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Abstract

Sustained release microparticles used for parenteral drug delivery must be well
characterized in terms of their size range, morphology and function. It is widely
understood that the chemistry and morphology of microparticles have a degree of
interdependence which strongly affedtug release behaviour from micropatrticles.

This thesisinvestigatesfor the first time the use of midR imaging along with the
development and optimisation of relevant multivariate image analysis methods for
studying the realime degradation of pharmaceutically relevaidegradable polymer
microparticles and the redaime release of protein based drugs from such microparticle
systems.

The application of attenuated total reflectioRourier transform infrared spectroscopic
(ATR-FTIR) imaging and analysis to monitor the degradation of a single micrdparti

is optimised and the developed methodology is detaifedseries of time resolved
images of a PLGA microparticle undergoing hydrolysis at 70af€obtained using
ATR-FTIR imaging for the first time. A novel partially supervised +lioear curve
fitting (NLCF) toolis developed and the output from the NL@Fevaluated by direct
guantitative comparison with a traditional peak height (PH) data analysis approach and
multivariate curve resolution alternating least squares (MCR) analysis for the
same inages, in order to develop an image analysis strategy. The NLCF misthod
shown to facilitate the calculation of hydrolysis rate constants for both the glycolic (kG)
and lactic (kL) segments of the PLGA copolym&his results in improvedpatial
resolutionon timeresolved microparticle imageso providing better insight into the
dimensions of hydration layers and particle dimension changes during hydrolysis when
compared to images derived from both PH measurements andMAISRThe MCR

ALS routineis shownto be faster than NLCF anits imagesare found to provide
sufficient contrast to be used for qualitative comparison.

The optimised midR-ATR proceduresare then applied to investigate several factors
influencing the hydrolytic degradation of a family of PLGA microparticl@sgradation
rate constants for glycolic and lactic ungie shown to increasenilist maintaininga
~1.3 ratio between each other) ihcreasing initial glycolic content of the copolymer
temperature or-radiationexposure. Differential scanning calorimetry (DSC) and gel
permeation chromatography (GPC) results indi@achain scission based degradation
LQ 3/*$ XSRQ H [ S BtiNbMtlonHof [@d€iciacBik probedwith IR during the
hydrolysis of a PLA microparticle for the first time, showing a diffusional pathway
from the degrading microparticle outwards into surrounding water.

Utilising the chemical selectivity of the infrared methodology, AFRR imagingis
DSSOLHG IRU WKH UVW WLPH WR PRQLWRU WKH UHC
hormone (hGH) from a range @riticalMix™ processed®LGA/PLA microparticles

during a set of dissolution experiments at’@7in D,2 ,QFUHD VL Q% soriid GR)
to have a profound influence tmee UHOHDVH PHFKDQLVP ZLWK KLJKH
dramatic increase in the initial burst reledsllowed by retardation in the sustained
release and a lower total level of hGH release over the dissolution experiment. These
changesareshown to be the resultofL SURWHLQ DJJUHJIJDWLRQ DV D
dose as studied by size exclusionarhatography(ii) decrease in ovell porosity as

studied by SEM(iii) decrease inM R1 DOO Rl WKH FRPSRQHQW SRO\P
indicating a chain scission mechanism as studied by GPC and &%®IC(iv) the

increase in the number of oxygenated components in the Poloxamer 407 excipient,
thereby increasing the strength of interaction between the microparticle and the
entrapped hGHThese findings suggest thaty sterilisation dose should be less than

25 kGy and that other sterilisation methods may need to be considehed to the
stability of thestudied formulations

viil



1 Introduction

This thesis investigates the use Wbfid-IR spectroscopicimaging and relevant
multivariate data analysis techniques tbaracterisethe degradationkinetics of
biodegradable polymer microparticles and the release of protein drugs from such

matrices.

The work presentedithin this thesis wasonducted aSheffield Hallam Universityin
collaboration with Critical Pharmaceuticals Ltd. This chapter provides a brief
introductioninto thedrug delivery systems investigatedthin this thesis. It includes
information aboupolymers, proteins and controlled release dfelivery systems along
with production methods for such systems with particular attentisagercriticalCO,
based processamongwhich a modifiedparticles from gas saturated solutidR&SS
method (CriticalMix ™) was usedto produce the samples studied hdre the

collaborating company.

In this chapter avery briefinitial insight is given for MidlR spectroscopic imaging
including its relevance for studying polymer degradation and drug release bedore t
aimsof this wak are discusseith detail.

In Chapter 2the theory of the main method of study, FTIR spectroscopy and imaging,

is detailed and relevant data analysis techniques are discussed. Other characterisation
methods including scanning electron microscopy, chrography, differential scanning
calorimetry, U\tVis dissolution testing and microscopic sample preparation method
(ultraamicrotomy) are also detailed including information regardhmgparameters and
methods used.

Chapter 3 demostrates the optimisatiorAR®R imaging method coupled with relevant
image analysis techniques for studying degradation in single polymeric microparticles.
A direct numerical comparison of three data analysis methods: peak height
measurements, soft and hard modelling, is studiedyubi@ same IR image set of a
PLGA 75/25 microparticleindergoing hydrolysis at 70 °C.

In Chapter 4, a range singlePLGA microparticlesare studied using the ATR imaging
methodology developed in Chapter 3. Effect of CriticalMiyrocess, copolymer ratio
(LA:GA), morphology and gamma irradiation ( a typical sterilisation method used for



PLGA based microparticle systems) on hydrolytic degradation behaviour of individual

PLGA micropatrticles is investigated and results are discussed.

In Chapter 5a leadcontrolled releas®rmulation that consisiof PLGA/PLA polymers,

an excipient (Poloxamer 407) antduman growth hormone (hGHis initially
LQYHVWLIJDWHG LQ WHUPV RI LWV FRPSRQM@eNtYY VSD
validake the formulation modelThe release of hGH from scuh complex formulation is
monitored using ATRFTIR imaging. Finally KH H I | H-Rrv&di&ibn on the stability

of PLGA microparticles and on the releasetloé hGH protein from the miaparticles

is investigated using FTIR imagingSEM analyses andising a combination of
conventional bulk methods including; differential scanning calorimetry (DSC) to
understand thermal properties of irradiated andirnawliated pure polymers, gel
permeation chromatograpisPC) to monitor effect of irradiation on the molecular
weight of the polymers, U\is spectrophotometry to monitar vitro API release from

the microparticlesand size exclusion chromatography (SEC) to determine protein

aggregation and stability.
The owerall conclusions and possible further work are summarised in Chapter 6.

1.1 Drug Delivery

The conceptof drug deliveryis the administration odictive pharmaceutical ingredients
(APIs) to patients, in sufficient amounts thiaey reach and tre#he targeted region of
body without causing any adverse effgctAlthough thiscan be achieved bseveral
routes including parenterélvhich is achieved thorugimjection into avein, under the
skin or into a musclgor throughinhalationor through absorptioby intact skin) oral,
pulmonary or nasal application the administration of proteins are limited tbe
parenteral (often subcutaneougpe as their high molecular weight or poor stability

blocks their transdermal, nasal or oraliety.

Another problem irthe delivery of goteinsand peptides is theshort halflife in the

human body. Therefore their unfavourable pharmacokinetics means that they are
usually administered by frequent injections, for example for human growth hormone
deficiency every 3 days, which is inconvenient for patients and can gfétient
compliance. However, the development of sustained release formulations can overcome
these issues as controlled release drug delivery is used to delay the release of drugs
within the body.



1.2 Controlled Release Drug Delivery

The use of biodegradable polymers is one of the fundamental @fagsntrdling
release systems. There are three different types of isdaie controlled release
systems;(1) reservoir deviceswhere thedrug is released wm degradation ofa
biopolymer that is used tencapsulataet avoiding immediate releas€?) diffusion
devices, where the drug is released through pores of the biopolymer matr{8)and
erosion, where the drug release is based up oradatpn of the biopolymer matrix.
However for porous biopolymer matrices it is often the case that combination of last
two hypothese®ccurs as initially the staceattached drug molecules will be released
upon contact with agueous media by diffusiortigh pores and finally the degradation
of biopolymer will resultin release of the drug molecules entrapped deeper in the

biopolymer matrixFigurel.1).

Figure 1.1 Controlled release scenariogor polymer microparticles; (a) reservoir
devices, (b)diffusion of drug from porous polymer matrix and (c) erosion
mechanism where the drug molecules are released as they become free from

degrading polymer.

In recent years research in molecular and cell biology to meet clinical hesds
intensified theinterest in biologics, a variety of therapeutics such as vaccines,
recombinant proteins and peptides, genes, viruses and synthetic tissues, ensuing a strong
market growth [1]. As a resulturrently hundreds of recombinant proteamsipeptides

are in thepipeline for the U.S. Food and Drug Administrat(&iA) approval.



There are numerous candiddbedegradablepolymers for carrying and releasing
biologicsas shown irFigure1.1 however concerning biocompatibilitp human body
the FDA approved ones da@&w [2,3].

Poly (lactideco-glycolide) (PLGA) is a FDA approved biodegradble synthetic
polyester that is physically strong and hightpcessabl@d]. Hence PLGA has been the
most studied carrier matrix for macromolecules such as proteins, DNA, RNA, vaccines
and peptides for treatment of important diseases such as cancer, human growth
deficiency and multiple sclerod3].

Another advantage of PLGA that itsdegradatiornn vivo is controllable by choice of
polymer molecular weighand copolymer ratiglactide to glycolide I(/G)) and yields
lactic and glycolic acids, which are bauopatible and rapidly clearecb the body via

the renal systerf2].

The number of PLGA based formulations tteat readilyadministered through a
syringe, has been researched increasingly resulting in many formulations that are
marketed today including ones givenTiable 1.1

Table 1.1 PLGA based microparticle formulations available in the market[1,3].

Product mame —— APL_— Company _Application

Lupron Depot® Leuprolide TAP Prostate cancer, endometriosis
Enantone Depot® Leuprolide Takeda Prostate cancer, endometriosis
Trenantone Leuprolide Takeda Prostate cancer, endometriosis
Nutropin Depot® Growth hormone  Genetech Pediatric growth hormone deficiency
Suprecur® MP Buserelin acetate  Aventis Prostate cancer

Decapeptyl® Triptorelin pamoate Ferring Prostate cancer

Sandostatin LARE Depot Octreotide acetate Nowarfis Acromegaly

Somatuline® LA Lanreotide Ipsen Acromegaly

Decapeptyl SR Triptorelin Ipsen Prostate cancer

Trelstar™ Depot Triptorelin pamoate Pfizer Prostate cancer

Arestin® Minocycline Orapharma Periodontal disease
Risperidal® Consta™ Risperidone Johnson & Johnson Antipsychotic

Parlodel® LAR Bromocriptine Nowartis Parkinsonism

From the pharmaceuticamanufacturing techrology perspective, the key goal;
controlling the release of the drug for longer periods without causing any degradation of
the drug at production stage, can be achieveobittgining ahomogenouslistribution of

the drug witlin the matrix. The following sections willgive relevantdetaik of the

polymers, proteins and the manufacturing methods that are widely used for making

4



protein loaded polymer microparticle systemsth a focus orrelation tothe novel

microparticle systesicharacterised in this thesis.

1.3 Polymers

The seEGHILQLWLRQ RI pSRO\PHUVYT FDQ EH GHULYHG IUF
MPDQ\T DQG pPRQRYT PHDQLQJ pPRQHY DV SIR@GMMRHUV D
monomers covalently bonded together forming a chain type structure. Repeating
monomer units connected together may form linear, branched or 3D structured (cross
linked polymers in which one chain is bonded with monomers of another chain) types

asillustrated inFigurel.2

a)

b)

Figure 1.2 Linear (a), branched (b) and 3dimensional(c) structures of polymers.

Since the initial understanding of their structure by Hermann StaudiBiggyolymers
becamethe most versatilenaterial type in our daily Vies ranging from the simplest

form as a recyclable carrier haip arguablymore complicatecand important forms

such as long life batteries used in mobile electronic devices or biodegradable matrices

for carrying drugs.

Polymers can be groupedost generallyn to two; biopolymers (polymers withatural
origin) such aschitosanand proteins, osynthetic polymersncluding biodegradables
such aspolyesters ile. pPRO\ ODFWLF DFLG S RO ‘camalackoe)l,F DFL

5



pol\ -malic acid) and nonbiodegradables sucls silicones andgsome acrylic
polymers[6]. Step growth polymerisation and chain growth polymerisation are the two
principal methods for synthesisimganmadepolymers[7]. Step growth polymerisation
occurs asnultifunctionalmonanmersreact to form dimers, triers longewoligomersand

long chainpolymersat the end of the reactions. Chain growth polymerisatiocurs as

theunsaturatednonomerscontinuously add onto tlgrowing polymeric chains.

Polymers exhibit two types ahorphology; crystalline in whicimolecules are packed

in regular arraysand amorphous in which molecules are oriented randomly and are
entangled and most polymers contain both crystalline and amorphous regions
(semicrystalline) At low temperatures the negules of an amorphous polymer vibrate

at low frequency, exhibiting solid state propertigss is termed as th@lasy statef

Upon heating an amorphous polymelye to theincrease inmolecular energy, a
transition occurs fronthe glassy state to a rbkry state and theflection temperature

at which thiseffect occurs is called the glass transition temperatugg. Qrystalline
polymers Bow a clear phase transition upon heatmglting. The temperature at which

this thermodynamic effect occursaslled melting temperature ().

Differential scanning calorimetry (DS@)hich is discussed i€@hapter Zan be used to
determinethe melting temperaturend the glass transition temperatuoé polymers.
Thermal properties of polymers anéten depadent on their molecular weighithich

can be given as;

5 0
y. L ;\\'Z'y' Equation 1.1

L2y

or their moleculamumberwhich can be given as;

Az.y. .
y- L . Equation 1.2

whereN; is the number of molecules with lengtlnd M; is the mass of polymer chain
with lengthi, both define the size of a molecudnd can both be measuredising gel

pemeation chromatography (GPC) [#3 discussed in Chapter 2

Most polymersvary in thér chain lengthsTheir distribution in the length ghe chains
is defined as polydispersity inde®@l) which is molecular numbeper molecular
weight. The decrease in molecular weigthtie to degradatignmmeasured wittGPC can

be used teaalculate and compatke degradatiomateof polymers.
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Copolymers ee substances thatre usuallyproduced by step polymerisation from
chains in whichtwo or more different monomers arennected through covalent bonds.
Copolymers are useful in that thermodynamic and physicochemical properties of
polymers therein can bienproved and modified. Considering their form, copolymers
can be grouped aspandomfin which two or more different repeating units are
distributed randomly, in which sequences of the different monomers altevithteit

any regular patterand block in which long sequences of monomers are followed by
another of the same or graft in which one type of monomer chain is connected to
another as branches at different points. The formation of copolymers results in a
combination of the properties of the origir@dmopolymers and this can improve the
properties of the individual polymers such as tensile strength, reactivily an

thermodynamic propertig9].

Two or more polymers or epolymers can be mixedypically; by heating and/or
stirring or by dissoling eachin a cosolvent adding together and letting solvent
evaporater using one monomer as a solvent for anotfesulting in aplendfin which
polymers are connected by intermolecular forbes not covalent bond®epending on
their homogeneity at a molglar level, polymer blends are classed as miscible (very
homogenous) or immiscible (phase separated) showing single or muljipeDSC

analysisyespectively.

