexpected result as the caffeine is incorporated into the tablet for improved
physiological effects not improved dissolution propertielse 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 kiigure 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 flogell 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 tabies begxpand and tablet
material move through the cell, once this period has passed the tablet expands at a line:
rate until the 18 minute mark. The data after the 18 minute mark decrease slightly and ther

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

The mean spectrum was calculated for each of the imadégure4-15 and then plotted

to create the data shown kigure 4-17. Again the standard deviations are shownhia t
image a mean value for each spectrum and the spread of these standard deviations
between 0.015 and 0.028 which is similar to the-caffieinated formulations. The data
here appears to be following the same trend as thecaife@inated tablets of ineasing

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 differen:

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 wihin the first 18 minutes and the spectra collected after 18 minutes sit in the central
band inFigure4-17 with very little variation. To better show this effect tiivst 7 spectra

were replotted and the result Bigure 4-18 where the progression of the spectra can be

easily followed.

The tablets expand and begin to breakdowrng) the dissolution process, this expansion
and subsequent distribution of tablet particles throughout the cell is shdviguire 4-16.

The tablet material expandsiring the earliest stages of the dissolution, the dafagimre

4-16 shows this to occur for 18 minutes. The intensity of the tablet spectra is increasing
during ths 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 tr
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 whict
contains the majority of the spectra kigure 4-17. This implies that the cause of the
highest intensities is something which is reached briefly but a change causes the spectr:
intensity to decrease back down to the level of the central bacel moreFigure 4-18
contains data from the first 18 minutes of the experiment wihigtre 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 6.2 minutes. The ta#t 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 hich 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 td 2hmiGute

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 |
possible that the breakdown of the tablets occurs after 18 miantethe tablet materials
settles at a height equal to that of the tablet material at'the 62" 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 redgdor 18 minute and then
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stops expanding and stays constant. The spectral data shows a change for the first 1
minutes and then a reduction in spectral intensities to reach the central band which is
common in these plots. The cause of these results taendetermined 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 experiencadapproximately 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 simpl
expanding in alldirection 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 thi
collapsebecause 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 caffeinategharacetamol spectrum differs from the earlier-naffeinated it is a

small change and the general form and progression of the data through the dissolutior
appears to be the same. This result is repeated again in the other caffeinated drugs (tf
plots canbe seen in the appendix) and so it seems that there is no way to use the spectrur
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 imagegure4-15, 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 théivieelintensities 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 dfithee4-18 shows that the ratio of the
peaks at 1083 and 1230 nm is not constant and that the intensity of the 1230 nm peal
increase more rapidly than the 1083 nm peak. This is best seen by inspection of the 0 an
12 minute spectra, the peak at 208n 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 t
change. The change mag baused 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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spectralchange seen is a function of the wavelength dependency of this process which is
causing some wavelengths to change more rapidly than others.

434Princi ple Component Analysi s

The basic spectral analysis can be used to track the physical changes occurrinthduring
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 APl or excipient. By using
principle component analysis (PCA) small variations between the data wiaghbe
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 nove

approach to dissolution testing.

The PCA of Tablet A is shown below Figure 4-19 and it uses the mean spectral data
from Figure4-7, each mean spectrum is a single point in the scores pldtigline 4-19

the 3 minute data is far moved from any other data points and this indicates a severe
variation between their spectra and the bulk of the data. By investigagoge 4-7 it is

clear that te 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
tablet A 6 minutes
- tablet A 12 minutes
tablet A 15 minutes
tablet A 18 minutes
tablet A 21 minutes
. tablet A 24 minutes
& tablet A 27 minutes
tablet A 30 minutes
. tablet A 33 minutes
. tablet A 36 minutes
i tablet A 40 minutes

(2]
°

tablet A 45 minutes
tablet A 50 minutes

-40 -30 -20 -10 0 10 20 30 40
LU

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
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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 45and 5¢' minute spectra. Two points can alsseen in the bottom

left which are the 33th and B6ninute 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 ktest 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 appea
to be clustered within the remaining earlier data. The loadings for these principle
components should help to shewhat 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
specificwavelength infers that this wavelength causes the variation depicted in the scores
plot. The loadings for the first principle components is showfigure 4-20A and the
second component is plotted kiigure 4-20B. While the intensities of these loadings are
very dissimilar the shape of the second loading plot is closeetintlerse 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 10080 nm and 14001600 nm
regions as thee 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 firsi
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 thmi8te 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 shbigared-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 ar
expansion of the tablet causing these changes in intensity. If this was a spectral chang
from the loss or release of API or excipient then it would be seen as a decrease in pea
intensities at specific locations and not as an overall gain in intensig/sfibws how an

even greater degree of structural information can be determined from more advancec
analysis of the results. This change is from either a secondary expansion phase or som
other physical process which is mimicking the effects caused byathlet tparticles
expanding through the flow cell in all directions. These results agree with the expansion
data inFigure4-6 that more of the flow cell contained tabldata in the latter stages of the
dissolution than earlier. It is unlikely that a second weaker expansion phase has caused thi
effect as starch would already be fully hydrated and swollen before 30 minutes into the
experiment. It is possible that theebkdown of the tablet is becoming more severe and this

is somehow causing the bulk, where the data was gathered, to show an increase Iii
intensities. The location of the bulk of the tablet data in the scores Ftniré 4-19)
indicates that the majority of the data has a greater intensity than the data investigated her
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 Béute, 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 datshows 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 c
the data in the tight band of spectra in which small intensity changes are almost impossible
to treck.

44 Concl usi on

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 system
To this end a full set of tablet dissolution was run to giwetaof 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 API ftbese systems often occurs quickly
and the time frame for the HSI images was too Idiigure 4-22 shows the hyperspectral
image from the dissolution of the four tatd 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 fegigns 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 th
current image capture procedure. However, while the time frame needs to be reduced the
length of the experiment does not. The 15 minute data showigume 4-22 shows that
sometablet 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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Tablet A

Tablet B

Tablet E

0 minutes 3 minutes 15 minutes 30 minutes

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 tatdé&trial 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 toatersee more complete
understanding of the degree and rate of the tablets expansion than would be possible wit
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 theages 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 concasnit 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 comgnent 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 image 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 /
and B both contain a variety of excipients to aid in their release while the other sablets

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 tfe 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 tahieaterial 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 thara 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 informatio
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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There is very little literature on the hyperspectral imaging of pharmaceutics in any

forml4,130,152

and what little there is concentrates on investigatumase 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#élse 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 imagin
in pharmaceutical analysis to track a dymaprocess occurring in real time within a liquid

flow system.

In Chapter 4 a series of traditional hyperspectral images were taken, these made full use c
the spatial information to show both the rate of expansion of tablet particles and the
process ofdblet 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
expan®on and release is primarily completed with#l® 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 wa:
nealed, 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 resaliition

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

52Materials and Met hods

521 Materi al s

The six different paracetamol brands used in the previous chapter are Panadol Advance
Panadol Actifast, Tesco paracetamol, Tesco paracetextia, 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 aiehse 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 functiofhe exact tablet formulation can be seen in the
Chapter 2.4.2, the major constituents for each tablet are the active pharmaceutica
ingredients and starch which is used as a filler and binder. A small number of common
excipients are present in most tablstich 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 the breakdown of the tablet. For ease each of the tablets is
referred to by its code which is shownTiable5-1.

Tesco Boots
Name of | Panadol | Panadol | Panadol Tesco
_ paracetamo| paracetamo
tablet Actifast | Advane Extra | paracetamo
extra extra
Code for
Tablet A | TabletB | Tablet C| Tablet D Tablet E Tablet F
tablet
Table 5-1 The naming codes used for each paracetamol brand
522Experi mental setup: Use of a sin

To circumvent the problems in Chapter 4 the 30 minutes of the dissolution were saved to ¢
single file. This would mean there is a single 30 minute image witheallata 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 image
produced are from a single spatial line across the flowndatth is imaged constantly for

the duration of the experiment.

The near infrared (nIR) camera used in Chapter 4 was usedaagtiis wavelength range

was shown to have the better potential for useful results than the HSI systems which are
sensitive to isible light. The use aflR is common place in pharmaceutical analysis due to

it being nondestructive, fast and easy to U$&'*® The camera used for the dissolution

imaging was a Xenics Xeva InGaAs CCD attached to a Specim V17E spectrometer whic
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has a wavelength range of 86680 nm. The stage was a Zolix KSA-PD0 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 startiotieg and
after any movement of the system it was refocused using a simple checkerboard ot
diamond pattern as described in Chapter 2.1.3. The lights were turned on at least 1(
minutes prior to any imaging being performed so that they had time to edeilitea
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 &Il acid solution through the flow cell with a constant flow of 10 mI'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
camea 6 s st age as pharmaceutical anal ysis r
measurements. This is not normally an issue but when imaging a single hieiglat~300

pum it is not possible to guarantegpeatability of the locatiobeing imaged byhe camera
without something to position the targét 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 locatio@nce the holder was attached to the stageag moved to the

stagebd6s starting l|location, O mm movement

90 mm and this process is illustratedrigure 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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523Experi ment al setup: Experi ment al

The hyperspectral dissolution imagisystem 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 beaged 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 beer
checked the imagg 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 th
reflectance signals from the various components of the system before the dissolutio
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 ensgaver
which are garch,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 datadogxcipients both
before the dissolution and during which could be compared to the tablet data as a way tc

analyse and assign any spectral changes.

Each tablet type was imaged three times to ensure that there was no large variatior
between the images 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 see

as regatable with respect to the conditions within the flow cell.
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524Experi mental setup: The tabl et h

It is imperative in pharmaceutical analysis that the procedures by highly repeatable. These
experiments image a single line across the flow cell and soecisssary to create a holder

or cradle which can be used to position the tablet in the same spatial location each time th
experiment it runFigure5-2 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 Witith 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 tl
holder can be guaranteed to be in the exact same location on the stage for each experimet
the bolt hoés in the stage were also marked to ensure the same ones were used eac

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 teenespt. 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 intoctrescted
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 bktein $@lf. There are two

uses for this; firstly it should be a constant signal throughout the experiment as there is nc
interaction between this tablet and any acid solution. Secondly it gives a reference
spectrum for the beginning of the experiment befany dissolution has occurred and also
shows any change in signal strength which is occurring as the photons pass through th

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

525Correcti ons

Once the image capture was completed a set of calibration images were captured using
white PTFE tile for the 100% reflectance and a 0% reflectance image was recorded by
switching off the lights and placing the lens cap afi® camera. These two values are

used to convert the raw data which is expressed as a humber of counts into the reflectanc

of the nIR radiation from the sample.

The calculation for determining the reflectance of any point is shown below

Where b .and k. are the intensity (in counts) of the 100% reflectance standard and the
target pixel respectively at a set wavelengthD is the intensity of the dark or 0%
reflectance standard and Rs the reflectance value for any sgecpixel in the image at a
set wavelength. This data correction was performed using an inbuilt command in the

imaging software.
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53Resul t s

531Creati on of |l i ne scan resul ts

The hyperspectral images created in Chapters 3 and 4 contain a more traditionahimage
which a single snapshot was taken of a s
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 @@stinus 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 th
flow cell are characterised by the evolution of the data set x location as the data
proceeds down the y axis. The imagd-igure5-3 has two parts, the top shows the tablet

in the flow cell and the red line depicts tbedtion that the camera is imaging.

The bottom part té-igure5-3 is a brief section from the hyperspectral dissolution imaging
from Tablet F, the numbers on the xisashow the time in seconds for the first 40 seconds
of Tabl et F6s dissolution. The two white
materials placed inside the holder and to the left of the flow cell. The leftmost band is the
calibration tile ad 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 date
is 100 ms after its predecessor. At 20 seconds into the dissolution there is a efaat art
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 explain:
how it can appear and then disappear in the centre of the t@ddst 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 intgnef each pixel. However, these images have been
shown in a false colour to better detail any changes in the spectra over time. To generat
this false colour image three separate wavelengths are used and the intensities in each pix
at these wavelengthdenotes 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 misseligure5-4 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 tt
maxima of the one peaks, a saddle position in the data and also a minimum. Any nhange i
peak size, locations or the minima should be shown as a perceivable change in the coloL
of the data.



Chapter 5 107

0.8

06 .

0.4} .

Reflectance

03 =

0.1F =
| e

0 1 1 1 1 1 1 1 1
800 S00 1000 1100 1200 1300 1400 1500 1600 1700
VWavelength (nm)

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

532Anal ysis of spectral data from t
5321 Tabl et FO6s hyperspectral dissolution

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 table

through the flow cell.

Tablet F contains a number of excipients and two magonponents, the release of which

can hopefully be followed throughout the experiment. These APIs are paracetamol and
caffeine with the paracetamol being in the langgority (a 500:65atio). The spectrum of

two separate locations in the image from thenesatime period was extracted and
investigated to determine what spectral changes are occurring throughout the flow cell.
The spectra can be seen higure 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 withir
bounds of the flow cell and the défiences 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 gpection 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 140
nm. The inspection of the data shows that the ratios of intensities of the two spectra at
these wavengths 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 seer
from 1160 to 1400 nm. The reason this gives a red colour to the second spectrum is tha
intensity of the 1073 nm O0red6 waveleng!
6greend wavelength is severely redcloued r
image. This shows how the use of false colour can easily show a major spectral change i

the image quickly and to see how this change is spreading throughout the image over time.

Red region spectral data

Yellow region spectral data
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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 offTablet F is shown in full irfFigure 5-6A with a shorter 400 second
image shown ifrigure5-6B. UV dissolution was performed on these tablets (and is shown
in the appendix) and they showed that the first-B0O0O seconds contained a large portion
of the release of the drugs from within the tablets. The time period choseigutoe 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 jpnagresses 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 pixelsng@athere 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

Time (seconds)

A change in the image #se false colouring of the tablet changes from the yellow to red is
also visible within the first 200 seconds Feifjure 5-6B. This colour change is asible
indication of the spectral change within the data describdeigare 5-5. The ability to
easily follow the change in the spectrum of each pixel in the @eil 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 dissolutionhéAtstart of the

experiment the tablets appears homogenous with no changes in the colour or intensity
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However, as the experiment progresses darker regions can be seen at the edges of the tak
which indicate a lower spectral intensity. These are mosly likem the tablet surface
starting to hydrate and crack as the expansion begins but this cannot be proven withou
additional imaging. The evolution of a secondary spectrum can also be seen as a band c
red in the image, which is caused by the tablet lip@nchanged spectral signal. By
investigating the whole data set it was hoped that more useful data could be attained eithe
as a second spectral change, denoted by a second colour change, or increased spat
information could show more about the tablepansion and the movement of tablet
particles. The image irFigure 5-6A contains the full hyperspectral image of the
experiment and the time is shown in seconds ersitie 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 th
tablet bulk. Within 100 seconds the false colours derived from the tablet spectrum has
progressed from being predominanyigllow 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 strak 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 secondaryspect
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 wodidate a
higher spectral intensity caused by larger quantity of the material. These results shows tha
this technique is able to view the tablets and visualise there dissolution properties within
the flow cell. However there has only been one chandkerflow cell, no other spectral

variation is easily notable throughout the full 30 minutes.