1.3.1 Polymers inSustained Release Drug Delivery
The use of biodegradable and biocompatible (i.e. that can degrade in to molecules that
are not toxic to human body and therefore are ejected without causing any damage)

polymers enablethe extended release of drugs.

During this project, two polymereavebeenusedas the drug carrier matrix, poly(lactic
acid) (PLA) and poly (lactideo-glycolide) (PLGA). Poloxamer407, accepted as a
GRAS (generally regarded as safhas also beenused as a processing ail the
production of theseicroparticlesas itenharmes the drug relea$#0].

1.3.1.1 Poly(lactic acid) (PLA)

PLA has 3sterecisomerghat are the crystallineRLA and dPLA forms and the
amorphous DEPLA [11]. The nost common synthie route to produc®LA is via the
ring opening polymeretion of lactidewhichis catalysed by stannous octano@tigure
1.3.



i ﬁ 1 Stannous 5
X ~0 octanoate -
JD'* l\ -5 {\ A o) ]p"

Figure 1.3 Synthesis of PLA where chiral centres are indicated with X.

PLA are more suited as implants than controlled release deldericesas their
crystalline natureetardsther water uptakecausing long degradation times (typically
more than a year depending on molecular weidhppon conact with agueous media
PLA undergoes hydrolysis and breakswnto lactic acid fragmentdPLA has a T of
about 60665 °C and a melting temperature of abbr®3178 °C[11].

1.3.1.2 Poly(lactideco-glycolide) (PLGA)

PLGA is synthesised by the ring opening polymerisation of the cyclic diesters of lactic

acid and glycolic acid, catalysed byishous octanoat€&igurel.4) [12].

O O

Stannous
\’)l\ 0 0 octanoate Q
S| — o H O
o)
o)

Figure 1.4 Synthesis of PLGA.

Although PGA is not useful as a drug delivery device due to its high crystallamty

high melting temperature@as mentioned earlier in this chapter, PLGA, a copolymer of
glycolic acid (GA) and lactic acid (LA), is the most used biodegradable polymer in
delivery of biologics[13]. Depending on the ratio of lactide to glycolide used for the
polymerization, different forms of PLGA can be obtained. These are usually identified
by the monomer ratio used. For example PLGA 75:25 identifies a copolymer
composition of 75%actic acid and 25% glycolic acid. All PLGAs are amorphous rather
than crystalline and show a glass transition temperature in the ranges0f°@)12].
Unlike the homopolymers of lactic acid (polylactide) and glycolic acid (polyglycolide),
which show por solubilities, PLGAhas the property of hydrophobicignd therefore

can be dissolved by a wide range of common solvents, including acatorethyl
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acetate. The production of a 50:50 mixture of these two polymers also reduces the

degradation time of PA from severaimonths tdew weeks

* GD - '\Pic - Dr:: ; -

Figure 1.5 Structures of PLA, PGA and PLGA.

As shown inFigure 1.5, PLA contains an additional methyl group over PGA which
creates the amorphous natlg making chain packing more difficulvhereas the
absence of this grougllows PGA to be crystallineAs PLGA is a copolymer of these
two monomers it is less crystalline compared to PGA, due to the addition of the methyl
group. And this provides the observed differences in the degradatembDegradation

rates of bulk PLGAs can be calculated uditgman and IR spectroscopiég]. PLGA

can degrade via hydrolysis of the ester linkage into small, water soluble fragments.

1.3.1.2.1 PLGA Hydrolysis

When PLGA is exposed to an aqueous solutiomagour, the ester carbgns subject

to nucleophilic attack by water, as shownFigure 1.6 [15]. The ester group in these
polymers will be hydrolysedia a tetrahedral intermediate give primary OH and
carboxyl end groupgiesulting in chain cleavagé&sters are vulnerable to hydrolysis
because the electron withdrawing effects of the attached oxygen atoms result in a
partially positive ester carbon. The accumulation of carboxylic acid hydrolysis products
in PLGA matrices results in autocatalysis of thalrolysis reaction which is followed

by addition of a proton to carbonyl oxygen, which facilitates the reaction by stadpilizi

the tetrahedral intermediate.



Figure 1.6 PLGA hydrolysis mechanism via ester links. R groups represent CH
for lactide and H for glycolide. The resulting alcohol can abstract a proton from
the carboxylic acid during the chain cleavage step as shown, or a proton addition

to alcohol and removal from carboxylic acid carbe provided by water(from [15]).

Alteration of either the PLA:PGA ratio, molecular weight or PDI can change the
degradation ratef PLGA. Glycolic acid is slightly more hydrophilic than lactic acid,
therefore increased glycolic acid content may lead to an increase in the hydrolysis rate
for the ame morphology and size of partic[@8]. Typical ratios of lactide to glycolide
range from 50:50 to 100:0 with molecular weights typically ranging from 10 to 100 kDa
(or 1C° unified atomic mass unitsThe hydrolysis rate of PLGAlsodepends on its end
groups which may be carboxylic acid, making the polymer more hydrophilic er est
capped, decreasing the rate.

1.3.1.3 Poloxamer407

Poloxamer 407 (also known as Lutrol or Pluronic F127)poly(ethylene
oxide)/poly(propylene  oxide)/poly(ethylene oxide) (PE®OLEO triblock
copolymersis a hydrophilic surfactant andest knavn for its use in moutwashand
contactlens solutionswhereits function is to help remove organic molecutegh as

lipids by increasing their solubility in aqueousedia.

CHs
0 0
H 0 OH
X y z

Figure 1.7 Structure of Poloxamer407.
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Surfactants are often useal increase thevater solubility of poorly soluble drugs

pharmaceutical formulations.

In controlled re¢ase drug deliverpoloxamerd07is shown to enhanc®lubilisationof

biologicsand alsqgroong ther releasq16].

1.4 Proteins

Like other biemacromolecules such as nucleic acids, proteins are essential parts of
organisms and participate in many processes within cells. With varying sizes and
molecular weights, proteins have a range of functions as they are able to bind to other
biomolecules, nucleic acids and metal ifha]

Linkage between amino acids result in long polymer chains called proteins. Proteins
consist of carbon, hydrogen, nitrogen, oxygen audphur atoms, for example,

CoooH 153N 262030057, namely human growth horme.

R

Figure 1.8 Structure of an amino acid showingthe amine in the left hanside and

carboxyl group in the right hand side circles, respectively.

There are twenty common types of aminoacids that vary in their R grbiguseg1.8).
Aminoacids can be grouped as Aawlar, unchargeg@olar and charged pol§t7]. Non
polar amino acids tend to be unreactive. Uncharged polar amino acids contain either
hydroxyl or amine groups, which are capable of hydrogen bonding to other residues and

the third group can bind to metal ions and which is important in bidibgly

The primary structure of a protein is the sequence of aminoacids of this backbone. The
secondary protein structure is the specific geometric shape caused by intramolecular and
intermolecular hydrogen bonding of amide groups. Proteins have three common
VHFRQGDU\ VKHICIshéexKdndHtur{iL7]. The fcondary structure of proteins
can readily be characterised by FTIR spectroscdiy]. The tertiary structure of
proteinsis the bending and twisting of the polypeptide backbone into a compact
structure. Several polypeptide chains may exhibit weak adtiens forming large
moleculestheso called quaternary structutdV-Vis spectropotometry can be used to

11



detectproteinswhen dissolvedn a solutionas proteins absorb UV light at 200nm
(peptide bonds)and ~280 nm (aminoacids with aromatic ringsTyrosine and
Tryptophan [19].

1.4.1 Bovine Serum Albumin (BSA)

With its 582 amino acids and 66267 Da total molecular weight, BS# lesge and
widely used model protein as it is not only cheap but aldsestd 60 °C up to 10 hours
[20]. BSA has a total charge ef8 (at pH 7) which is high due to its charged amino
acids sch as arginine and aspartic acRSA has been used as adabprotein in this

project for the preliminary investigations @kingle polymeformulation.

140 &

Net Charge -10 -8 0

F

40 &

|
-~

Figure 1.9 BSA structure showing the three charge domains.

1.4.2 Human growth hormone (hGH)

Human growth hormone (hGH) has been used to treat various diSaaketing

children with growth hormone deficiency (paediatric hypopituitary dwarfism), muscle
wasting disease associated with HIV, Turner's syndrome for gidschronic kidney

failure [21]. )RU FKLOGUHQYTV JURZWK isGdélieFret Higampainfilu H D W F
injection~3 times a week, consuming valuable hospital resources andmrgs$ulpoor

patientcompliance.

hGH contais 191 amino acid residues aisd a single chain peptide with a molecular
weight of ~22.13 kDa and rtimg point of 76 °(J22]. Its secondary structure, shown in
Figure 1.10 contains four helices connected with random loops and chains and
internally cross linked by two disulfide bonds that provide stability and enable
interaction with tle growth hormone receptf#2].
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Random loops

Random chains

Figure 1.10 hGH secondary structure (from [22]).

1.5 Methods of Producing Controlled Release Drug Delivery Systems

In order toproducemicroparticles thatfollow one or both of the hypothesised scenarios
shownin Figure 1.1b andFigure 1.1c, the drug neeslto be mixed with the polymer(s)
homogenously and this mainly dependentn liquefication of the polymer(gjuring

the formation of the particlesCommon methods for producing sustainelease drug

delivery systemsliffer mainlyin how they are liqueéid asoutlined in this section.

1.5.1 Spray Drying

Spray drying is an established methodhafood industry for producing a range of dry
powder form products including coffee and milk powff8]. The use of spray drying

is also common in micronisah (the process of reducingarticles to a size of less than
W\ S L F D O)®»f drugpBlymer formulatios in the pharmaceutical industrypuring a
typical micronisation process a solvent such as dichloromethane (DCM), in which the
polymer of interest is ds®lved initially, is mixed with the drug, forming solvated
mixture. This mixture is themducedto atomise and forsxdroplets ast is forced
through a nozzlasshown inFigurel.11 Thespray is dried byapplying a hot (~65 °C)

gas as the droplets erge, resulting in solidified particles.
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Figure 1.11 Schematic diagram of spray dryer(from [24]).

The ray drying method has been studied widely for producing PLGA massdined
releasalevices as carriers for various biologarsd has beershownto besuccessfuin

producing <100 punmicrospheresvith encapsulation efficiencies up to ~8(8425,26]

However consideringhe efficacy of proteins that are vesgnsitive to temperatusnd
the biocompatibility of the produced formulation, the high cess temperatures
(beyond 60 °C) and thepossible existence of toxic solvent residues within

microparticlescaused bynsufficient drying exist as critical drawbacks
1.5.2 Emulsion

Emulsification process can be grouped into twaingle and doubl¢3]. The former
involves two main steps; firstly, dissolving the polymer in an organic solvent such as
chloroform and adding the drug molecules to this solution and secondly, adding this
mixture into a wateremuskifier mixture and stirring. Ugn evaporation of theolvent,

the drug loaded polymesolidifies in the aqueous phase. As one can expect by the

descrigiion of the methodsingle emudification is not suitable for water soluble drugs

[4].

The duble emulsion method is similar tiee single emulsiorong the only differerce
beingthat the drug molecules are dissolved in water before being added to the polymer
solution,such thata primary emulsion is formed on mixing. The rest of the procedure
follows as in single emulication. A stabilizersuch as polyvinlyalcohol (PVA) may

also be addetb thewater.
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Since the solventssedcan cause degradation, emulsification is not suitable for the
encapsulation of sensitive drugs such as proteins into biodegradable polymers such as
PLGA. Requiringthe use of largeamounts of solvents, this method is also expensive

and has potential environmental hazards.

1.5.3 Supercritical Fluid Technologies

Substances become supercritical fluids (SCF) when placed above their critical point (i.e.
above their critical temperature and icat pressure) exhibiting the flow properties of a
gas (.e. showinglow viscosity) and the dissolving power of a liquid, thus becoming
ideal solvent$27].

SCF, first observed by Cagniard de la Tour in 1828, can easily penetrate through
materials beause they do noéxhibit significant surface tension, and their solvent
power can be controlled by alteribgmperature and/or pressiag it is related to their
density[29].

Among many other moleculemcluding propane, ethane, ammonia and water, carbon
dioxide has becomehe fluid of choicein SC processebvecause itis cheap, non
flammable has GRAS (generally regarded as safajusjs environmentally acceptable

and may be recycledscCQ is bestknown for LWV pIDPRXVY DSSOLFDWL
extraction from coffee beansyut perhaps more importantly, its easily achievable critical

point (31.1°C and 73.8 bar) also makes it ideal for processing biologics without causing
denaturation30].

During the last decade, drug encapsiaatof polymer microparticlesising supercritical

fluid technologyhas beenreported using number ofmethods. These include expansion

of supercritical solutions (RESS), gas asulvent techniques (GAS), supercritical anti
solvent technique (SAS) and patrticles from gasirsded solutions (PGS$31]. One
disadvantage of scG@onsidering applicability for wide use is that only fasiar and

some low polar molecular substances can dissolve in scB@vever for the latter
method, PGSS, this is not a concern, particularly for biodegradable polymers and most

biologics as they do not need to be dissolved in &letailed in sectioh5.3.4

1.5.3.1 Rapid Expansion of Supercritical Solutions (RESS)

This process requires both the yuokr and drug to be dissolved in scC8efore being
mixed and then forced through a nozzle (typically <150 pm) into a lower pressure zone.
Tom et al. [32] first demonstrated the encapsulation of microparticles UbB&RESS
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processhoweversinceonly a ew polymers aresoluablein scCQ this method has not
been widelyapplied In the case of having to use a poor seSQuble polymer, organic
co-solvents can be added to improselubility; however this may cause protein
degradation. Also, the processes may have to be perfatriethperaturesver 100 °C

and 200 bar, to improve polymer solubility, which makes it impossible to process

biologics without damaging the[81].

1.5.3.2 Gas Antisolvent Teanique (GAS)

In this process, scCQcts as an aniolvent(a solvent in which the product is insoluple
therefore the polymer and drug are not requiredigsolvein scCQ. A solution of the
drug and polymer in an organic solvent is produced beforehand and s@a&n
gradually added. As the polymer and drug are insoluble in thesit@é{ come out as

microparticles.

This process has been used to prepare insulin andiniffdec loaded BLA
nanoparticles with ~94% encapsulation efficiency and very low residual content ~300

ppm)[33]. However solventresidueissues cannot bavercome withthis technique

1.5.3.3 Supercritical Antisolvent Technique (SAS)

Although this is a similaprocess to GAS, based on scieing used as an antisolvent,

it is different in that the polymetrug solution is forced through a nozzle or capillary
into the scCQ phase. The solvent then evaporates forming encapsulated polymer
microparticlesUsing ths process Duartet al. produced naproxelvaded microspheres
from ethylcellulose/methylcellulose blendisr oral deliverythat showed a sustained

release othedrug[34].

1.5.3.4 Particles from Gas Saturated Solution (PGSS)
This process,ifst developed foithe coatingsindustry [35], is simply analogous to
painting with a spray coat usingsmall particles After its reported suitability for
micronisation of nifediping36], a small molecule drug, more recent developmieaie
focused on production of drug particles entrapped within polymers in microp§ti¢le
implant[38] or scaffold[39] form. Unlike the aforementioned methodB@GSShas the
advantagen thatit works in the absence of organic solvents tredpolymer andlirugs
do not need to be soluble in sc&®owever the polymer needs to be sufficiently
plasticised by scC® This is achievableat moderate temperatures (typically <4x)
and pressures (<1%3fr) which have beershown to have no adverse effect the
protein stabilitywithin controlled release PLGA/PLA formulatiofi@0]. The use othe
16



PGSSprocedurdor producing a protein encapsulated polymer formulation is illustrated
in Figure 1.12 The polymer and drug are initially added to a high pressure vessel
(Figurel.12-stepl). CQis added and the temperature and pressure are set to the critical
conditions of CQ(Figure1l.12step2) Then as a resulgsshownin Figurel.12step3,

the polymer liguefiesThe plasticised mixture is then stirred withhelicd impeller
(Figure 1.12step4) to mix the drug molecules with liquefied polymentil a
homogenous mixture is formed as depictedrigure 1.12step5 This polymer/drug
mixture is then let through a nozzle generating particles as shokigure 1.12-step6.

Upon sprayng, the CQ evaporates setting the shape of the particles as the polymer
solidifies[31]. Using different nozzleshe particle shape and size can be controlled.

An important complication of this processay bethat the escaping G&aninfluence
polymer morphology, for exang generating macroporosif$0]. Furtherthis process
requires high precision equipment which is expensiw®th to modify for drug

encapsulation an maintain.

Figure 1.12 Schematic diagram of the processing steps of PGSS method (from
[41]).

1.5.3.4.1 A Custom Built PGSS Apparat@riticalMix ™
A high pressure particle rig wakevelopedat University of Nottinghanimplementing

thePGSS proced® encapsulate drugs withpolymermicroparticleq42].

The CriticalMix™ method isa novel PGS@pproachdeveloped using this rigndwas

used to produce the microparticles characterised in this thesissimple, onestep
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process with 100% encapsulation efficie®7]. The workings ofthe method are

briefly outlined below.

When suitable polymersuch as PLGA, PLA and protein particles, such as BSA, hGH,
are exposed to scG@ a pressure vessel, the polymer is liquefied, thereby allowing the
protein to be mixed efficiently with the jyoner. Following mixing the mixture is
depressurised through a nozzle whereby the, @furns to a gaseous state and
evaporatesvhilst the polymer solidifies around thgrotein resulting in the production

of microparticles with th@roteindistributedthroughout

For the formulations investigated in this thesisypical batch was prepared by adding

2.1 g of a preweighed combination of polymer, protein and excipiesteh as
Poloxamer407o the PGSS apparatus. The apparatus was sealed, pressuhs€@ywit

to 700 psi (48 bar) and heated to 40 °C. Once at temperature, the pressure was increased
to 2030 psi (14Mar). The liquefied proteipblymer mixture was then stirred at 150

rpm for 1 hour, after which time stirring was stopped and the mixture e@essurised

through a nozzle generating microparticles. These were collected in a cyclone and

recovered aafree flowing white powder.

1.6 Mid-IR Spectroscopidmaging and AnalysisConcept

The subject of this thesis the development of midR spectroscopic imaging and
multivariate analysis applied to controlled relepsé/mer microparticles to investigate
kinetic processs, including degradation, drug release and particle morphology,
pnY LV XabdqqOafitativelyq

A brief introduction is gien here particularly to introduce the subject area for readers
unfamiliar with chemical imagingnd analysisonceps and to help bettedefine the
aims of the project.

Natural contrast arises from molecular vibrations in vibrational spectroscopy, necagneti
effects in nuclear magnetic resonance imaging, electronic transitions in electron and x
ray microscopyfrom chemical labels in near field optical microscopy, auto or enhanced
fluorescence in fluorescence microscopy or surface topography (mechanioally)
scanning probe microscopyFigure 1.13. For polymers and proteinschemical
information is richest at mitR wavelengths, without the need of any dyes, complicated
specimen preparation or radiation damage concekis® obtaining spatiotemporal
imagesof samples under kinetic conditiomgises fewpractical difficulies MRI has
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EHHQ pWKH finvRavK Bhd nQae€dructive imaging modality thédcilitates
internal and surface images (2D and 3D) of pharmaceuticals and living organisms on
both microand macro scalpt3]. Figure 1.13demonstrates that SEM adsowell suited

to the studyof morphology and it requires relatively simple sample preparation.

High ‘perfect’
MRI chemical >
R microscopy
il STXM
Chemical
Information XPS
EDS EELS
FM
TEM
NSOM SEM
oM
Low pya— AF“{I

10pm  1pm 50nm  1nm 1A

Spatial Resolution

Figure 1.13 A comparison plot of well-established microscopy methods that
particle systems can be studied withmicron scale or better spatial resolution
versus chemical information. Magnetic resonance imaging (MRI), vibrational
chemical imaging (Raman and Infrared microscopic imaging, RM and IR,
respectiely), x-ray photoelectron spectroscopy (XPS), energy dispersive-ray
spectroscopy (EDS), scanning transmission-ray microscopy (STXM), electron
energy loss spectroscopy (EELS), transmission electron microscopy (TEM),
scanning electron microscopy (SEM),fluorescence microscopy (FM), optical
microscopy (OM), nearfield scanning optical microscopy (NSOM) and atomic

force microscopy (AFM) (adapted from[44]).

Mid-IR imaging facilitates the generation of chemical imagssg an FPA detector
where each of thpixels of the focal plane array (FPA) detector acts as an individual
detector, allowing the collection of thousands of IR spectra simultane@dushkack of

2D images can be collected within a few minutes, proving good temporal resolution in
slow processesvith a spatial resolution down to 5 pm dependingtba sampling
methodused(Figure 1.14). However regardless of the sampling method (transmission,

reflection etc.) or wavelength range used (IRyaYs etc.),particularly for kinetic
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experiments that last longer than a few hourgperspectral imagesften require

detailed analysis once collected.

Figure 1.14 Mid -infrared spectroscopicimage stack of a protein loaded polymer
microparticle in water, showing a pixel spectrum on the right (A) and pure
component spectra (B) thereinto be extracted from formulation spectra for each

pixel.

1.7 Project Aims

The peliminary aim of this project has beeminvestiga¢ and finetune the application

of mid-IR imagingto characterisecCQ processedu G Whidfoparticle formulationsis
received This is based on determinintheir changing componentg distributiors,
particularly the drug distributionthroughout individual microparticles using available
sampling methods (deribed in Chapter 2 and relevant multivariate data analysis
methods (described @hapter 3.

Following dry state characterisation of model drug loaded PLGA microparttbles,
next objective wago optimise the experimental conditionsuch thatthe first kinetic
imaging study onreattime hydrolysis of a single PLGA micropartickeas conducted
Further objectives related to this novel experiment werémprove this temporal
hyperspectral data sethich had decreasing SNRover time, in terms of spatial
resolution and SNRysing soft multivariate methodsind developing a hard modelling
methodto obtainand comparghe most important informationf such experiment
degradation rateVisual and quantitativeevidenceon S D U Wrhdrgihéldpyexhibiting
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physicotemical phenomenasuch as swelling shrinking and erodingwas also

investigated using soft and hard modelling approaches

Developing this proof of concepa further objective, emerging immediately, was to
study PLGA copolymer microparticles withlG molar compositions 0100/0, 75/25
and 50/50 at 50 °C and 70 °C to investigate and compare effects on their degradation

rates againfor thefirst time utilising mid-IR imaging and multivariate analysis.

ATR-FTIR imaginghas beera fast progressingnethod used to study druglease in
semisolid formulations, drug penetration, ahdinfluence of penetration modifiers
situ commonlyat samplesolutioninterfaces. Howevetherehas beerack of literature
in studying evolutia of single microparticles during dissolutioilenceit was of
interest to see and monitor drug redistribution and rel@assich systema&nd b

correlae such data to conventional drug dissolution meshod

Consequently an aim was getdemonstratéhe feasibility of the ATR geometrydr
monitorng drug releasen situ from PLGA microparticlesand to utise data analysis
methods to extra@ssociatedrug release profiles.

Pharmaceuticals often need to be sterilised before kisally mid-IR imaging and
analysis vere used forvisualising and rationalising the effect of gamma irradiafen
common sterilisationmethod for biodegradable polymer based drums)a pipeline
product of the collaborating company that has shown successtiNo and in vitro
sustained release for theldery of hGH

The overall aim of this project can be summarised as the development -®R mid
imaging and analysis as a standalone toolbox for studiingtic processes in
biopolymeric microparticlesThis wasassisted mainlpy verification of morphology
using SEM, thermal properties using DSdQlissolution testing using UV

spectrgphotanetryand moleculaweightusingGPC.
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2 Experimental Methods and Data Analysis

2.1 Fourier Transform Infrared Spectroscopy
2.1.1 Infrared Theory

2.1.1.1 Infrared (IR) Radiation

Light is an electromagnetic wave. Electromagnetic waudsDGLDWHY IURP HO
charged particles as the particles move in a magnetic field, thus light is also called
HOHFWURPDJQHWLF pUDGLDWLRQY (OHFWURPDJQHWLI
waves undulate in planes perpendicular to each othethe direction of the third
Cartesian coordinate that is perpendicular to the first two. Motion of electromagnetic
waves can fundamentally be described as an oscillation following simple harmonic
motion and therefore the amplitude of the electric veistaften illustrated by a sine
function as shown in Figure 2.1. Distance that a wave can travel during time that takes
to complete a repeating period( RU D F\FOH LV LWV ZDYHOHQJWK

In vibrational spectroscopy commonly the number of waves pdrlength called
wavenumber in 1/cm is used instead of wavelength as it is proportional to energy

therefore easier to interpret.

Amplitude

0 / \

Time

Figure 2.1 Electric vector amplitude of a light wave.

Electromagnetic radiation can also be defined as a stream of pafptietons),
travelling at the speed of light£3x1(® m/s), that have no mass but enerfy that is
related to their frequency ( DFFRUGLQJ WR 30ODQFNYVY HTXDWLRQ

qL ZCL 22

A Equation 2.1
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where h=6.626 x T -V LV WKH 30DQFNYV FRQVWDQW

The full range of photon energies are listed in a charicaled electromagnetic
spectrum [igure 2.2). The IR region of the electromagnetic spectrum includes near
infrared (NIR), midinfrared (MIR) and faiinfrared (FIR) Eigure 2.D). In this thesis

the termspyLQIUDUHGY RU p,57 DUH-IKK#gd, MaRis waveléngibsvH W
between 25 and 2.5 um (or wavenumbers from 4008 terd00 cn').

a)

14000 to 4000 cm-1 |4000 to 400 cm-1 (400to4cm-1
Near Infrared Medium Infrared [Far Infrared

b)

Figure 2.2 (a) Electromagnetic spectrum (adapted from [1]) and (b) The part of

EM spectrum, in wavenumbers, that FTIR spectroscopy is related to.

2.1.1.2 Molecular Vibrations

The total energy of a molecule consists of its electronic, vibrational, rotational and
translational energy levels. Unlike shorter wavelength radiation, IR radiation cannot
excite eledVURQV EXW FDQ FDXVH D FKDQJH LQ D PROHFX
transitions between quantized vibrational energy levels. An electronic energy level of a
molecule can be divided in to a number of vibrational states and each vibrational state
includes multiple rotational states. FIR and microwave radiation, having lower energy
than rest of the IR region, can induce rotational energy level transitions that match
energy levels of molecules made of heavy atoms and/or weak bonds. The theory of
vibrationrotation spectroscopy and near infrared spectroscopy will not be discussed

because they are beyond the scope of this thesis.

A nontlinear molecule withN atoms can exhibit translational motion and rotational
motion in 3 orthogonal directions, X, y and z, excluding these; a moleculeNa@s 3
degrees of freedom that is the number of ways that the atoms of the molecule can
vibrate. For a linear molecule thaumber vibrational modes is 38l as it has 2
rotational modes instead of 3. As one can imagine, these vibrations result either a

periodic change in bond length (stretching) or a periodic change in bond angle
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(bending). For multiple bonds, the stretching ma@dn be symmetric or antisymmetric
and four types of bending modes are possible, namely; scissoring, rocking, wagging and
twisting. Visual illustration of these modes is demonstrated in many web sites including

2].

Vibration of a diatomic molecule, thet confined to stretching only as explained above,
can be approximated to simple harmonic oscillation of 2 masses connected with a spring
LQ VSDFH IROORZLQJ +RRNYVY ODZ DQG WKHLU PRWLRAQ

rLFz Equation 2.2

wherek is the spring constant amds displacement. Potential energy of this system is;

¢ 70 Equation 2.3

ola

qL

Since vibrational energies are quantised vibrational energy of the modes that
DSSUR[LPDWHG WR VLPSOH KDUPRQLEa®Rt&ILR@thekRU +R

Schrodinger equation to reflect this as;
Al Z Q@ EXA Equation 2.4

wheren « LV WKH YLEUDWLRQDO TXDQWXP QXPEH

| «—— Harmonic potential

Potential Energy

Displacement

Figure 23 ARWHQWLDO HQHUJ\ RI D GLDWRPLF PROHFXOH
anharmonic oscillator (adapted from [3]).

In practiceEquation 2.4should be derived from a Mordgpe or anharmonic potential
function because real molecular vibrations are not harmameicbonds do not obey
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+RRNHYVY ODZ WKHUHIRUH SRWHQWLDO HQHUJ\ RI UHD
oscillator approximation as anharmonicity arises (Figu8g

The energy levels including anharmonicity effect can be approximated as;
. 0. _ g U .
Jel Z QD E—UAE ZCxD E—OA Equation 2.5
ZKHUH LV . LV WKH DQKDUPRQLFLW\ FRQVWDQW

To move a molecule from one energy level to another (i.e. BEefhtoE=1), in order to

induce IR bands, molecular vibrations must cause a change in the dipole méthent o
PROHFXOH 7KLV LV FDOOHG pWKH;ahH Q doFndt keRe@l IR X O H
bands because their stretch vibration does not cause a change in their dipole moments.
Commonly observed transitions postulated by Equaiérare; n=1A0 (fundanental),

n=2A0 (1 overtone) and n=A0 (2" overtone).

2113 %HHUYfV /DZ

The Bouguetambert% HHU ODZ RU %HHUYV ODZ IRU VKRUW
quantitative absorption spectroscopy relating number of molecules sampled to incident
(Io) and transmitted ] beam intensity as;

uLuy :FO %’ Equation 2.6

wherec is the concentrationQis the frequency dependent extinction coefficient laisd

the cell thickness.

2.1.2 Fourier Transform Infrared Spectrometry

FT instruments dominate the infrarspgectrometry market as they are advantageous to
dispersive instruments, in that; firstly there is no slit therefore higher throughput can be
achieved from source to detector (Jacquinot advantage), secondly all frequencies are
simultaneously detected (thexXOWLSOH[ RU )HOOJHWWYV DGYDQWD
accuracy is obtained employing a superimposed laser beam to compare and correct
VSHFWUD &RQQHV DGYDQWDJH $QG )7 FRPSXWDWLR
conventional computers thereforastnever a handicap. However, FT instruments use a
single beam therefore unlike dispersive instruments, a channel ratio correction cannot be
applied and as a result atmospheric components (water vapoygrwiitbe detected.