5322 Tabl et Ads hyperspectral dissolution

The next tablet investigated was Tablet A whichas-caffeinatedand is unigue amongst

the tablet as it contains ardge 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 imagerigure 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 change
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 rec
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colouration in the image. IRigure 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 th
image reflects this with the tablet appearing to rupture and split into a number tf brig
streaks which run though the image. These streaks are thin, and are much brighter in th
image with less of the yellow than previous images which indicates a spectral change ha:
occurred at these locations, and their presence can be seen throughr¢hBoantcell.

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 thes

streaks in the image.

50
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Streaksof tablet material

350 F

400

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 al
showing andhe plot is shown ifrigure5-8. As with previous results an average spectrum
was creates from a 10 x 10 region of pixel and three different areas were invesfipated.
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.



Chapter 5 112

03 T T T T I I I
Dry tablet data

Tablet data from streaks in the image
Tablet data from yellow area in image I

o
~
T

=
=2}
T

= A e = g
%]
g g
25t s i : W =
= N \ N
18]
\ \
S 04} -
l‘—_,’ \\ \ e
g I -
03k S \ P |
\ L
\ s —
02t \\. 4
01k \ =
L e
\ —
0 1 1 1 | [ [r— |
500 1000 1100 1200 1300 1400 1500 1600 1700

Wavelength {(nm)

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 dissolutior
tablet and the submerged tablet. The intensity lies in the middle of the two and for the 900
T 1400 nm region there is no individual peak or shoulder which cannageleirs one of

the other spectra. There is however a peak in the data around 1600 nm which is either
unique spectral peak or some characteristic of the process which is generating the spectt
in the yellow areas of the image. In the tablet spectrum pbstersion 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 expapidly 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 tr
tablet being forcibly ected 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 reflatiRed
photons.The depth penetration of a photon is a function of its scattering properties which
are propdwheorab ie &he wavelength. The
wavelength and are more readily scattered which reduces the effective patlofehgtde
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 grestattering for all
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wavelengths but the effect is most severe at the longer wavelengths which causes to loss ¢
spectral information after 1400 nm.

Investigation of the full image will indicate how this initial expansion progresses and if any
more change 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 nc
real sign of them changing throughout the experiment.

There is a small number of pixelslgured red in the 30 minute image which is unusual as
the remainder of the tablet hyperspectral images show the evolution of the tablet data fromn
the starting O6yellowbd spectrum to the o6r
API as fast as ®sible 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 €
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 releaselfeotablet 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 tereaksn the image there is a shift in
many of them down the cell in the direction avil. 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 183d 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 oeisuitsts

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 charye false colouring of the
image. Furthermore this spectral change in the images appears to show the point at whic
the tablets are expanding and dissolving as it is the edges of the tablet which change first

The images from these experiments are all shiomthe 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 an
similarities or difference between the spectra. These spectra are shbigorgb-9 and at

a cursory glance the spectra appear different. However, on closer inspection the data i
very similar but with an intensity scaling difference which is easily explained by the
variations n signal intensities across the tablets. By visual inspectidfiguire 5-6 it is

clear that there are regions of higher (brighter) intensity and regions of lowé&er(dar
intensity across the tablet. These variations are prevalent throughout the images and acro:
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 intenty difference between the spectra there is very little to distinguish
between the tablets. The two major regions of difference in the spectra are the gradien
between 1200 and 1300 nm and the broad peak at 1600 nm. There is a large difference i
the compands 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 witk
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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533.3Usi ng mesh plots to show the cha
tablet as the experiment progres

5.3.3.1 Introduction to mesh plots and how they were generated

The hyperspectral images diet 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 o
the imaye. 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
appealbriefly 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 mspdine 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 spectr
data. This was performed using mesh plots in MATLAB which ptmsecutive spectra to
create a 3D plot. The first tablet formulation investigated was tablet F as this was seen a

the best 6daveraged tablet for the rates

The hydration and expansion of the tablet wtapipears to create the secondary spectrum
and moreover the red colouration is clearly seen within the first 400 secoRagicd5-6

and this same image was useddoake 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 tablet:
Four of these locains 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 fe@re through the entire flow cell. The y axis mesh plots dissect the y
60timed axis at a set spatial pi xel | ocat
the spectrum changes over time. The locations used are from the bulk tablet, theeinterfac
of the tablet between the edge of the tablet and the surrounding acid solution and also
point slightly away from the early tablet data but within the later expanded tablet data. The
exact locations for these mesh plots are showhidnre 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 cove

the whole of the data set not just the 400 seconds shothis 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 shownHRigure 5-11 with the ealiest time point shown in
Figure5-11A etc. The earliest time data is from 10 seconds into the experiment and is used
to show the tablet data just after submersitiemvlittle 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 anbhsis.is

also an individual speatm 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 experime
began, and can be seen kigure 5-11B. This plot shows how the expansion and

disintegration of the tablet is progressing after the tablet has been submerged for only 6(
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seconds. The once uniform level of tablet spectra is gone by this time point and has beel
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 shoWwigure5-11A. 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 eitherepgEansion b 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 possitm 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 tipot 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.

Figure5-11C is the meslplot created from taking a cross section of the flow cell at 180
seconds into the dissolution. InspectionFagure 5-10 shows that this time point is where

the falsered 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 flowutell
Figure5-11C 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 somees ahbifet particles are
causing these spectral signals. The end of the tablet is also beginning to break apar
something which can be seen in the intensity of the bulk tablet regiéigure5-11B the

edge of the spectral data was still sharp with a very clear end to the tablet which is not the
case inFigure5-11C. In this datahe 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 als
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 iBigure5-11D 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 whicleth279 nm intensity is lower, relative to previous data,
and is becoming more prominent and should also show the later stages of the table
swelling process. The spectral data looks mostHigerre5-11A 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
beingeither 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 realit
is possible but the end result is the same, a return to the uniftensiiies 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. Thecendary spectral signal in the false colour
image ofFigure 5-10 is generated by these small amounts of tablet material which are
deposited throughout the flow celéthis 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 isiptesto see the
changes in the tablet. The mesh plots show that the tablet starts as a single uniforn
spectrum which quickly changes once the acid solution begins to flow. The tablet appears
to expand and break down with small objects being distributachgtoeam of the tablet,
which causes a slight change in the signal at specific regions, as the experiment progresse