To circumvent this, instrumén are purged with dry Nor air and a background

spectrum is ratioed against each spectrum collected. Since the background and sample

30



cannot be measured simultaneously and the possibility of backgrounchatuk is
permanent due to variations in atmosgh@f the experimental environment, this
drawback can never be totally overcome but may be minimised by efficient post
processing. The other major practical difficulty in infrared spectroscopy has been the
analysis of mixtures. Although some mixtures can poeified and therefore their
components can be measured separately, the interest in infrared spectroscopy rises from
LWV DELOLW\ WR PHDVXUH pDV LVY SDUWLFXODUO\ L
Therefore post processing of spectroscopic databbar developing in parallel to IR

spectrometry.

2.1.2.1 Instrumentation
Conventional FTIR instruments consist of a spectrometer including an IR source, a

Michelson interferometer and a laser following the IR beam, and a detector.

Unlike most short wavelength speascopy techniques, such asay microscopy, that

are confined to synchrotrons due to the necessity of a bright source that is yet
unavailable at laboratory scale, producing an IR beam has been the easiest technical part
of table top IR spectrometry as air-cooled, heated ceramic source can produce an
intense IR beam for several years. Brighter and much more consistent sources than
incandescent ones are available at free electron laser (FEL) facilities and at synchrotrons

however at the expense of lowgiting times (typically less than a year) and user fees.

Since its invention in late f9FHQW XU\ VDPH GHVLJQ RI WKH OLFK
still forms the basis of almost all interferometers today. In the Michelson interferometer

a beam of radiatiors split into two paths and then recombined after a path difference
has been introduced (Figuzed) [4].
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Figure 2.4 Layout of the Michelson interferometer.

A nonabsorbing beam splitter reflects one part of the beam to a fixed mirror and
transmits theother part to a moving mirror that is mutually perpendicular to the fixed

mirror. Reflected beams interfere back again at the beam splitter where they are
partially reflected and partially transmitted towards the detector. Therefore a relation of
the variagion in the intensity of the beam reaching the detector and the path difference
can be established. In order to yield the spectral information, the data from the
interferometer in time domain need to be converted in to data in frequency domain

using a Fouer Transform (FT) given as;
uG L i?ﬂﬂ Eg PVE By Equation 2.7
wherel( ) and f(t) are the frequency domain and time domain points, respectively.

Depending on the movement of the mobile mirror there are two modes of
interferometersstepscan mode in which the mirror is held equally at spaced points and
continuousscan mode (or rapigcan) in which the mirror is stepped rapidly between
these points. Most FIR spectrometers currently in use work in latter mode where
signal to noise & (SNR) of the spectrum is improved by repeated measurement and
co-addition of the interferograms such that;

e Z~»¥">" (T e (EM%Po "™ Equation 2.8
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Every FTIR instrument contains a laser, usually helneon (HeNe) that measures the

optical path difference of the interferometer.

An infrared detector is effectively a transducer, transforming light into electrical signal.
Pyroelectric materials whose properties change with temperature, or photoconductive
materials whose electrons can beiextby IR photons are the two main types used in
producing IR detector elements. An IR transparent window is also used to protect the
detector elements from environment. A common type of thermal detector element is
deuterated triglycine sulphate (DTGSheTelectrical polarization of DTGS fluctuates
with temperature, triggering a current flow which is then measured and calibrated in
order to trace the amount of IR light. A typical DTGS detector is 1mm square and with
a KBr window it can cover the whole Mi@R region. However, although cheap and
self-cooling, DTGS detectors are rather slow and noisy compared to photodetectors. An
alloy of Mercury, Cadmium and Telluride (MCT) is the most common photoconductor
material. In MCT detectors the speed of respomsks&nsitivity are about an order of
magnitude better than DTGS detectors however they are relatively expensive, their
lower energy end cut off is ~700 ¢hand operating temperatures are low (~75 K)
therefore MCTs need to be cooled with liquigl Singlepoint MCT detector elements

are typically 250 um square.

2.1.2.2 Sampling Techniques

When a beam of light is focused on a sample, up on interaction, it may be reflected,
refracted, transmitted or absorbed. All of these modes may facilitate to probe vibrational
chaacteristics of a sample however among these, transmission and reflection have been

most popular due to relatively simple sample preparation and ease of experiments [4].

The transmission method requires relatively thin samples (<~10um for IR), therefore
microtomy or some other form of preparation may be necessary. Among common IR
reflectance techniques, specular reflectance, diffuse reflectance, and attenuated total
reflectance (ATR), the latter is the most common particularly in pharmaceutical
research ag requires no sample preparation and allowsitu characterisation under

changing conditions.

2.1.2.2.1 ATR-FTIR
Attenuated total reflection has been the most widely practiced technique in IR
spectroscopy [4] because unlike transmission sampling where sampjesequare

grinding, microtoming, melting, use of KBr discs, cast films or mineral oils mulls, disks
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or another form of sample preparation that cause morphological changes on the sample,
ATR sampling does not require any sample preparation because thghiRsInot
WUbDQVPLWWHG WKHUHIRUH HYHQ SRZGHUV RU IDEULF
with the ATR crystal is achieved [5]. The definition of a good contact for the samples
studied in this thesis (polymer microparticles) is discussed inl deteChapter 2,
Section 2.1.2.2_1However it is necessary to note here that contact for samples with
nonuniform morphology will be difficult to reproduce, therefore quantitative analysis
may be difficult in single point analysis as the ratio of sigr@hfgood contact regions

to signal from poor contact regions will be different for different experiments, causing
inconsistent peak intensities when the two are averaged due to having 1 pixel, even
though the sample is the same.

The use of ATR sampling imfrared spectroscopy is based upon the fact that, when a
crystal of a material with high refractive index ({the ATR crystal), such as diamond
(n=2.4), zinc selenide (n=2.4), silicon (n=3.4), or germanium (n=4.0) is brought into
contact with the sample with a lower refractive index(for polymers n=~ 1.5)
although total internal reflection occurs at the saglystal interface, radiation does in

fact penetrate a short distance into the sample, this is known as the evanescent field. The
distance that the evanescent field can travel within a sample in direct contact with the
ATR crystal is defined as the depth penetrationd,). Harrick and DuPre [6] defined

dp as the value at which the initial electric field strength) (Becays to a value of

Esexp’and can be given as;

S L A Equation 2.9

OB g¥™UA?:" () " ;U

where is the angle of incidenciat is greater than the critical angle=sin"(n/ny))
(Figure2.5).

34



-:..__ SAMPLE
ATR CRYSTAL "~
\\\\ 1 /E‘ /// rd
\.\\ ///

\\\\ ////’

\\\\ ///./

\\\\\ -~ i g ] f
ey ~

Figure 2.5 Schematic representation of attenuated total reflection (reproduced
from [7]).

In practice, shown by Mirabella, the true depth of penetration is ~3 times more than the
calculatedd, value [8]. Clearly, ATR only probes the nearface of a sample but this
SHUPLWV WKH VWXG\ RI pGLIILFXOW VDPSHQHVE)VXFK L
strongly absorbing and/or thick solids which can be very challenging using traditional

approaches such as transmission.

2.1.3 FTIR Imaging with Focal Plane Array Detectors

Hyperspectral imaging by probing molecular vibrations can be achieved through the
measurement of either thafrared or Raman spectrum. Coupling the speed and
chemical selectivity of table top midfrared spectrometer, with or without a
microscope, with the regional selectivity of a focal plane array (FPA) IR detector,
replacing the afrementioned single point detector, allows fast (typically a few minutes)
global imaging facilitating remarkable insight into a wide range of processes in the mid

infrared region where the most of vibrational chemical information is hidden.

Using a microscope and moving stage, Harthcock and Atkin obtained the first chemical
MIR map [9]. Since the first demonstration of use of FPA in-iRicgpectrometry [10],

the advancements in the imaging technology peaked sucbvirathe last two decades
Fourier transform infrared (FTIR) spectroscopic imaging has become routine,
facilitating chemical characterization of multicomponent systems under both static and
kinetic conditions [11].
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In comparison to microspectroscopy where an image is obtained iby qoline
mapping using a single point or 1D array detector, respectively, global imaging can be
considered to be advantageous, at least practically, since generating same number of
pixels with same spectral resolution and number of scans, point amépeing will

take at least 10 times longer than that of global imaging. However since SNR and
spectral resolution of mapping systems are better than global imaging systems, IR
microscopes are often equipped with both a single point and FPA detector hdere t
former is usedwhen point specific information is more valuable than widefield IR

spectral data.

The detection of IR light has probably been the most expensive and challenging part of
IR instrumentation during the leap from single point detection t® trapping and

finally imaging which has been purely dependant on detector development. MCT plane
array detectors are the most commonly used-IRidletector due to wide spectral
sensitivity (from 2 P WR P GHSHQGLQJ RQ WKH PHUFKU\ FDC
ratio. A 64x64 pixel MCT FPA detectofSanta Barbara Focal plane) on which the
physical size of each FPA pixel is 40 um x 40 um was used in this project. Depending

on the magnification of optical setup used in each sampling method, the image pixel

size \aries as outlined below.

An Agilent 68GIR spectrometer with an achievable spectral resolution of 2 was

used in rapiescan mode for this thesis.

In an IR microscope Cassegrainian objectives are used for focusing the beam instead of
glass lensegwhich are impenetrable for IR radiation). The objective illuminates the
sample, and after passing through (transmission miéidgirg 2.6a)) or reflecting off
(microATR mode) or passing and reflecting off (transflection) the specimen, the
infrared light B collected by the condenser. An optical image can also be obtained
beforehand using the objectives (15x or 4x for the instrument used here). For defining
the area of interest on the optical image, in most cases rectangular apertures are used,
usually locaVHG LQ D UHPRWH LPDJH SODQH ,Q WKH PLF!
UMAG620) used in this project a field of view of 350 um x 350 um can be imaged. A
larger field of view for transmission mode with no magnification (2.56 x 2.56 mm) is
also possible whethe microscope is eliminated and the IR beam is diverted straight to
the detector, however this comes with worse spatial resolution of ~40 pm and the
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sample needs to be in between two IR transparent (i.e, &BF) slides or held on its

own vertically, alhough difficult to reproduce, in the spectrometer compartment.

In infrared absorptiomeflection or transmissiereflection, often referred to as
transflection, mode in which IR beam passes through a sample, reflects back from a
reflective surface behinand passes back through the sample again, samples need to be
relatively thin (<10 um) and laid upon very smooth metal surfaces, preferably gold
deposited thin films Kigure 2.6b). In the microscope the IR beam from the FTIR
spectrometer is diverted withaSsegrain type objectives on to the sample and the
transmitted signal, collected by the same objective lenses, is focused on to the MCT
FPA.

The ATR sampling can be achieved in two modes, micro and macro.

Micro ATR imaging is performed with an infrarediaroscope similar to transflection

but a Ge hemispherical internal reflection element that acts like an oil immersion lens is
used for internally reflecting the incident beam therefore a better spatial resolution is
achieved without requiring the samplelte thin Figure2.6¢c). However this comes at

the expense of a smaller field of view (64 um x 64 um) that can be obtained through
64x64 pixels of the FPA detector.

The macro ATR(Specac Golden Gdtg, diamond)imaging setup does not include a
microscope ad the IR beam from the spectrometer is directly detected with the- MCT
FPA after reflecting through the sample on the diamond cry&E@ife2.6d). Although

this results invorsespatial resolution due to lower magnification, the imaging field of
view isincreased (640 pm x 640 um). The hardness of the diamond allows compaction
to be performed directly on the surface of the ATR crystal and enables temperature

control. Thereforén situ studies are facilitated well in macOI'R mode.

Equation2.9 also shows that a good optical contact between the sample and ATR
crystal is critical for obtaining a uniform absorbance profile avoiding artefacts within
the field of view. The Golden Gdf% Imaging Single Reflection Diamond ATR
Accessory (Specac Ltd.)ah corrective optics that adjust the plane of best focus to be
situated on the crystal surface thus minimising any distortion and arlezetling

sapphire anvil that ensures a uniform contact between the crystal and sample [12].
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Figure 2.6 FTIR imaging sampling techniques; a) Transmission, b) Transflection,
c) Micro-ATR and d) Macro-ATR, where a false colour USAF1951 1X 38257
target image is given on the right at 2000 cihwavenumbers (below a white light
image in (a) and (b)) showing the smallest features that can be resolved in each

method respectively (adapted from [7]).

2.1.3.1 Spatial Resolution
The spatial resolution of a microscope is theoretically determined by the alfframit

radiation i.e. the Rayleigh criterion, whichdefined inEquation2.10as

IV (o Equation 2.10

zZm

where ais the wavelength andA is the numerical aperture (the refractive index of the
medium between sample and objective, multiplied by half the opening angle of the
objective). This implies that two objects are totally resolved if they are separated by 2r.
Under these conditions, & the definition of spatial resolution. However in an infrared
imaging system, FPA detector pixels are not points and have a finite size that is greater
than the wavelength of the IR light, therefore this relation is never observed. Therefore
for FPA imagng systems it has been shown to be more appropriate to determine the

spatial resolution based on real measurements. The smallest features resolved in each
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sampling method by using a test sample, USAF 198138257 target, which has
grouped rectangular faaes of Chromium deposited on a soda glass, are listEabile
2.1 Spatial resolution of FTIR imaging instruments is discussed in more detalil,

including the application of a numerical method for measuring it, in Chapter 3.

Table 2.1 List of achievable gatial resolution and field of view for common

sampling methods in tabletop FTIR imaging.

Transflection Transmission Micro-ATR | Macro-ATR | Transmission

(micro) (Diamond)

Spatial ~13 ~15 ~5 ~18 ~40
Resolution

(um)

FoV 350x350 350x350 64x64 640x640 2560x2560
(nmxpm)

2.1.3.2 Data Analysis

Hyperspectral images require a range of initial corrections and preferably chemometric
means due to speed and certainty in processing (includingwithest range of
wavelengths possible that contains all specie specific peaks) to extract relevant
information from the huge volume of data. All of the raw images in this thesis were
collected using the Agilent Technologies' ResolutionsPro FTIR Spectrosofimare
version 5.2.0(CD846). The processing workflow and methods used and developed are

summarised below.

2.1.3.2.1 Preprocessing

Instrumental factors such as fluctuations caused by the changes in the IR source
intensity or temperature or detector sensitiaityl optical artefacts caused by mismatch

of the refractive index of species being imaged are known to cause a slope in the
baseline in FTIR spectroscopy. In order to eliminate this slope; a first order baseline
correction between the two end points of evowusly cropped spectral range was found
useful for some data sets for elimination of the baseline drift when collecting an image.
A second derivative can be applied, however caution is advised if there are very weak
infrared bands of interest as a secadledivative will magnify the noise and some low
intensity peaks may be lost in the noise.

In order to remove systematic discrepancies such as variations in detector sensitivity or

contact noruniformity, all raw IR images were vector normalised to mingmis
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absorbance variance. Vector normalisation works such that each spectrum is divided by

the vector length which is square root of the sum of all absorbance values squared.

2.1.3.2.2 Univariate Analysis

Univariate analysis, or functional group imaging, only considee peak height of, or

the integrated absorbance under, a peak of interest, therefore chemical information can
be obtained based on the association of the peak position with certain functional groups.
Although it is useful in providing a quick overviewthbe species in the raw image data,

a peak height image usually convolutes the underlying chemical information from the
overlapping peaks in the intensity map. Integrating the absorbance for a particular peak
over a spectral region of interest may prowadeetter distribution map by increasing the
SNR. However, as in most cases, a complex heterogeneous mixture will not include an
isolated band of interest therefore the integrated values will not represent the amounts
present at different locations in timmage with the required certainty. Another draw
back of functional group imaging is that a homogeneous object may be shown to be in a
different location in the image when univariate images are created based on the
integration of infrared bands observeddifferent parts of the spectrum. This occurs
because the diffraction limited spatial resolution of the generated images strongly
depend on the chosen part of the MIR spectral region. These disadvantages can be
overcome by using multivariate approaches, civhallow all of the species to be
searched in the same spectral range thus allowing a contribution from all the peaks of
the same species (or factor). Another advantage of multivariate approaches is that the
interferences such as water vapour can be detead a factor, and may therefore be

eliminated.

2.1.3.2.3 Multivariate Analysis

Multivariate analysis, based on the statistical principle of multivariate statistics,
involves observation and analysis of more than one statistical variable, in our case
chemical spdes, at a time. A few statistical approaches that were found useful (i.e. in
agreement with respect to each other) therefore relevant in this project are summarised

here.

2.1.3.2.3.1Principal Component Analysis (PCA)

Principal component analysis (PCA) is the most mmmn decomposition method used

in image analysis. PCA is a mathematical procedure based on reducing the matrix
dimensionality by removing correlation between variables as first described by
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Hotelling [13]. The principal components (PCs) are iteratively ateth the first
showing the most variance, the second being constrained to be orthogonal to the first
and explaining the residual variance not taken into account by the first, and so on
(Figure2.7).

Figure 2.7 Geometric visualization of principal comporent analysis (from [14]).

However, whilst useful in explaining variance, PCA will not provide chemical meaning

but a qualitative image, therefore not all principal components are significant but a
subset of them will be. The noise will also be extracted asmponent which may be

easily interpreted. The contributions of each PC to the total calibration data set are
known as the eigenvalues. A test algorithm can be used to find the significant number of
components, as the remaining principal componentsdMeellsimply noise. Then those

most meaningful principal components and scores calculated from the principal
components and the calibration set spectra are stored to represent the absorbance spectra

This can be represented in vector notation as,

mL « & E qp, Equation 2.11

whereA is the absorbance matrix (the calibration spec8ahe scores matrix; is the

matrix of the PCs, anfl is the error matrix or so called the matrix of residual spectra.

As each calculated PC represents less variance than the previous one, the number of
PCs will always be less than number variables, including different types of noise(s).
Therefore usually up to first 12 PCs are considered in PCA analysis. For a thorough
discussion of PCA results and score images reader is referred to work betSasic

[15].

2.1.3.2.3.2Multivariate Curve Resolution Alternating Least Squares (MALRS)
Multivariate curve resolution (MCR) methods are soft modelling tools that require not

prior knowledye of the components in the mixtures to be deconvoluted [16]. MCR
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methods are mainly grouped into two, riterative and iterative. Noiterative MCR
algorithms are unconstrained therefore may find unique profiles within the mixture
being studied. Howevalithough these mathematically obtained unique profiles may be
close to real chemical profiles that need to be resolved from the mixture data set, non
iterative methods often suffer from ambiguities that arise due to strong overlapping or
low SNR of specieand noise. On the other hand, in the iterative MCR algorithms soft
constraints such as naregativity and unimodality or hard constraints such as the use of
pure component profiles to be compared with extracted profiles to modify them

accordingly are imiegmented minimise ambiguities [17].

Multivariate Curve Resolutiothlternating Least Squares (MGRLS) is an iterative
resolution method valid for data sets formed by one or more data matrices [18]. It can
be described by a+4inear model as,

OLA® EO Equation 2.12

whereD is the original raw data matrix with the mixed experimental information, the
columns inC and the rows ir§' contain the pure response profiles of thenixture
components associated with the row direction and the column directioD, of
respectively, andt is the errorelated matrix.

At each iterative step, matric€sandS' are calculated under constraints such that the
error in the reproduction of theriginal data setD is minimised. This process can be

summarised as below,

i.  Estimating the number of componentdin
i. Construction of nomandom initial estimates of spectr@ or concentration
profiles,C, using chemometric methods.
ii. GivenD andS', leas-squares calculation & under the suitable constraints.
iv.  GivenD andC, leastsquares calculation & under the suitable constraints.
v. Reproduction oD, usingC andS'. If the convergence criterion is fulfilled, the

process is finished. If not, go iia

By definition, MCRALS is a softmodelling method that can extract component
information from the raw measurement data alone, as long as this data contains some
variance; spatially as one might anticipate in an image or as a function of time when

monitoring a reaction.
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Compared to other multivariate methods, this approach is particularly useful for
studying large, temporal data sets. However difficulties in estima@in(@ue to
ambiguites) and colinearity phenomenayhich is lack of separation when ow

components are changing linearly are the two main -thraoks.

2.1.3.2.3.3Nonlinear Curve Fitting (NLCF)

The strategy behind curve fitting or hard modelling is to generate a model spectrum
based on the sum of the component peaks that it contains. If the compaitleints
spectrum and by extension an image are known, then an estimate of the relative amount
of each component can be used as a starting point in the application of hard modelling.
Here we have developed an efficient cufiteing algorithm to optimisehe parameters
(lineshape, peak height, peak width) for infrared absorption bands and the percentage
contribution of each fitted curve to the overall spectrum was used as the initial loading

value.

In order to use curvétting procedures, analytical funothis must be used which
describe the lineshapes of the peaks. Typical lineshapes encountered in spectroscopic

studies are the Gaussian

L(K) 1(k,)exp[-2.773(k K,)/ '?] Equation 2.13
and the Lorentzian

(k) 1(k,)/[1 K ko)) Equation 2.14

wherel(k) is the intensity at wavenumbkrk, is the wavenumber at the peak centre and

"is the full width at half maximum (FWHM). The Lorentzian peak shape is often used
to fit infrared absorption bands. However in real infrared spectra, effects including
hydrogen bonding, rotational fine structuaed, in FTIRATR, anomalous dispersion
effects might affect the shape of the infrared band thus a true Lorentzian shape does not
always occur. In ATR-TIR, dispersion effects can lead to asymmetry in observed
infrared bands, therefore in this thesigvas considered tase a family of peak curves
called the Pearson profiles, specifically the Pearson IV profile which is asymmetric and

is related to the Pearson VI,

1K) (k)2 P2 @ Equation 2.15
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whereP [2(k k,)v2"" 1]/' andM is known as the Pearson parameter. Equation

2.15reduces to the Lorentzian function whiglx1, approaches the Gaussian function
whenM becomes large and can approximate the Voigt function for intermedigi®].
Modifying Equation2.15 with an exponential term provides the required asymmetry
and forM<1 the distribution has very broad wings. The Pearson IV function is given in
terms of this by

1K) 1(k)2 P? @exp[-Qant P Equation 2.16

The exponential term has been shown to affect peak shapesMvisedose to 1 (i.e.
Lorentzian) more than it does for those whidres close to 10 (i.e. Gaussian).

A routine in MATLAB Version 7.10 (R2010a) was developed to create fits for the each
pixel within an IR imaging data set consisting of 4096 spectra individually. An
automated peak detection algorithm was implemented ankeigbt and width of the

peaks in the raw spectra at detected or selected positions were used as initial guesses for
the iterative loop. More detail about this method including its development and
application in comparison to other conventional analysilstabove is given in Chapter

3.

2.2 Raman Microspectroscopy

Raman spectroscopy, another common vibrational spectroscopy method which is often
complimentary to FTIR spectroscopy, measures changes in the scattered light
frequencies, or vibrational energy dieices, between the ground and excited

vibrational states of molecules when they are subject to laser phbignee@.8) [20].

The intensity of bands in the Raman spectrum of a compound are governed by the
change in polarizability (), and can be giversa

6
toaod -2:0, F 65° @EA Equation 2.17

whereP is the laser power at the sample (~300 mW in the setup used in this thesis),
4 F 4is the wavenumber at which the band is measufed, G¢g the change in

polarisability with the normal coordinate of the vibration &i$ a constant dependent

on the optical geometry, collection efficiency, detector sensitivity and amplification [4].
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Figure 2.8 lllustration of a typical Raman spectroscopc measurement showing the
sample being illuminated with an intense, single frequency light source and the
relative frequency shift of the inelastically scattered light which is what is left after

filtering, being measured with a cooled CCD detector.

In Figure 2.8 when the laser excites the sample at a single spot, a Raman spectrum is
acquired. Raster scanning the sample in two dimensions by moving the stage enables
one to create a 2D mapi@ure2.9a). However the beam can be deconvoluted along a
line thatis imaged through the slit, and this facilitates the collection of multiple spectra
(up to 41 with the instrument used here, Renishaw inVia Raman microscope) along the
line. Therefore, line illumination only requires scanning along one axis, allowirey fast
imaging Figure2.%) [21].

The length of the laser line on the sample is inversely proportional to the magnification
of the objective lens. In our configuration using a x50 objective (WAR0.8) can yield

a 37.9 um line which can be decreased bysti)g the CCD area if needed. Therefore
the excited sample region can be divided Ntspatial zones, which might be as small

as 1 um at a spectral resolution of 1.05'creach of which corresponds to a specific

pixel along they dimension of the CCD.
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Figure 2.9 Comparison of the point (a) and linescanning (b) methods for Raman

microspectroscopy &daptedfrom [21]).

Using the wavelength of the most common laser (785 nm) used in pharmaceutical
research, irEquation2.10, calculated spatial resolution of the Raman microscope for

different objectives is listed ihable2.2

Table 2.2 Theoretical spatial resolution of the Raman microscope used (Renishaw

InVia) for common lenses.

Objective 5x|10x| 20x|20x (wide)| 50x| 100x

NA 0.1/ 0.3|0.46 0.4 0.8/0.95

Spatial Resolution (um) 9.6|3.2| 2.1 24 1.2/ 1.0

In order to verify these, copper grids on a flat Si surface were scanned, with the x20
objective inFigure 2.10a and with the x50 objective iRigure 2.1(. The Raman
images ar@eak height observations at 520 trwhere Si peaks and 15 pm bar width in
Figure2.10a and 6.5 pm hole widtRigure2.1( are observed.
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Figure 2.10 (a) A copper grid (Agar Scientific F4 finder grid) laying on a Si

surface, white light image on the left and Raman image obtained with line
scanning on the right. (b) White light image of a copper mesh (Agar Scientific 2000
mesh) floated on Si surface otthe left and Raman line image of the red box area

on the right.

Raman spectroscopy was shown to provide the unique opportunity -estrmctively

analyse chemical concentrations in individual cells on the submicron spatial resolution
scale without the eed for optical labels [21]. Unlike IR spectroscopy which probes
absorbance, Raman spectroscopy measures scattered light and Raman data are often
used to compliment IR data with better spatial resolution and without the use of purging
as a result of wateand CQ being weak scatterers of light. Another advantage of
Raman spectroscopy in comparison to FTIR is that the laser light can be focused on to
different layers of a sample, therefore usingE® OOHG PFRQIRFDO PRGH
images can be obtained without theed of sectioning or any other form of sample

preparation.

However for the purpose of study conducted in this project, considering the relatively
long experiment time (line scanning) and the lower SNR from proteins in comparison to
IR imaging with FPA dedctors, Raman spectroscopic mapping could not be fitted in to

the timescale of this project, therefore no detailed study was conducted.

2.3 Scanning Electron Microscopy (SEM)
SEM is a tool that is readily applied to the microscopic characterisation of paeicle
other polymer surfaces [22]. Conventional scanning electron microscopy is based on
raster scanning a focused beam of keglergy electrons on the surface of solid samples
under vacuum and detecting secondary or backscattered electrons, SE or BSE
resgectively, to generate 2D images that display spatial distribution of species based on
their electronic properties with a typical magnification of up to 30XG0hd a spatial
resolution of down to 2 nm.
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Essential components of a typical SEM instrumentuithel an electron gun, focusing
and scanning coils, electron anday detectors, IR camera and sample stage (Figure
2.11).
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"

Camera
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r pump

Figure 2.11 lllustration of a SEM instrument showing the main components
(adapted from [23]).

Primary electrons are produced by thamnic emission from a heated filament in the
electron gun where the beam brightness is dependent on selection of the filament
material. Electrons are then deflected by radial and axial components of the magnetic
lenses to a helical path, and focused orthi® sample with energy of 03D keV
covering a typical spot size of 580 nm. The objective lens includes a pinhole that
reduces the aberration. The instrument operates under vacuum as electrons cannot travel

required long distances in air due to codliss.

Primary electrons that have scattered from the sample with high kinetic energies,
backscattered electrons (BSE), and electrons that are escaped from the sample with an
energy <50 eV, secondary electrons (SE), analys that are emitted, due to relaxiof

ionised atoms by shell to shell electron transitions, are detected by relevant detectors
shown in Figure2.11and converted in to a signal at every point of the scanned area to

generate a 2D image [24]
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To obtain topographic contrast of the polymercroparticles, scanning electron
microscopy was performed using a FEI NOVA 200 NanoSEM throughout this thesis.
Images were formed using the secondary electron signal with a spatial resolution of ~2
nm. The samples were sprinkled onto an adhesive carbamtab aluminium stub and

as the polymers are poor electron conductors, samples were sputter coated with gold (~

20 nm) in an Argon atmosphere to enhance secondary electron emission.

2.4 Ultraviolet-Visible (UV-Vis) Dissolution Testing

In vitro protein releasefrom the microparticles was monitored using W6
spectroscopy that measures the amount of monochromatic light absorbed due to specific
HOHFWURQLF WUDQVLWLRQV LQ WKH PROHFXOH DFFRL
reader (Bietek), facilitatinganalysis of 96 samples simultaneously, was used at 280 nm

to measure both the absorbance of microparticles in solution and the release medium, in

triplicate, thus allowing removal of any response from the buffer with reduced error.

Formulations were weigleout in triplicate (10ng) and dissolved in 112l of 2:1 (v/v)
dichloromethane (DCM)/acetone solution. Samples were centrifuged (8000 rpm for 5
min at RT) andlL ml of supernatant discarded. Frd3@M/acetone solution (1 ml) was

added to each sample and the above step repeated 3 times. At the last step, all of the
supernatant was removed and the protein pellets dried at RT for 1 h. Samples containing
the protein were reconstituted in 1 ml of 0.0Rb phosphate buffer (pH ~ 7.4)
centrifuged 8000 rpm for 5 min and the supernatant analyzed BYi&IVA spike
(polymer spiked with 1 mg of spray dried protein) and placebo (polymer only) were

used as positive and negative controls.