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 itothedll as time
progresses. Unli ke the X axis mesh plots
cell but rather the changes at a specific location such as the bulk of theRigjlet5-12

was created by taking a cross section of the data along the time axis at Position 1 whict
can be seen ifrigure 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 sadjrwhich 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 maximur

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 @ii®roat a
steady rate. It appears that the some of the tablet material is lost in the period between 60
and 900 seconds but that it i's quickly |
appear to change for the duration of the dissolution. ahéett has completely broken
down by 900 seconds and no more changes are occurring with respect to changing signe
intensity after this point. To investigate this change the intensity of the peak at 1076 nm
over time was plotted and is shownHFigure5-13. As with Figure5-12there is a clear lag
period before the tablet moves agasto 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 durin
this region, ths 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 |
the single intensity over this time. This increase is se&igure5-12 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 tablsistelyration and the

distribution of tablet materidlavemostly 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 seds of the experiment and

very little being visible after thipoint. Theresults of mesh plot analysis for each of the
tablets is similar with a change across the tablet as it breaks down and the secondary re
spectrum begins to become prominent. The ddtthis 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 presevhich 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 aci
solution; this change is so rapid it could be used in some images to track the rate of the
acid flow in he 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 tc
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 expansjerties of the

tablets in great detail due to the high time resolution used in the experiments.
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54Cal cul ating and correcting f
present in the dat a

On closer inspection of the results fr&3.2it 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 celtlaver 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, sl
that the photons travellinthrough 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 th
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.

541Determination of t hal causentiati b

The correction results in the appendix show that the signal is being affected by more thar
a simple masking effect or filtering from a second signal. The spectral response from the
nIR reflectance is being attenuated with respect to sacterf The most likely cause of

this attenuation is the path length of the nIR photons through the acid solution; as the patt

length increases the attenuation is also increased.

The reflectance value detected by the hyperspectral camera is a mixture of different
reflectance terms which are showrFigure5-14. The light which enters into tHw cell

from the lamp is denoted agdnd 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 phatbith causes a slight
reduction to the total number of photons. This happens each time the photons reach thi
edge of the glass the flow cell and they are shown in the diagram. &R loss of the
spectral signal due to the absorption of the photonsugfirehe acid solution is shown as

Ra and the final reflectance value R is the detected reflectance from the sample. The loss i
the total signal intensity of R is a product of each of the different absorption or reflectance
process; the loss from passimgaugh the glass and the acid solution is a percentage of the

total intensity and so R can be expressed as:



Chapter 5 123

R =lo X Re X Rg X Ra X RsampieX Ra X Rg X Rg

Where each R term has a value between 0 and 1 such that R has\@gatwve value
which is lower han b.
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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 cellsfRs measured during the pre
dissolution calibration image$his is constant both between and during experiments and
can be considered as a singular unchanging factor. While the signal is attenuated from thi:
process it is by a fixed amount in each experiment and cannot be the cause of the chanc

over time to thegectral signal.

The intensity of § 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 chante 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 iragbove then the value of B 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 eodtsdd 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 thrmutgtine experiment and the

height will not be changed by adyssolution of the raising materials.

Once the imaging was completed a region of 10x10 pixelsch@sen to create an average
spectrum, this same region was used in each image to minimise thkiligy if any,

across the sample. The average spectra were then plotedragFigure5-15where it is

clear that an increase in path length, or a decreaseighthwhich is how the data is
represented in the plot, has a definitive and seemingly or@éfssd on the intensity. The

plot also shows that the data from the second height increment appears to be erroneous as
changes in intensity to a greater degtiean any other signal, this data was removed from
further calculations to prevent any skew or bias to these incorrect vidliselselieved that

this result is from the calibration piece moving so that a different edge is facing upwards,
which would chage the spectral signal substantially.

The degree of attenuation at each wavelength is separate and unique as is shown by tl
difference between the intensity of the signals at the wavelengths of 1255 and 1650 nm.
The change in intensity at the 1255 nmioegof the spectra showsreearlinear 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 interigi quickly minimising to a value of below 0.1 within 3

increments of height.
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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 demetrate 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 affectingasignal
the degree of attenuation is not the same in each wavelength. Mathematical models wer
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 dataees in

5-15and are included in the appendix.

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

below wherey is the spectral responsg,Aandd are constantandx; is the path length.

®» o Q

This equation shows that the magnitude of the signal attenuation is caused by a powe
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 wavelengtmawith
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interference. This equation is very closely related to the-Basibert law which states
that:

v 9
5 PT

WhereR is the reflectance of the system which is a function of the measured light intensity
divided by the total light intensity,is thepath length of the photons through the absorbing
medium andU is the absorption coefficient. The Bdeambert law shows the same
relationship between signal strength and path length therefotéténm is closely related

to thec term.
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55Concl usi ons

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 approachintatieg of

these tablets was used, in which the spatial information was degraded but the tempora
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 agcamd repeatability

of these experiments a number of procedures were used and the creation and use of
specialised holder along with the taking of pre imaging reference spectra being the two

major procedures.

The very high time resolution does, howewsrme 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 #re 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, tle 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 pantial 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 tracgeditél

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 imgdots can show how the tablet environment is

changing such as the breakdown and expansion of the tablets over time. The hydration an
tablet expansion can be tracked with high precision using this technique and with further

analysis it should be possibte generate a measure of the expansion as was done in
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previous chapters. The loss of APl 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 ttegtenuation has been removed or reduced then it should be possible to
use HSI to accurately follow the release of the API from within the tablet matrix. The mesh

plots also show that is should be possible to follow the loss from specific pixels in the

tadet 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 o
moderately high speed reaction, and not just the breakdown and reteadellets, 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 attenuate
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 al
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 ddtehrough

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 becausieeasblet breaks down the path length

through the acid to the tablet increase. The increase in the path length causes a larg

increase in the degree of attenuation to the signal.

These results were predicted by the Blemmbert law but the severity of tlstenuation
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 absorbinc
the nIR photoa 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 an

near infrared detection.

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

reduced by minimising the path length or a new wavelength range should be used. The nev
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wavelength range would require a UV hyperspectralera as anyIR 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 ikeigli 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 trenbofttthe 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 avettezh the high temporal resolution and good
spectral resolution could be used to great effect to determine the release properties o

tablets in new and novel ways.
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6.1 Int roducti on

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 absorb:
near IR radiation strongly at two sgkc wavelength which are 1440 nm and 1930'%m

The absorption of these photons causes specific regions of the nIR spectrum to be maske
by broad peaks which prevent any useful information being identified. This attenuation of
the spectral data cause®sas 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 acleve 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 photor
through te 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 datadahus 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 dept
analysis of thetablets. 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
expansgdn 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 usedhes¢ experiments is configured to detect
reflectednIR 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



Chapter 6 131

the flow cell and thus th@lR phons 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 atteation. 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 <
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 thwaugh. 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 rapidlyclvhvill minimise these problems as

swollen tablets can also allow for the solution to pass through them.