2.5 Sieving
Sieving of the ncroparticles was undertaken using a 100 um sieve (Fisher Scientific)
on a Retch AS200 Sieve Shaker using an oscillatory amplitude of 1.5 mm for 30

minutes

2.6 Ultra-Microtomy

Microtomyis a method for the preparation of thin sections of samples for further
microscopic examination. An ultraicrotome is a mechanism in which, under an
attached microscope, a mounted sample moves towards a knife at predetermined
distance steps. Adr the first contact with knife, the specimen moves vertically past the
cutting surface and a sample section that has equal thickness to the cutting step size

(down to ~200 nm) is obtained. Finding a suitable resin for -olicaotoming the
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samples may m®me an important issue as the resin spectrum should not overlap with
any of the components whilst it has to cure in ambient conditions due to temperature
sensitivity of samples and also its density should be more than but close to that of the
sample. Forexample widely available resins such as-WRite™ and Araldite
(Huntsman LLC) were not useful for considering these constraints (too brittle) for the
microparticles investigated here. However a hydroxyethyl methacrylate based resin,
Technovit 7100 (softrad has a unique IR band that is not overlapping with samples

investigated), satisfied the above conditions.

A ReichertJung Ultracut E ambient ultramicrotome was used with a fresh cut glass
knife to obtain ~4 um thick sections of microparticles that werbezlded in Technovit
7100 resin for assessing the protein distribution within polymer matrices using FTIR

imaging.

2.7 Gamma Irradiation

Raw polymers and scS@roduced microparticle formulations were irradiated by using
®Co as irradiation source (Synergy #MhaPLC, Swindon, UK) at a few kGy/h dose

rates ensuring a targeted total dose in accordance with the ISO 11137 standard. The
sample temperature was kept at near room temperature during irradiation using
thermometric controls. 30 mg of the polymer samplese sealed in a glass container

and irradiated at 25 and 100 kGy total dose in air.

2.8 Differential Scanning Calorimetry (DSC)

DSC is used to identify the thermodynamic properties by measuring the difference in
heat flow rate between a sample and a referas@efunction of time and temperature.
Phase transition temperatures of melting)(Trystallisation (T) and glass transition

(Tg) can be observed in a typical DSC plot of heat flow (mW) versus temperature (°C)
(Figure2.12).

A TA instruments Q200DSC, calibrated with an Indium standard, using Tzero alu
pans (TA instruments) under it a heating rate of 10 °C/min., was used to analyse raw
polymers and polymer blends.

2 mg of sample was placed into the Tzero pan that is then pressed with a T¢Bfo lid

instruments).
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Figure 2.12 Schematic diagram of a DSC instrument and typical data on the right

showing transition points (from [25]).

2.9 High Performance Liquid Chromatography (HPLC)

HPLC is a very sensitive (~200pg detection limit) separation techtiqiean be used

to determine the number of components, the amount of each component present and
degree of purity of each component based on their affinity for a column [26].

‘ Sample injection

loop
Detector
Column
—| [ r —
Solvent High pressure ‘ Sample

reservoir pump || ' collector

Recorder and
data system

Figure 2.13 Schematic diagram of a HPLC system [3].

Figure 2.13 shows the lagut of a typical HPLC system. The column, filled with a
porous matrix (often called the stationary phase), is pumped with an aqueous buffer
solution of the sample (often called the mobile phase as it moves) to be analysed. The
mixture will exit from the ctumn separated in to its components based on chemical or
physical interactions with the column medium. Following its elution each component is
quantified using a U\absorption detector. The graphical representation of such
separation is called a chromatagr. In this thesis, HPLLSEC was employed to

investigate protein efficacy and stability with in polymer matrices.
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2.9.1 Size Exclusion Chromatography (SEC)

SEC or often also known as Gel Permeation Chromatography (GPC) is a well
established method of separatingxtures based on their size and obtaining their
molecularweight distributions. Any polymer dissolved in a solvent can be characterised.
The separation occurs in the column (FigRre3 filled with porous polymer beads or
HIJHOVY ZKHUH V Pexap@rdd fdhd Rote® ahd ldddeé molecules are passed
through rapidly thus the different molecular species are eluted from the column; largest

molecular weight first and so on [3].

2.9.1.1 Evaluation of hGH stability and integrity
The unirradiated and -irradiated hGH samples were analysed using HSECT in
RUGHU WR HY DO X DWatiatiok groeelssH FW R1 WKH

Efficacy of the hGH was determined using an Agilent 1100 series FSHEC system.

hGH was assayed and soluble aggregate formation quantiiaiegl size exclusion
chromatography as described in the European Pharmacopoeia. A TSK2000SWXL
(TosoHaas) column was fitted to an Agilent 1100 HPLC and equilibrated with a mobile
phase consisting of 97 % 0.063 M phosphate buffer pH 7.4 and $8panolat a

flow rate of 1 ml/min. 20 ul of each sample was injected onto the column and protein
peak detection performed at 280 nm. The relative peak area of monomeric hGH and
soluble aggregates was measured and compared to control hGH samples of known

concentréon.

2.9.1.2 Determination of Molecular Weight of the Raw Polymers

A GPC PI:120 (Polymer Labs) with a differential refractive detector was used to
DQDO\WH WKH PROHFXO D trratildted poWmer lsamies. BiezdmigG

THF (1.2ml) was added toaeh Eppendorf tube and the samples were placed on a
vibrating plate for Tour to aid dissolution. Once dissolved, the mixture was filtered
through a 0.2 P ILOWHU )RU *3& DQDO\VLV HROXRBQV WZI
columns in series) were eluted BHF and calibrated with narrow poly(styrene)
standards. The calibration and analyses were performed at 40 °C with a THF flow rate

of 1 ml/min. The GPC data were analysed by Cirrus software (version 2.0, Polymer
Laboratories). The amount of protein in @rhulation was calculated comparing the

peak area at 214 nm to the literature value (European Pharmacopoeia standard).
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3 Evaluation of Relevant Image Analysis Tools and Development of
NLCF Methodology- A Direct Numerical Comparison on Mid-

infrared Images Obtained from A Degrading Single Mcroparticle

3.1 Introduction

As detailed in Chapter 2, since the first use of a focal plane array IR detector coupled
with an FTIR spectrometer to obtain chemical images in 1995 by Lewis andrkers

[1], Fourier transforminfrared (FTIR) spectroscopic imaging has become routine,
facilitating chemical characterization of multicomponent systems under both atali

kinetic conditions [2,3].

Micro-ATR-FTIR imaging with a Ge objective provides a higher spatial resolution
compared to transmission and transflection due to the effective magnification imparted
by the high refractive index of the ATR crystal material. Conveniently, ATHR
imaging in macro mode, i.e. without the use of a microscope, provides a temperature
contolled environment for studying dynamic systems with a larger field of view still
without the need of any sample preparation. FTIR imaging facilitates probing kinetic
processes with IR light as a stack of 2D images at a range of IR wavelengths can be
collected within a few minutes, praling good temporal resolution for relatively slow

processes [4,5].

However, despite wide use of ATéingle point sampling on bulk polymers for studying
chemical composition, reactions and adsorption [6], water diffusion petgmer
swelling [7] or hydrolytic degradation [8] and ATIRTIR imaging for monitoring drug
release [5] and tablet dissolution [9] at micron scale tieeséll alack of literature in
the use of ATRimaging and analysis for studying kinetic processesndividual
biodegradable microparticles; generating quantitative chemical informatiah wi

morphological visualization.

Therefore the first motivation behind the work reported in this chapter was the
application of reatime ATR-FTIR imaging to obtain visal evidence of hydrolysis of a
single microparticle. The practical design of such an experiment and its reproducibility
in terms of quality of data to extract quantitative information using chemical
information provided within the pixels of the spatiotemgddmage cubes, has been

assessed.
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Since hyperspectral images that provide spatial and spectral information at the same
time in an array of pixels and an individual pixel, respectively, can be obtained not only
at IR wavelengths but also by a number oheot techniques including, -pay
tomography [10], xay fluorescence [11], Raman microscopy [12] and Near infrared
(NIR) imaging [13], multivariate analysis of hyperspectral imaging data has become a
rapidly developing research field and has received ceraite attention over the tas
decade [14].

When used to monitor slowinetic processes that continder tens of hours, fast
Fourier transform infrared imaging with its relatively short image acquisition times (<5
minutes) yields huge volumes giatiotenporal spectra that formaw images allowing
morphological visualization of micron scale systems qualitatively at various
wavelengths. However with varying noise and baseline distortions in each pixel due to
hardware limitations (discussed in the followisgctions), FTIR imaging data need to

be preprocessed (i.e. filtered and corrected by using transformations to somewhat
minimize noise and correct the baseline that is different in each pixel) [15]. Following
pre SURFHVVLQJ pH[SHUL RRaRIE must Hd-geHommdliXtheVeik ks tb
obtain higher resolution images to investigate morphology quantitatively from this large

data and to be able to calculate key infoiorasuch as reaction rate [16].

Therefore being able to coupie situ hypersgctral imaging and robust data analysis
methods to obtain high resolution images facilitating direct extraction of quantitative
information from pixel(s) representing regions of interest within the images, generates a
global benefit not only for studyingpé systems considered in this thesis, but also many
other microparticle systems where high resolution microscopic evidence is crucial to
interpret chemical processes occurring. Hence, currently more than 80% of all
pharmaceutical formulations are deliveiada powder format [17] and attenuated total
reflection (ATR) FTIR has proved advantageous, particularly for pharmaceutically
relevant systems, because the sample can be in any phase, form carstthpeefoe

FDQ EH DQDO\VHG puDV LVYT > @

The second objective of this chaptesisto quantitatively compare the performances of
the univariate and most common multiadée image analysis techniques. This
comprisedhard (curve fitting) and soft (MGRRLS) modelling of imaging data in order

to map ad monitor the chemistry and morphology of a PLGA microparticle undergoing
hydrolytic degradation.
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Although several MCFALS packages compiled in MATLAB, including als2004
developed by Tauleet al. [19] and MCRv1.6 developed by Andrew and Hancewicz
[20], and multiple spectra curve fitting tools such as PyMCA (alimaar leastsquares
fitting application developed for-rkay imaging data [21]), were readily aladble, there
was not an available peaHlletecting nodinear optimisation algorithm, able to
decovolute temporal ATRFTIR imaging data. Widely used data analysis and graphing
software such as OriginPRWY, WIiRE™ and GRAMSM support curve fitting using a
number of functions for a limited number of peaswever, peak detection and fitting
thousands fospectra in a relatively large spectral region (i.e. finger print region for mid
IR data) forming an image is not implemented in any of them.

The application of notinear curvefitting to large twedimensional experimental
infrared spectroscopic array22] and a combination of ndimear curvefitting and
selfmodelling curve resolution (SMCR) [23] have been demonstrated but for a limited
data size and without considering riRl ATR microparticle imaging related SNR.
Therefore a novel, partially supesed nodinear curve fitting (NLCF) tool was
developed to identify and fit peaks to the infrared spectrum obtained from each pixel
within the 64x64 array. The output from the NLCF was compared directly and
numerically with the traditional peak height (PHdata analysis approach and
multivariate curve resolution alternating least squares (MCRB) analysis for the
same images, in order to understand and demonstrate the limitations and advantages of
the NLCF methodology.

3.2 Experimental

3.2.1 Materials

PLGA RG752H (75/25 lactideglycolide, 1.V. 0.160.24, Bohringedingleheim) was
CriticalMix™ processed (see 3.2.2). Pharmaceutical grade(BOC Special Gasses)
were used as received at Critical Pharmacueticals Limited (CPL) for the process. Water
used in the experiemts was purified with the ELGA Purelab optiBrwater distillation
apparatus8S WR -cnd,Yype Il water) and degassed using a Fisherbrand FB11004

ultrasonic bath at 70 °C and 100% ultrasound power for 15 minutes.
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3.2.2 CriticalMix ™ Process

The PLGA batch sed in this study was prepared by adding 2.1 g ofweighed
PLGA75/25, to a novel Particles from Gas Saturated Solutions (PGSS) apparatus
developed at University of Nottingham, as described in Section 1.5.3.4.1 in Chapter 1.

3.2.3 Macro ATR-FTIR imaging of reactions with the Golden Gaté™ Sampling
Accessory

Infrared images were collected using an Agilent-880~T-IR spectrometer coupled

with a liquid nitrogen cooled mercury cadmium telluride focal plane array detector

MCT-FPA (64x64 pixels), capable of simuiously collecting 4096 spectra from an

image area of 640 pm x 640 um using the Golden Bamaging Single Reflection

ATR Accessory (Specac Ltd). This accessory has a Diamond internal reflection element

with corrective optics that adjusts the plane ddtlfecus to sit on the crystal surface,

eliminating any distortion, so that a symmetrical point spread function can be assumed.

The angle of incidence of the infrared beam was 45° and the numerical apgeAuoé (

the system was 0.32. Images were recorded in rapid scan mode and typical collection

times were ~5 minutes. The detector was mounted on a Large Sample (LS) external

sample compartment and the infrared beam from the spectrometer was projected

directly onto the FPA after passing through the ATR sampling accessory. The physical

size of each FPA pixel is 40 um x 40 um and with 4x magnification, where each pixel

represents a 10 um x 10 um square in the image.

3.2.4 Reaktime ATR-FTIR Imaging of Reactions

To set p the hydrolysis experiment, a single PLGA microparticle was placed in direct
contact with the ATR crystal using a 40x microscope standing on top of the ATR
accessory and sufficient pressure was applied using the sapphire anvil to ensure good
contact betwen the particle and the crystal resulting in some deformation of the
spherical particleThe images collected were not circular, most likely showing some
evidence of anamorphism despite the use of corrective optics and this issue when using
such collectioroptics has been observed previously by Eveslil. [24] and Charet al.

[25]. Once a satisfactory 'dry' image was collected water was introduced into the
chamber in such a way that access to the particle was limited to the sides only as
depicted inFigure 3.1
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Figure 3.1 (a) White light image of amicroparticle on the Agar microtool straight
needle T5340 before being placed on the ATR crystal. (b) A microparticle placed
on the ATR crystal before the anvil was brought into contact with it. (¢c) Schematic
of the experiment setup after the particle walaced, anvil was in contact and

water was added.

Images were collected using the Agilent Technologies' ResolutionsPro FTIR
Spectroscopy software version 5.2.0 (CD846) atdetermined time intervals and the
collection parameters used were 128adoled sans at a 4 cthspectral resolution, in

the midinfrared (MIR) range (3800 to 950 ¢ The raw processed images were
obtained by ratioing against a background of the blank ATR crystapising of 256

co-added scans.
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3.3 Raw Data and Preprocessing

As menioned in Chapter 2, absorbance spe@rablesquantitative studiego be
undertaken provided the analysis is sufficiemtbtailed. In FTIR imaging, single beam
images are ratioed against a uniform background that is collected thredsame
experimental conditions but without the sample. For images obtained with an FPA
detector, as each of the thousands of detector elemematives a different signal from

the sample, the ratioing process often result in different baselines and bHgegs
appliedin different detector pixels. Having to use the same background in a changing
atmospheric environment also decreases the effective SNR mainly cheniges in the

H,O and CQlevels and detector drift. Therefor@s mentioned in Chapter 2atd pre
processing is vital, particularly for long lasting (more than a few hours) experiments, in

the generation of infrared images.

Here mw processed image files weirgtially cropped between 1820 and 1000tm
which provided a number of charactegstrands associated with PLGA and also
LQFOXGHG WKH ZDWHU ¥ SQunsequknpriipracessing Bteps used in

this work were T order baseline correction between the two ends of the cropped spectra
and vector normalisation of the result. The effect of these processes on both the spectra

and the resultant peak height images is outlinddgare3.2

Figure 3.2a shows typical rawpectra taken from the interface highlighted by the grey
arrow in the PLGA imageaext tothe graph. The images shown kigure 3.2b and
Figure3.2c were obtained by plotting the peak height of the 1745 BixGA carbonyl
peak (upper image) and the 1635 tpeak (water bending mode) respectively. The
contrast between the polymer particle and the water is quite p&agure3.2c, due in
part to baseline effects and although the instrumeas purged using dried air
difficulties arised due to fluctuating waér vapour levels over the course of an
experiment lasting tens of hours. Applying & drder baseline correction to the data
(Figure 3.2d) improvel the contrast significantlyThis is epecially noticeable in the
water distribution imageHgure 3.2f), where the lack of contrast isnore likely the
result of a variation in the response of each pixel within the image. Vector normalisation
(Chapter 2, Section 2.1.3.2.43 shown irFigure 3.2g9 reduces the effect @friation in

the pixel response, resulting in images with a good contrast for both the HHiGAg
3.2h) and water distributionHgure 3.2)). Data preprocessing significantly improves
the quality of the generated images; compare Figure 3.2Figace3.2c with the data

shown in Figure 3.2h arfeéigure3.2, respectively.
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Figure 3.2 (a) Typical raw spectra and the resulting PLGA (b) and water (c)
images, (d) the effect of 1st order baseline correction on the same data and the
resulting PLGA (e) and water (f) images and (c) the effect of vector normalisation
on the 1st order baselinecorrected data and the resulting PLGA (h) and water (i)

images.

3.4 Univariate Analysis

As detailed in Chapter 2, the most used and simplest appf@aphodudng chemical
images is the univariate method, in which the spatial distribution of each component is
determined by its wavelength specific absorbance, within the mixture image. Univariate
analysis requires prior knowledge of the sample, i.e. at what wavelength each
component absorbs incident IR ratatand is rapid and convenientowever for the
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rea®ns given in Chapter 2, it only allows qualitative analysis and provides a quick

overview of the data, with limited detail of the images.

3.5 Multivariate Analysis

The advantage in multivariate analysaises from its multtwavelength nature
multivariate anbysis allows all species to be searchéat over a given spectral range

thus allowingcontributiors from all the peaks of theelectedspecies (or factor) at all
wavelengths. Another key advantage of multivariate approachesomparison to
univariate anigsis, is that interferences such as water vapour can be detected as a factor,

and may therefore be eliminated.

3.5.1 MCR-ALS- a Soft Modelling Tool

As described in Chapter 2, multivariate curve resolutib@rnating least squares
(MCR-ALS) is a tool thatfacilitates the extraction of information from various
spectroscopic and imaging techniques and is widely used in physical and biological

sciences [26].

The MCRALS algorithm used in this thesis (MCRv1.6) [20] Hzeen developed for
two-way data.To use tiis approachthe 3D hyperspectral data cube must be unfolded

into a twedimensional matrix and refolded after analysis as shown in F&g8re

MCR-ALS

Figure 3.3 Unfolding and re-folding spectroscopic imaging data to generate factor
distribution images using MCR-ALS.

7,5 LPDJHV KDYH D ELOLQHDU VWUXFWXUH DQG LW
relationship exists between spectral intensity and concentration [27]. Therefore a
bilinear model representing a spectroscopic image can be given as,

Ocesl TesiOise Equation 3.1
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whereD is the measured data matrik, is the matrix of normalised spectra of pure
chemical components arfél is the related intensity matrix for each component. The
matrix size indicesy, v andz representhe number of spectrosaspesolution elements
(wavenumbers), total number of spectra and number of resolvable components,
respectively. Rearranging Equati@l for the least squares estimation Afand B

yields:
iL: & ;:88 ;Y Equation 3.2
8L i%Y0 o; Equation 3.3

The initial values ofA and B, need to be estimated and this can be done by several
methods.In the software used here, this was achieved by wsingnlinear iterative
partial least squares (NIPALS) decomposition methbe merits of which when
compared to using random numbers, eigenvalue decomposition, or dissimilarity
criterion, is discussed in detail elsewhere [27]. This is followed by the selection of the
optimal number of factors to calculatéfhis is achieved by considering the
appr@riateness of the initial estimate of the number of components. The final step,
factor rotation, is a refining process which alternating least squares is used to
determine the optimal loadings and abstract factor matrices such that once recombined
they most closely resemble the hyperspectral data matrix. Although ALS is the most
common methodor decompomg Equation 3.1 iteratively, a modified alternating least
squares method (MALS) proposed by Waetgal [28], which has been shown to
overcome unstable convergence properties giving soptmum least squares solution,

has been used for decomposition for all the MCR images generated here.

The MCRALSvV1.6 software was run from its graphical user interfiaaeallowed the
user to input the number of factors (or components) to be estimated, number of
iterations (used 500), and an ALS non negativity constraint (in this instance #BLS

was used).

3.5.2 NLCF - A Hard Modelling Tool

A supervised notinear curve fiting tool has been developed during the project to
improve the spatial resolution of time resolved images and to monitor kinetic processes
guantitatively, even from single pixels of the images. Therefore this work is
demonstrating a peak detecting Horear optimisation algorithm applied to temporal
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ATR-FTIR imaging data for the first time. The advantages from which the novelty of
the approach is originated are given in the results section.

A routine in MATLAB Version 7.10 (R2010a) was developedbtain aset of Pearson

IV lineshape fitted peaks (Equation 2.16, Chapter 2) for each spectrum in each image

Peaks were detected using the algorithm described elsewhere [29] and the height and

width of the peaks in the raw spectra at detected positions werasiseitial guesses

for the iterative loop for each pixel. The key steps involved in the algorithm, to be

applied to an IR image of a microparticle degrading in water can be summarised as

follows;

1. For each pixel (i.e. each individual spectrum), the firsk tavas to detect the

peaks and for each detected peak store the peak d@jtreneximum intensity
[(kO) and calculate and store the full width values at half maximum intensity
(1(k0)/2). This was achieved by firstly smoothing the-precessed data by
employing a SavitzkyGolay filter [30] with a polynomial order of 3 and filter
length of 13, in order to improve SNR and therefore avoid detecting noise as a
peak. The imaging pixel data was sifted and the pixel with the highest intensity
between 1820 and 0@ cni® (the ester carbonyl) was identified and assumed to
EH IURP WKH pFR U EfsprdtraNirKddquizbcl 8¢ la Firi@ from the core
of the particle towards the water region in the image were selected based on their
position; 6 from the water richegions, 6 from the PLGA rich regions and 6
from the interfacePeak detection for all 18 pixels was performed by visually
assessing whether the expected PLGA peaks and water peak were detected in
smoothed spectra of pixels from the core of the partibke,water rich region
and interface regions using the same detection criteria. Peak detection was
optimised such that all expected peaks in these 3 types of spectra could be
detected using the same detection critand the peak detection algorithm was
then performed. Using these criteria the output was visually assessed by
checking the peak detection output (examples shown in Figure 3.4), and
validated to ensure that each peak present had been detected. We expected to
detect 11 peaks for spectra from wamples and 10 peaks for spectra from dry
samples. If the algorithm failed to detect all the peaks then the parameter 'Delta’
(or peak threshold and related to height difference between peak and its
surrounding) were adjusted to help the code identify peakima and minima.

The calculated variables were stored and used later as the starting point when
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running the gradient search algorithm to fit peaks to the spectrum obtained from

each pixel.
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Figure 3.4 Spectra extracted from the grey line shown on the 'Om wet' image in
Figure 3.2(c). Red stars indicate detected peaks using the same X and 'delta’
values, (a) typical polymer rich region, (b) typical interface spectrum and (c)

typical water only spectrum.
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2. When all peaks from each of the 18 selected pixels were correctly identified,
'Delta’ was deemed to be optimised and fixed. This parameter was then applied
to all 4096 pixels to detect all peaks in the image. Once the number of peaks at
each pixel had beedetected and stored (with théd, I(k 0 YDOXHV w
upper and lower limits were defined for the rest of the parameters required for
the fitting process namelW (the Pearson parameter) which defines the
SURSRUWLRQ RI *DXVVLDQ /RUHQW]LDQ FKDUDFW
asymmetry parameter. The mean value of the upper and lower limits of these
parameters were used as starting points at each pixelgdimenoptimisation
process.

3. The peak fits for the spectra in each pixel were optimised by using a gradient
VHDUFK DOJRUHWKRQ 3SWDXVLWSURYHG -MarquardtR Q R
algorithm which provides a numerical solution to the problem of mimgia
nonlinear function, over a space of parameters of the function) defined in
MATLAB library to perform a nodinear least squares fit to the measured data
with kO, 1(k MDQG # IRU HDFK SHDN DV IUHH SDUDPH
sum of squaresdlue to error is reached to its minimum or 500 iterations have
been completed.

4. The fitting was started in the top right hand corner pixel of the image (pixel #64)
and the optimised values for the matching detected peaks outlined in #1 were
used as the stimg point for the fit (described in #3). The second pixel fitted
was pixel #1 i.e. the top left hand corner. If the number of peaks detected by the
peak detection algorithm for the current pixel (pixel #1), matched the number of
peaks used in the precedifit, then the optimised preceding fit was used as the
starting point for the fitting process. If there is a discrepancy in the number of
peaks, then the optimised values for the matching detected peaks outlined in #1
was used as the starting point foe tfit. This process was continued with the
fitting order being pixel #64, pixel #1, pixel #63, pixel #2 etc. Once a row was
completed then the pixels in the row below were fitted following the same
protocol; working from the edge of the image to the centseng the preceding
image fit as the reference point.

5. Once the fitting for all 4096 pixels was complete, the peak centres, peak

intensities and other parameters for each pixel were collated and the relevant
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Pearson IV function with optimised paramettos water (peak centre close to
~1635 cnT) was removed from each pixel to be stored to represent the water
spectrum for each pixel. The output for each pixel was therefore an equation
containing up to 10 Pearson IV functions (Equation 2.9, Chapter 23utheof
which represents the pure spectrum of PLGA at each pixel.

6. False colour images for the PLGA and water components were generated by
plotting the total intensity for each equation (for PLGA containing up to 10
Pearson IV functions, for water 1 Peard¥ function, each function with their
unique optimised constants0( I(k M, DQG # R Y1800 cnt range
at each pixel.

7. The intensity of the fitted peaks with peak centiékO}) at ~1456 and ~1424
cm*, were used to calculate k values factic acid and glycolic acid units

respectively.

3.6 Results and Discussion

Figure 3.5 shows the result of analysis aftergmecessing the same infrared images
(dry and 0 m wet) of a single PLGA micropatrticle in four different wéysusing the

peak heighbf a single peak in this case the ester carbonyl at ~1745Eigure 3.5a),

(ii) plotting the distribution of a factor identified as deriving from PLGA in MEES

(Figure 3.B), (iii) by plotting the sum of 10 peaks fitted between 1800 and 1000 cm
which does not include the peak ~1635crassigned to the water bending mode
resulting from a NLCF procedure (Figure 3.5c¢) @l a linear fitting procedure using

the Gaussian function (Equation 2.13, Chapter 2) (Figure 3.5d). Figure 3.5e shows the
pre-processed raw spectra along each grey line in the images. Images were generated
from measurements conducted on an as received,go@€essed PLGA microparticle

and on the same PLGA microparticle, immediately after water had been brought into

contact with it.

3.6.1 Spatial Resolution Comparison

In theory, the spatial resolution of a microscope is diffraction limited according to the
Rayleigh criterion (Equation 2.10, Chapter 2) however in IR imaging systems
employing a FPA detector, each detector unit is a notrg pat 10 um x 10 um square

and the wavelength of the incident light on each detector pixel is shorter than the
detector size. Therefore in practice, the relation in Equation 2.10 is never observed
directly. Furthermore, in the ATR experiment, the penienatlepth (Equation 2.9,

Chapter 2) can degrade the lateral resolution. Therefore for FPA imaging systems it has
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been shown to be more appropriate to determine the spatial resolution based on real
measurements [24,25,31,32].
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for the dry PLGA particle (1% column of images and labelled 'DRY") and the same

PLGA microparticle immediately after surrounding it with water as shown in

Figure 3.2h (2" column of images and labelled '"WET") for images processed using

peak height (a) (PH), (b) MCRALS, (c) NLCF and (d) Gaussian. (e) The raw data

along the grey arrow in each image from right to left with decreasg pixel

number, respectively.
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The practical method we havk VHG LV WIGHHAIVWHW KRG ZKLFK LV E
observation of a step change increase when the intensity of a selected wavelength is
plotted along a chosen line parallel to one of the axes in the 2D image. This step shape
represents the Line Spreadrfetion (LSF) (Figure 3.5). The derivative of the LSF with
respect to its variable (which is position or pixel number) is described as the Point
Spread Function (PSF). The PSF is the response of the system to a point source and is
generally considered toeban Airy function. The FWHM of the PSF gives the spatial
resolution of the imaging system. Therefore, the FWHM of a Gaussian that is fitted to
the PSF, as described by Offroy et al. [32] using an IR microscope calibration test
sample the USAF (1951 1X 382), has been used to define the spatial resolution in this
thesis. Figure 3.5 shows the above mentioned steps being applied to images generated

using peak heights, MCRLS, NLCF and linear Gaussian fits.

A study on the effect of sample geometry on spasisblution of the same AFRTIR

imaging system used in this study has been conducted by Esteahl[24] for convex

solid objects. In their work it was determined that this imaging system with a calculated
NA of ~2 was underestimating the size of24D um objects and approximating solid
spheres, of varying dimensions, to be the same size-353(m). The authors
postulated that this was due to the shallow evanescent wave penetration (Equation 2.9,
Chapter 2) and blurring caused by the finite spatsdltgion. Our experiment however

is different when compared to such a case, as the sample is a rather soft solid which,
with a gentle anvil pressure, provides a flat central area that is quite large (~100 pum)
and the convex shape only occurs at the ed@eshe main purpose of this work is not

to estimate the real size of the micropatrticle, but to compare the output of univariate,
hard and soft multivariate tools, the aim was to see how the different data analysis
approaches impact upon measured spatalugon and the sharpness of the interfaces.
The measured spatial resolution for each of the data analysis methods is summarised in
Table 3.1.

Table 3.1 Summary of spatial resolution calculated using different image analysis
approaches of the midIR image of a single PLGA microparticle under dry and

wet conditions. All values are given in pm.

Method Peak height MCR-ALS NLCF Gaussian peak fitting
Dry 70.2£15.8 60.6£0.4 42.7+x1.5 55.8+4.1
In water (O m) 52.4+4.7 48.8+4.1 48.6x4 49.2+49
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Table 3.1 showghat the NLCF approach improves the measured spatial resolution of a
mid-IR image when there is a large discrepancy between the refractive index in
adjoining pixels, i.e. an air/polymer inface. It was shown by Lasch aNé&umann that

the application of urier selfdeconvolution to IR microspectroscopy images had led to
an improvement in the spatial resolution by improving the spectral resolution at each
pixel [31]. The NLCF approach used here is also acting in a spectral resolution
enhancement manner atie ability, when used in a supervised manner, to discriminate
between species in adjoining pixels more readily than the peak heightAMSRnd
Gaussian peak fitting approaches that limits the blurring effects at interfaces. This is
likely to be mainlydue to the optimisation algorithm (trust region) falling into local
minima as a result of a lack of change between consecutive iterations due to the limited
number of parameters in the Gaussian fitting protocol not allowing an improvement in
fit, due to vaiations in the symmetry of bands between pixels. In order to make the
algorithm robust for not only this but different data sets and as we know that IR bands
are asymmetric, the Pearson IV function was chosen to be used despite the delay in
computation tine. The merits of using this dation compared to Gaussian aord/
Lorentzian functio(s) is also discussed in Chapter 2, Section 2.1.3.2.3.3 and in [22] and
[33].