Chapter 6 132

6.2Materi als and Met hods

6.2.1 Mat er i al s

Due to restriction with the availability of the HSI system a reduced number of tablets were
imaged in these experimisn Previous experiments contained a mixture of caffeinated and
non-caffeinatedtablets as well as a range of complexity to the tablet formulations. It was
decided that the three best tabketisise would be Panadol Actita®anadol Advance and

the Panadol Extra; these were known as Tablet A, Tablen® Tablet C respectively.
These three tablets are fast acting and have shown good release profiles, their formulation
are designed to maximise the breakdown and release of the API from the taldefufind

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 alsotuaenuk
caffeine containing and none caffeine containing paracetamol tablets, the caffeine is addec
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 thertagebe 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.

6.22Equi pment

The nIR HSI system used in these experiments was a Specim SWIR Spectral Camer:
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 sdtware 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 SHAQA was used to

gererate scores plots.

6.23Experi ment al 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 basthe 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 thexis and yaxis movement of the flow cell can be
accurately controlled by €& movement of the motorised stage. A picture of the
experimental setup is shown kigure6-1, the flow cell and holder can be seen positioned
close toand above the HSI camera.
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Figure 6-1 Picture showing the experimental setup used in this chapter
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6.24Experi ment al procedur e

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 tablet
within a 151 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 expds2iems 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 ir
MATLAB, this allowed for very tightly defined control of the speed and lacabf 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 santpis.important that the sample is

well illuminated to ensure a strong and constant signal responsettieo reflectance 6f

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 flowagell 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 ni
imaging artefacts which wouldiri n t he data processing suc

of view or some particles on the lens.

6.25Data processing
6.2.5.1 Data correction

Once the image capture was completed a set of calibration images were captured using
white PTFE tile for the 100% reflectee 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 humber of counts into the reflectanc

of the nIR radiation from theample.

The calculation for determining the reflectance of any point is shown below

Where b .and k. are the intensity (in counts) of the 100% reflectance standard and the
target pixel respectively at a set wavelengthD is the intensity of the dark or 0%
reflectance standard and Rs 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 t o'*\arheepeaksnim thehnIR(spedtra are-dften 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 shapet but no
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 Resul t s

6.3.1 Craet i on of tabl et di ssolution I m

Tablets A, B and C were imaged and the data stored and corrected to generate a value

reflectance relative to the 100% PTFE standard.

The full datasets contain multiple repetitions of the flow cell over time whickup to

create the hyperspectral dissolution image. A single repetition is showigune 6-2

which has been annotated to show the different areas within the iffageablet 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 towrasthe 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 imagethich 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 |

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 adwaysthe top of the image, with each new pass of the flow
cell over the camergeneratinghe next tablet down in the imagEghis building up of the
image is illustrated ifrigure 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 creat
a degree of symmetry within pairs or couplets of tablets. Every second tablet in the image
is inverted aghe 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 i
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embossed on the tablet surface. It is possible to follow the location of thi$ ® aee the

mirroring of the images as time progress down the image.

[N

> <G

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 showrFigure 6-4 The imagescreated in MATLARB are
greyscale with the intensity of each pixel being determined by the interwditibe 1281

nm band. These images containly the first 2000 lines of datahich shows most of the

initial expansion andébreakdowrof the tabletsThe frame rate of the camera was 10 frames
per second so thérst 2000 lines contain the data from the tfi200 seconds of the

experiment.
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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 awe
and dissolve during the expement 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, tt
changes in the tablet are still rapid as there is clearly expansion of the tablet material within
200 secads of tablet being submerged in the acid solution. The expansion of the tablet is
tracked in greater detail belowigure6-5) where it is quantified and a rate ofpansion
determined.

The dissolution of the tablets was measured previously using a USP type IV apparatus an
the data is shown in the appendix. These results show that the fastest releasing formulatio
is Tablet B which begins to release almost immedjiad@d reaches 80% release within
300 seconds. Tablet A has a longer lag period before any release of the drug is seen bt
then very rapidly releases the drug with less than 200 seconds needed to move from n
release to full release of the paracetamol. fidlease 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 dioxideigakesigned 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 ¢hHSI 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 blky 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 expansiocchasd

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 ahé 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 kiigure6-4B, it can be seen that thidtat 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 apgmately 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% o
the way down the flow cell, this is wheethe outlet for the cell is found and most likely this

iIs why the expansion of tablet material appears to have stopped. Any further expansion ir
the direction of the flow would most likely expand into the outlet of the cell and be flushed
out of the syste.

The last dataset ifrigure 6-4 is from Tablet C, this is caffeine containing paracetamol
tablet. The rate of expansion and breakdown appears to be the highdisthf@eaablets,

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 evidenc
of particles in and around the tablet from itsai@own 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. Thé/Ulissolution data is not run alongside the HSI but was
collected at a much earlier date using a USP type IV dissolution apparatus and a differen
batch. The disparity between the dissolution data and the HSI data is caused by this
variation. Either the dnge 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 imsthmage 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 stoppinground 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 th
experiment progresses. In Chapter 4 the degree of expansion and breakitow 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 amddbent 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.
Figure6-5A 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 spreadsuinothe 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 amouat 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 contain:s
tablet data over the first 400 seconds, after this time there is also a loss of tablet particles i
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 Abés dissol
which may be caused by a passing air bubble as these cause intense signals which wou
fool the algorithm. After this initial blip the data looks good and the ratéseodxpansion
can be calculated assuming a first order rate and these results are sfi@able 1. The

rates were calculated by applying a line of best fit tadtte 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 iRigure6-5B, this fornulation is specifically designed to use carbonates to
increase the rate of breakdown and release which this data clearly shows. Tablets B and ¢
are both complex formulation which use a number of excipients to increase their rate of
release over the more $ia 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 thlet 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 nes@uble excipients within the tablessich

as magnesium stearate and their clearance is not necessarily indicative of the release of tt
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 movirgj the flow cell at this
rate only that the pixels in the flow ce
in diameter and can contain a great many particles of the tablet stacked on top of eacl
other. The volume of tablet in a pixel is ncdlculable 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 thate 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 breakdowipercentage | 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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6.3.2Anal ysis of the spectra for the
6.3.2.1 Average spectral profile comparisons

The first spectral analysis performed on these results was to simply inspect and investigat:
the spectra throughout the data at different times. This experiment was design¢bdas
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 be
represent the data in the image as a whole. The 4 points ther@itial 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 change:
present in the tablet as the dissolution progresses wedeshowing that the experimental
design has been successful. The specific locations used are highlighted as black squares
Figure 6-6, these locations all lie oié¢ 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
10 x 10 square of pixels hich covers an area of approximately 2360 p&20 x 10

region was chosen as it is a region large enough to give an accurate mean spectrum of tf
bulk environment while also being small enough to give multiple regions in the tablets for

comparison is redgred.

Figure 6-7 contains the spectral data isolated from the dissolution of Tablet A at the
locations shown irFFigure 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. Teishows 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 Figure 6-6 details the dissolution pathway of a
single tablet which is imaged repeatedly to create the data. The pre expansion tablet dat
has a spectrum very similar in intensity to that of the post tablet breakdown data with the
peak around 1930 nm being lowierintensity than any of data. The pre expansion data
was taken from first wet tablet, the exact location can be seEigume 6-6 as the black
square within the send tablet repetition. Visual inspection Bifjure 6-6 shows that the
tablet has not yet begun to expand by this point in the image. It is believed that the low
intersity 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 thdaattehua

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 molé&asi 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 ifrigure6-7. 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 peal
which can be seen in the 16001700 nm region, these small peaks may be useful in
identifying the changes in the tablets throughout the dissolution. It is po$idil these
peaks could be used to follow any changes over time such as a loss of peak intensity or
change in the rate of loss for any one of the peaks. The peaks may all be caused by th
same compound with a number of similar but distinct vibratioegions 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 fai
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 ndarstaleviation

of the data was calculated. The standard deviation was calculated for each spectra an
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 idid tecxhnique. 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 withtp@t specific time being plotted as
shown inFigure 6-8, the same distinct pattern of intensity changes can be seen. There
appears to be a greater number of peiakshe dry tablet which could be used for
identification than inFigure 6-7 but still after attenuation only the 1660700 nm region

shares any peaks in common witle 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 i
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 inmeaktia
appears to show the greatest intensity o
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 eramexd time resulting in the
eventual breakdown of the tablet. Close inspectiofigfire 6-4C shows that the tablet
does not expand and breakdown in the same marmdrablets 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 t
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flow cell. The granules may take some time éttls 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 iniaasexpand
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 ha
occurred. Thus simple spectral analysis like this cannot betasgtbw 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 thablets 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 tc
compare the spectra of each tablet at the same time point. This analysis can show th
differences and sinatities between the tablets through tintegure 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 I overtone stretch.
16601700 nm Aryl and alkyl methyl ¥ overtone stretch
1900 nm onwards O-H, C-H, N-H and GC combinations

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

The position of the major peaks Figure 6-10 and their corresponding functional group
are shown ifmable6-2. The majority of the peaks are from variousi@nd QH stretches
however, the region after 1900 nm is difficult to identify which stretches, or vibrational
modes, are causing the peaks. This region consists of numembmations 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 waveledgiendence on the scattering of
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photons. The intensity ofsoshelarger wavadedgths of g h
light will have a lower intensity which explains the trend in the data.

Tablet B and Tablet C have a very similar spectral profilth 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 shawsch 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 o
active vibrational modes, visible in the né&r coming from the @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 bewen 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 meat
centre the data. This process shifts each spectrum individually so that their mean spectre
intersity lies at 0 and the spread of the data is reduced by an amount relative to the distanc
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 differden the results
seen inFigure6-10is simply a scaling effect. The mean centred data was plotfeidune

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 anc
genuine effect. Such a result is naotenpected 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 ifrigure 6-10 details any difference that the HSI can detect in the
normal tablets before anygansion 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 c
these spectra is shownkigure6-12 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 attenuatiansed by the water molecules in the flow cell
which absorb the nIR photons. The longer the path length of the photons through the acic
solution in the flow cell the greater the degree of absorption of photons by the molecules of
water in accordance withéhBeerLambert law.Figure6-12 implies that Tablets B and C

have yet to expand significantly, although a small degree of tablet expansion may be
present, and the patkbngth 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 texpand 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 sedsrafter each tablet had begun to show physical signs
of expansion, these points are showrFigure 6-13. Again Tablet A has a very different
spectrum compared witime 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. Tablet
B and C however,j@w much more spectral definition and again are very similar but with
Tablet B being the more intense of the tow as ViAtgure 6-10. One of the largest
differences vhich 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 ha\
completely broken apart and started to disperse across thecdth The plot of these
results is shown below ifigure 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 resul
and this allows for a more accurate comparison between the different spectra. The overal
shape and form of the sgtra 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 bwest intensity at the highest wavelengths and has minima in the water peaks equal tc
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 plosipossible 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 thellflmwacset

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 edgectff€igure6-15 shows an example of
where the data for the line profiles is located. The spectra at each pixel is used to create th
line profile, atotalof 120 spet r a wer e used in each | ine |
so the total area investigated with this technique is 25.9 mm. These spectra are then place

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 uséd3r2.1 These plots were created using the
mesh plot function in MATLAB and some are showrFigure6-16, 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 inFigure6-16 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 talidehot 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 edgs of the central block fall away quickly which is as expected when the tablet is
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whole.Figure6-16 B is only 5 seconds later but already a small amount of matawiabe

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 segira more uniform distribution, this is because the tablet has
now expanded to fill the flow cell and the spectral intensities have all risen justidies

6-9 descibes. 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 inFigure6-16 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 broker
down resulting in the shift of tablet particles through ¢ké, 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.

6.33Principle component analysis of
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 an
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 tablet vghice 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 th
spectrum used previously. Using principle componenlyaisa(PCA) allows for the slight
variations between the spectra to become more apparent and also shows the reasons f
these variations, the exact wavelengths in this case. Principal component analysis is
explained in greater detail in Chapter 2.5.1 ddreader 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 bes
analyse the data. The first approach is t@tan 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 tracketlhis 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 an
variations between the tablets as the dissolution progresses can be followed. The advantac
to this style $ 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 &
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 thi
can highlight any difference within the tablets over time such aselbase 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 :
pixel intensities. This gives clear way to see exawthat variations the PCA is using at
each component which is the major advantage to this style of PCA it also has the potentia
to distinguish variations within the tablet which the single spectra approach would not do.
The disadvantage to using PCA in thiay 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 thughout 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. Th
sample is a mean spectrum taken from a 10 x 10 area of pixels within the centre of the
tablet. An avesige 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 throug

principle component analysis.
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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.

Figure6-17 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 extractec

from with number 4 being thé"4ablet (from the top) visible in the HSI dissolution ea

of Tablet A Figure6-4A).

The most notable point iRigure6-17 is thefirst data point, this is located quite far from

the rest of the data. This change reflects the difference between the dry and wet table
spectra and is a very strong outlier. PCA analysis involves the comparison of variables
from different samples to gerate 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 showrFigure 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 witt
three very tightly clustered and 3 more moving awayinear fashion down the y axis.
These are the data points from tablets @ 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 fror
points 8i 10 which are the last data pts outside of the central cluster. The central cluster
contains every sample from numberil20 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 tgerara
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 useitj@salues to
generate a percent of the total variation described within a component and these values fo
the previous two PCAs are shown Trable 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 poin
makes very little difference to the scale of tomponents 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 | Figure6-17 Figure6-18

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

from the first two principle components are showikigure6-19.
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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 tl
variation between the samples. The loadings from the second principle comngetagina

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 inFigure 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 thiglelights 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 signa
attenuation. These PCA results are complimentary and are showing how the tablet break
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 en
of the tablet expansion at a point where the tablet should be breglang &he steric
problems of a large bulky tablet within a relatively small flow cell where seen in the image
analysis ofFigure6-4 and these problems are what kéle@ 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 tetbiC show also show very little other than a
separation of the dry data, early expansion and late expansion data. Inspection of data fror
after this point or of every data point for the first 120 seconds still shows the same shape
and form to the resultsithh no discernible pattern other than the change in the physical
state of the tablet. This technique is much more advanced than the simple spectral analys
implemented in earlier approaches but is still very limited in the amount of information it

can prodice.

6.34Processing and Principle compone
dat a

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 ove
time. In previous experiments a select number of mean spectra were used in the principe
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, imagesecould
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made by using these scores values rather than the wavelength intensities used in th
previous images. The initial approach to this used the same corrected da#s3s3. 2and
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 @thesspectrum is a common
form of preprocessing 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 throughot
nIR spectra. The derivative was calculated usingriethods discussed 12.5.2and then

the PCA was rerun on this new dataset. Analysis of the PCA data was performed by
investigating the scores values for eackepiat each principal component. The scores
values were used to generate greyscale images which could be examined for any anomalie

or regions of difference.
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=

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 pring
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

Figure6-20 shows 6 separate images which have been gendratedhe PCA analysis of

the Tablet A data; the results Trable 6-4 shows that the first four principal components
contain over 90% of the total variation within ttlata. The images contain data from the
first 30 seconds of the experiments and the variations seen in these images are betwee
different objects in the flow cell and not a change in the data over time. This is not a
surprising result as PCA separates thaé data with the greatest variations being shown
first, the second greatest variation being second etc. The biggest variation in the image o
the flow cell is between the different physical components within the cell and not the small
changes in the talilelata 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 tc

the remainder of the data which is not unexpected.

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

by inspection ofrigure 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
separateéhe 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 aittenofithenlR

signal by the water molecule causes the tablet spectrum to be altered, as shown in chapt
5, and so these tablets do not show up in these scores plots. The final two component
show the variation within Tablet A as a function of the toppli@al 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 bein
much darker which implies a very large gap intensity values. This difference is
explained by the change in the path length ofrifiephotons through the acid solution to
reach the tablet. This slight difference in the path length and reduced thickness in the table
for nIR scattering and absdipn causes a significant difference in the attenuation of the
signal and the spectral response detected for these regions of the tablet.

Figure6-21 containsthe scores images frothe first derivative data of Tablet B, both this
tablet and Tablet A contain acetaminophen as the major ingredient. However, the score:
plots show some stark differences. The first component image highlights the tablets but it
also $iows 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 1
first two tablet repetitions, this implies that the reason for the vamiatiadhe first scores
image is the hydration and wetting of the tablets. The remaining 4 scores imagigs e

6-21 show very little useful separation despite beiegponsible for almost 14% of the

total variation.

The scores images for Tablet C are showRigure6-22 and as withFigure 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. Itis 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 sitgr@aladion
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 thel ir@béet data is pronounced in the
image. The second scores image describes two separate sets of variation; the first is th

same as the first scores image, with the dry data being coloured black. The seconc
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variation with the scores plot is the bottom twablets 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 nom&orm manner throughout the tablet. The
location of these black pixels is constamiotughout the image (the fourth tablet is inverted
due to the back and forth motion of the scanner). This implies that these black pixels are &
physical effect inside or on the surface of the tabl&tgire6-23 is the same image as the

one inFigure6-22 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 speffieedce 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 PC
is showing the greater variation of the regions and notefger variation of the changes
within the tablet over time. Once created however, the scores images can be analysed as
determine a change in the tablet as the dissolution occurs.

The pixels which have been coloured black in this PCA scores imagesah#ower
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 tableth&nging 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 an
the reference tablet is a tablet which has been split down the centre so that the imag
contains a cross section of the inside of the tablet. That the referefete tdbo shows
these black regions proves that this effect is not just an artefact on the surface of the table
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 doi@ physical change in the system.

6.35Spectral analysis of the black p

Figure 6-22 shows that Tablet C contains some very interesting regions which are
highlighted as black pixels. By using the dataHigure 6-22 the locations of the black
pixels were calculated and the spectra of these regions investigated. An averagenspectru
was created from the data of 8 separate pixels and was then plotted against a mean bu
tablet spectrum. This graph is showrFigure 6-24; the shape of these twpextra 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 igure6-24 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 distimdtich 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 thésan 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.
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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 belokigure 6-25, the

more intense the peak the greater the affect that variable has on the variation depicted il
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 chage 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 ahmmogenous

distribution.

The two APIs in Tablet C are acetaminophen and caffeine and the most common excipien
is starch. The excipients were also imaged using the same experiptenture to gather

a set of reference spectra. The spectra for these three compounds were plotted to see fif i
peak inFigure6-24 could be identified; the mean blapixel spectrum was also plotted for

comparison and the results are showRigure 6-26.

There is only one spectrum which contains the peak at 2257 nm, whithdaffeine. 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 tha
these black pixels contain a high concentration of caffeine dmat still mainly

acetaminophen.

The pixel size in t hwhitleislarge@mpegk to costainclifers x

of caffeine particles which have not been mixed thoroughly. However before any
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conclusion regarding the nature of the black pixels ba 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

63.6Tracking the change in intensity
ti me

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 othe
has shown that while thexpansion 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 spect
dueto the attenuation of the signal and secondly the requirement for the tablet to expand
before a stable O6maxi mumdéd spectrumFiguran b
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 fiopla s
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submerged in the acid solution. However the expansion of the tablet changes the degree
attenuation and therefore the spectral response. A tablet containing 100% of the drug while
also swollen fully so that the attenuation is not changing therspeetould 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 ¢
soon as the tablet has begun to expand it hatedtto 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
througlout 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 ate 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 valudsmihe 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 agpudix, 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 manuatgrpretation of the data to find a threshold
value. This can be changed however, as an automatic thresh holding system could b
implements for further analysis which would remove the need to manually choose a value.
It was decided that for a single tabéxperiment, 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 ir
numbers as the dissolution progressed; the plot is showigime 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 seenhigure 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 2 minutes. Th 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 maeugt 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 o
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 ahgfect.

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 tt
experiments. While the dissolution testing of Tablet C wasopmgd previously, and is
shown in the appendix, this was on a different system and the values cannot be used fo
comparison. Tablet C contains two UV active compounds, acetaminophen and caffeine,
which makes calculating the release of one of these mofieudtif 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 equation

are based on the Beer Lambert law and are shown apitendix.

For the UV dissolution the imaging experiment was repeated using the same experimenta
setup as the hyperspectral imaging but without the camera, a second line of tubing was als
run out of the dissolution reservoir and into a UV spectrometiee. OV spectrometer
measured the intensity at 4 different wavelengths every 10 seconds for 30 minutes. Thes
spectral intensities were then used to calculate the release of caffeine from the tablets b
using a simultaneous equation to separate out the Wvactive 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 ifigure 6-28. If the decrease in the number of blagiels 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 releas
occurs in a 100 200 second window after which the releadews. The black pixels
decrease over time with the majority occurring within the firgt 2 minutes, this loss is
analogous to the release of caffeine. However the resutigime 6-27 show that there is

complete loss of the black pixels within 7 minutes while the dissolutidfigare 6-28



Chapter 6 173

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 showkegspwhich
contain a higher than average caffeine concentration. The spatial resolution of the HSI
image gives pixels which are ~219 x 219%imlength which means that each black pixel
covers a large area within the tablet and contains a huge numbaffeihe particles.
When the tablet expands the caffeine in these pixels is released and the high concentratic
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 tenger be detectable by the camera thus
giving a 100% release reading when the UV data shows only 37%.

This UV dissolutionshould be smooth with no decrease in intenattyany point as it
shows the cumulative release. There was no mixing in the resevbhah 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 genegz stidhe 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 froinet 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 acatyand comparability between the experiments. The flow
through the cell is limited during the experiment and the flow rate, during the experiment,
of 20ml/min may be too low to properly allow for the tablet to dissolve and for particles to
be swept away @m 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 th
increasedlow rate and the results can be seeRigure6-29. The original dissolution data

is shown inFigure6-29A for comparison and the 20mn/min UV dissolution data shown in
Figure 6-29B. With the higher flow rate a maximum release much clos&@0@% 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 mitthkrelease. InFigure 6-29A

and Figure6-29B 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
guantity 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 adrighan average mass of caffeine

but they are not pure caffeine. When the tablet expands and begins to dissolve into the aci
solution the quantity of caffeine in these pixels will begin to decrease. As the concentration
decreases there will be a pointtich 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 bblack 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 functiot
of dissolution or expansion so that the particles spread through the flow cell.tWi¢hibte

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.

6.3.7Raman mappi hgboettbbeaerface

Raman mapping is a process which generates a hyperspectral image containing Rama
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 ta segion 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 resolutio
than HSI.

The Ranan system was a Thermo DXR Raman spectrometer which used a 532 nm lase
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 ee
recorded Raman spgum. 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 em b
captur ed eDue toyhe dulvdluresfnthe tablet it was necessary to capture each
line separately and to4fecus the microscope for each new line. To use the Raman maps
effectively specific wavelengths which contain peaks unique to caffeine or acetaminophen
are neededThe 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
Figure6-30.
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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 spant 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 o

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

The Raman data iRigure6-31 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 caffein:
concentrations, these regions are spaced throughout the image in-honwwgenous
manner. The sporadic placemnt of the caffeine clusters throughdtigure 6-31 matches

the distribution of the black pixels Figure6-22; 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
di mension of appr oo mahladeryparticesbe inxthelb6ttdm & m
right with di mensi ons % This@meofcfeineragior dizgs 3
also agrees with the image datarigure 6-22, were the kack pixel regions range from a
single pixel to groupings of B 10 pixels. The larger pixels sizes frdfigure6-22 can be
attributed to the long path length andtseang 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 kigure6-31 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 usg the same data and the results are showigare 6-32. The first map

was tailored to find areas of caffeine by using a unique peak; the second map uses a pee
unigque to acetaminophen, specifically the one at 886.chhis peak results in a map
which will show either an even distribution of acetaminophen throughout or the intense

peaks inFigure6-31 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 th
image which corresponds teigure 6-31. However, all of the other intense regions in
Figure6-31 have no corresponding intense regiorigure 6-32. These redts show that

the caffeine regions are not simply areas of higher intensity but are actual areas containin
high caffeine concentration. Thus by two independent techniques it has been shown tha
these regions containing black pixels in the scores imageasistent 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 hav
a mass of caffeine within the tablets to be 60m@a: Bhe average weight dlabletC is
687 mg and using this information any singkebletC should contain 8.5% 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 th
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 hasnotbndergbrier s |
any expansion or potential loss of any API or excipient components. It was calculated that
14.47 22.5% ofthe tablet surface contains black pixels a value higher thaBritish
Pharnacopeia standard valuebhis is not unexpected,émIR 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 facs could be causing a value much higher than

expected.

The same treatment was given to the Raman mapping data shéwuiie6-31, 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 anyregion 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.

64Concl usi ons

In this work hypespectral 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 ove
time is a novelse 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 pseuc

video with spectral information at every pixel.
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Using HSI and PCA caffeine has been showexist in Tablet C in a neaniform 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 saes images from the fourth principle component
generated by principle component anal ysi
dissolution. Spectral analysis of these black regions showed that there was a key differenc
in the spectrum and comparisotitiwthe loading data confirmed that this region was the
cause of the separation in the image. Further investigation was performed using UV anc
Raman techniques to verify that these black pixels were caffeine containing areas of the
tablet. For the first the 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 tableithin an aqueous fluid system was a problematic
proposition die to the effect the water in the flow célas on any nIR signals. By
positioning the camera underneath the flow cell the issues caused by the attenuation of th
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 caffeihe tallet

being possible.

Simple analysis of the unprocessed spectral data was insufficient to determine any change
within the image caused by release of API but could show changes that can be attributed t
the physical processing occurring within theléalluring 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 combthed wi
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 speptrothe

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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spectroscpy 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 an
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 spg@ltion is often lower

than the normal spectrographic techniques. Without the use of an expensive zoom lens th
pi xel si ze bi$on@df We best that @&n be achieved, Raman can easily be
used on much smaller scales than this. The speetalution 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 resadutimay be poorer in some areas it is substantially
greater in others. A normalR 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, degite the complications brought on by the usentRR spectroscopy in an
agueous environment it has been possible to show the physical location of an API inside ¢
tablet during dissolution. This APl 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 whotg tadhg
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

/7l 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 anadifisret

HSI systems to determine which was most effective for pharmaceutical analysis. The
results showed that th@R was a substantially better system for investigating white solids
or powders than a system working at visible wavelengths. It also dhthae principal
component analysis is necessary when analysing these images due to the large number
variables and small differences between the spectra of the samples. Once the best syste
and methods of analysis had been determined then the investightthe dissolution
process was performed. The established USP dissolution apparatus was not suitable fc
imaging due to the curved dissolution vessels and large volumes of liquid which would
affect the quality of the imaging. A flow system was desigmbath 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 resolutio 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 wa
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
guality of the results. The degree of signal attenuation was shown to be propaaotitea

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 dissdlati
paracetamol tablet. Principal component analysis was performed on the images anc
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 Raapamg of
the tablet surface. The rate of loss of these regions was also investigated and compared

that of the UV dissolution data which gave comparable results.
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These results showed the potential of usingRAHSI 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 potdngially
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 oP257ahm also

show that this approach to nIR spectroscopy can result in useable signal peaks throug

such a strong attenuating medium as water.

All of these areas show that hyperspectral imaging has the potential to be a very powerfu
tool for investigatingthe breakdown and release of tablets. There are however, some
problems with HSI that must be considered. The technique while fast generates a huge
guantity of data which can take a large amount of time and effort to successfully mine for
useful results.tlis 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 t® 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 dissolutida 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 novebult. 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 agueous
system. The results do show the potential of this technique to find a place in improving
both the manufacture drpharmokinetics 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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72Future 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 ohe 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 tabletldbion 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 gooc
identifier of known compounds in a tablet system. The expansion ofintaging
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 compdhnulgh the

dissolution in a spatial resolved manner.

The use of magnification tonprove 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 resolutionjt 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 increase
spatial resolution without using magnification can also be achieved using a higher pixel
dersity 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.

Thebiggest problem in the analysis of these systems is the presence of water, especially i
as an acid solution, which caused severe signal attenubtiastigating the use of other
nonaqueous solvents could also be a possible area of interest. This requite the
identification of a solventthat he t abl et s can dissolve int
of the equipment. By using this system it should be possible to follow the breakdown and
release of APl and excipients with much greater spectratitiefi than is possible when

using aqueous solutions. The major component in the tablets used in these experiments
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paracetamol which is soluble in a number of polar organic solvents such as acetone
ethanol, ethylene glycol, butanone, tetrahydrofurathfarmamide. 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 individuallgrftheir 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 replac
the aqueous solutio 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 mor:
tablets systems but it is also possible to use the time eskolature 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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Appendi ces

Appendi x 1: Hyperspectr al

Al.l1Chapter 3

MPEG-PCL PEG MPEG

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

Al2Chapter 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












































































