When the refractive index change at an interface is small, such as when a PLGA
microparticleis surrounded by water, the blurring of the interface is reduced and the
spatial resolution determined by this stsige approach is comparable between the
NLCF, peak height and MGRLS approaches.

3.6.2 Image Comparison

To explore the relative merits of a numlzé different analysis approaches (univariate
peak height image plotting, soft and hard multivariate modelling), the interaction of a
single PLGA75/25 microparticle with water as a function of time at 70 °C was studied.
The experiment is setup in such aythat the interaction between the particle and

water will only occur at the interfaces being monitored.
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a) Pre-processed IR spectrum showing selected peak height positions
0.185 7 1745 cm?

0.135 -

0.085 -

Log(1/R)

1635cm!

0.035 -

0.015 :
1800 1600 1400 1200 1000
Wavenumbers [cm™]

b) Peak height images

0.18
0.14
PLGA 75/25 . . o
1745 cm?! . bR
’ 0.02
P i Y . ;‘ i 3 . 0.2
WATER - . ‘
1635 em™! . £ ;
13 J 4 s
0 "2h Sh " 7h ‘ '

Figure 3.6 (a) ATR-FTIR spectrum of a pixel on the left hand side chosen from the

il

core of the particle from the first image collected immediately after surrounding
the PLGA particle with water and (b) a set of false colour images representing

temporal peak height dstribution of PLGA on the top and water at the bottom.

Figure 3.6 shows five false colour images obtained using the univariate peak height
method and a spectrum taken from close to the 'dry’ polymer/hydrated polymer interface
in the t=0 image. From this sptrum one can see both of the bands used to determine
the polymer distribution (the ester carbonyl at ~1745"cand the water distribution

(the OH bending mode ~1635 &jn The two images at the extreme left show the
distribution of polymer (top) and wer (bottom), within the ATR field of view,
immediately after the experiment was started. Even at this short time (data collection
was ~5 minutes) there is evidence of an interface layer of hydrated PLGA around the
particle, with an apparent concentratigradient from the particle centre outwards
towards the agueous media. As the contact time with water increases, a number of
phenomena occur. Firstly the micropatrticle (defined by the red zone) initially appears to

increase in size (2 h), which is indicaiwf swelling and the hydrated PLGA layer
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(yellow) becomes thicker. Images collected at times exceeding 2 hours show the particle
decreasing in size and the boundaries of the particle becoming less well defined. The
complementary images pertaining to watencentration show an inverse relationship,

as one would expect in a binary system. The changes to the interface layer as a function
of time will be discussed later. It is clear however, that the overlap between the bands
used to determine the distributiof the two components in this system must influence

the sharpness of this image and increase the magnitude of the measured interface.

Figure 3.7 shows the equivalent false colour infrared images for the same data described
in Figure 3.6 this time, obta@d using a MCRALS approach. In Figure 3.7a the
spectral features shown to the left hand side of the images are the 'pure component
spectra’ for PLGA and water generated using this soft modelling method and are often
referred to as factors. As one can 8&d the image quality (SNR, spatial resolution) is
better when using 2 factors than when using 3 or 4 factors and the same as using 5
factors as illustrated in Figure 3.7a, b, ¢ and d, respectively. Therefore NIGR
software was ran for 2 factors and yrthese results were used in the following

discussions.

MCR-ALS data (Figure 3.7a) is in general agreement with the findings from the peak
height measurement approach shown in Fi@uéeCloser inspection indicates that the
interfaces in this set of images are blurred as were those observed in the univariate data
set (Figure3.6) and less sharp than those obtained using the hard modelling approach
(Figure 3.8). But this data set does ekt improved SNR compared to the univariate
data (Figure3.6). The blurring of the interfaces is the result of the 'pure component
spectrum' representing PLGA still displaying a feature at ~1635 asmociated with

water and due to the fact that the M@Rtor for PLGA has fixed peak centres and band
widths meaning they approximate rather than exactly replicate the spectrum at each
pixel. The improvement in the SNR is the result of the elimination of water vapour in
the pure spectral factors combined wiitle fact that the signal comes from many more

spectral data points compared to the peak height data.

It is important to note that MCR results might be improved by using different strategies
that were not covered in this work and/or more soft constraintsard constraints
[34,35]. For example, as it will be discussed in Chapter 4, when the data were cropped
down to 18201500 cni* zone which includes the PLGA carbonyl (~17453nand
ZDWHU /2+ &) MCRrBsults were improved.
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Figure 3.7 MCR-ALS output using MCRv1.6 software utilising (a) 2 factors, (b) 3
factors, (c) 4 factors and (d) 5 factors where calculated factor spectra are shown on
the left and resulting images are shown on the right with increasing factor index

from top to bottom respectively.
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Another interesting, but rather lengthy, strategy that could have been considered was
removing the solvent IR background contributions as developed and demonstrated by
Kuligowski et al. [36] in liquid chromatography infrared detection. Ireithwork the
solvent background was estimated successfully and by two different methods; principal
component analysis and simfieuse interactive selhodeling analysis (SIMPLISMA)

and after subtracting the estimated background contributions from #taisets, MCR

ALS provided improved SNR and resolved overlapping chromatographic peaks.

$V WKH VKDSH RI WKH / 2+ EDQG ZDV VKRZQ WR FKCLC
imaging data, it was anticipated that using the simple subtraction of a pure water
spectum at each pixel would introduce spurious peaks due to imperfect subtraction and
hinder the MCR analysis. Therefore, for the purposes of this study and to keep the MCR
analysis as a soft modelling approach, it was decided to use no prior information of the
pure components and utilise the whole fingerprint region of the IR spectra-10820

cm™) for the MCRALS analysis.

Figure 3.8 shows 5 false colour images equivalent to those described in Figure 3.6 and
Figure 3.7a. However, this time they were obtdimsing the nonlinear cunféting
approach and are the result of the summation of the peaks, generated during the fitting
process, that have been assigned to PLGA (upper row) and water (lower row). The data
to the left of these images shows the 11 corepbpeaks used to fit the spectrum, from

the same pixel used to obtain the peak height and MCR data within the
PLGA/water interface. The dotted line denotes the synthetic spectrum generated from
the combination of the fitted peaks, which matches¢laé spectrum at that pixel. The
upper set of images shows the distribution of PLGA determined using all of the fitted
peaks except the peak with a maximum at 1635 evhich is used to obtain the
distribution of the water within the ATR field of view. Td®images are, in general, in
agreement with the data shown in Fig@ré in that they indicate the formation of a
hydrated region around a dry PLGA patrticle that increases in thickness over the first 2
hours and that this occurs concurrently with particle swelling. Closer inspection and
comparison with the data in Figure 3iAdicates that the interfaces and boundaries in
this set of images are much sharper and the data exhibits less noise, i.e. there is less

variation in colour intensity between equivalent pixels.

75



a) NCLF peaks and resulting spectrum

0.2
0.15 -

0.1 -

Log(1/R)

0.05 -

0 —
1800 1600 1400 1200 1000
Wavenumbers [em-1]

b) NLCF images

0 2h Sh 7h 9h

Figure 3.8 ATR-FTIR spectrum of a pixel chosen from the coreof the particle

PLGA 75/25

oPLLo0o00
N WwhROG~N®E

=]
w

WATER

from the 0 m wet image (a) and a set of false colour images representing temporal
distribution of PLGA on the top and water at the bottom for NLCF method.

This (apparent) improvement in resolution and SNR in each image is achieved by the
elimination of contributions from overlapping features at each pixel such as other
chemical species, instrument noise and atmospheric water vapour. Another contributing
factor to the broadening of the interfaces in the MEIES images when compared with
those generated using NLCF, is the fact that the NLCF peak centres are optimised for
each peak within each pixel, whereas the MAIES images used a fixed factor, with
fixed peak centres and band widths. It is likely that during ALS optimisation, then a
linearcombination of the water and PLGA factors may give a better mathematical fit in
some of the interface pixels resulting in a less well defined image, whereas the NLCF
approach is better able to discriminate between water and PLGA. This does come at a
consderable time and convenience penalty. The images shown in Figuaed¥-&ure

3.7 can be obtained in secondad minutes, respectivelyvhilst the data shown in
Figure 3.8 takes approximately 5 hours to generate using a PC with an Intel® Core

i7-2620MCPU @ 2.7 GHz and 8 Gb of RAM. In many applications this approach may
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not be feasible due to a number of considerations such as time, CPU availability and,
more importantly, spectral data which is too challenging to fit due to a lack of
knowledge of the sries within that system. Fortunately, an understanding of the
components within this system, i.e. water and PLGA provides confidence in the peak
assignments. The MCGRLS approach facilitates the collection of false colour images

in a few minutes and thusfers an attractive/acceptable compromise between the slow
but accurate hard modelling methodology and the rapid univariate approaches.

3.6.3 Interface Analysis

The generation of false colour images using the peak height approach which is the most
practical andherefore common way, from the mifrared imaging dataset highlighted

here (Figure 3.6), facilitates the rapid assimilation of trends in physical processes such
as particle swelling, particle shrinkage, hydration layer formation etc. but cannot readily
be used to obtain quantitative information about such processes. This can be
problematic when a particle is not uniform in shape and often the dimensions are
estimated by assuming a particular geometry (circle, square etc.) that may not be
appropriate. Ta&wompare the quality of the output generated using the NLCF approach
with standard image generation strategies (peak heights and-AUSR it is
appropriate to compare the findings along the centre line across the particle as a

function of time.

When wateris introduced into this system, there exist domains where only water is
measured, others where polymer is the dominant signal and others where a clear mixture
of water and polymer are observed; a hydrated zone. Determining the exact point where
each domairends and another domain begins is somewhat arbitrary, but some form of
definition is necessary if one is to quantitatively compare data extracted from images
generated using different approaches. Therefore to facilitate comparison between data
analysis aproaches two parameters that can readily be extracted from each polymer
response profile; namely the full width at half maximum height (A) and the region of
the right hand side of the profile where the polymer intensity is <90% of its maximum
value and >1% of its minimum value (B) have been defined. Figure 3.9 shows a
typical polymer response profile and the parameters A and B derived from that profile

using the NLCF approach.
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Figure 3.9 A PLGA line profile for NLCF processed t=0 m image showing the
derivation of the parameters (A) full width at half maximum height of the

normalised PLGA signal and (B) the dimension of the right hand side interface.

Figure3.10a and b show peak height values extracted from across the centre line (from
left to right) of the preprocessed and peak height generated water and PLGA images
shown in Figure.6. Figure3.10a shows the evolution of the intensity of the water peak

at eachpixel across the image as a function of time and Fidui€b shows the
associated normalised plot of the PLGA from which full width at half height, parameter

'‘A' , can be observed. The evolution of the dimension of the right handside water
polymer interffDFH SDUDPHWHU p%Y DQG ):+0 SDUDPHWHU
3.1 and d, respectively.

From Figure3.1(a it is possible to observe that the overall water concentration across
the patrticle increases as a function of time as one might reasaxguagt; rising from

an intensity ~15% of its maximum value at the local minimum at t=0 h to a value of ~75%
of its maximum value at the local minimum at t=9 h. The profile at t=0, which is ~5
minutes after the particle has been subjected to water, inglitetiethe initial ingress of

water into the particle is rapid, most likely due to the porous nature of the,scCO
processed starting material. The shape of the profile initially appears to be fairly

uniform and becomes less so as time progresses whicheftest the irregular shape of
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the particles. It is likely that initial compression onto the ATR crystal may make the
analysed surface uniform (the ATR experiment collects data from the fi@t@n in

direct contact with the crystal) but as the partityelrates, swells and hydrolyses, the
signal obtained via the ATR crystal will depend on the volume of the patrticle directly
above the evanescent field and how it swells and or moves, potentially resulting in a
loss of uniformity. It is also important to teothat one can observe the decrease in SNR
overtime by following smoothness of the peaks in FigBré0a because as time

progresses each line profile fluctuates more than previous one.

Figure 3.10 (a) The normalised change in the intensity of the watepeak at each
pixel across the image as a function of time, (b) the normalised plot of intensity of
the polymer particle, (c) the evolution of parameter 'A" as a function of time and
(d) the evolution of the parameter '‘B' as a function of time for the peakheight

derived images.

Figure 3.1 shows the complementary data to that in Figgua relating to the
intensity of the polymer particle extracted from across the centre line of the peak height
generated images. As the particle swells, the concentra@dtipolymer measured within

any given pixel will decrease and the concentration of water within that same pixel will
increase. Therefore the intensity of the polymer peak (which should be the inverse of

the water peak in this binary system) would provideiratication of the degree of
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swelling in the zdirection. Instead, here the change in width of the normalised intensity
of the peak height of polymer peak as a function of time is used to provide an indication
of the degree of swelling in thedirection. This data is normalised as it facilitates the
observation of the change in full width at half height maximum (FWHHM) better than
the equivalent data with the nmormalised y values, which decrease over time. For the
peak height derived images one can ityeaee the width of this peak increasing as a
function of time and this is plotted in FiguBelC.

As described above, a hydrated zone 'B' has been defined where both the water intensity
and the polymer band intensity are below a certain threshold (E0%te maximum

value). Figure3.1Qc shows the plot of the B zone for the peak height derived images as

a function of time. The size of this zone increases quite dramatically over the course of
this experiment, with dimensions around 70 pm at t=0 and expgnol 140 um at t=9

h. This increase in thickness of the outer hydration layer is an interesting finding and in
broad agreement with confocal fluorescence images generated by &apv§37] of
hydrating HPMC tablets. In the HPMC system an outer hydration layer of ~100 pum
increasing to 200 um was measured over the course of a ‘'wetting' experiment. Clearly
the timescales are different between the two systems due to the inherently differen
hydrophilicities, but nonetheless this adds credence to the nature of these measurements

and the definition of B.

Figure3.11a-d show data comparable to that presented in Figui@ this time derived

from the MCRALS generated images shown in Figur@&a3.Figure 3.11a and Figure
3.11b show the evolution of the water intensity and the normalised plot of the polymer
factor intensity respectively. The shape and the intensities of the profiles in these
figures are similar to those derived from the peakltemeasurements, but there was
less noise in the MCR derived data (most evident in comparison to FgLe®)
particularly at longer time points, where the band intensities of the polymer peaks are
quite low. This improvement of SNR occurs because tlak peight data is derived
from a single point and the MCRLS data is derived from a large number of data
points. There is perhaps some evidence of the polymer band intensity profile being less
sharp at longer time points and at its maximum, which couldeteted to the
contribution of water within the extracted pure factor associated with the polymer
(MCR Factor 2 in Figure 3.7a) and will also be a function of the fixed lineshape of
factor with its associated peak maxima and minima which will not betaldeactly

match the spectrum at each pixel.
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Figure 3.11 (a) The normalised intensity of the water peak at each pixel across the
image as a function of time, (b) the normalised plot of intensity of the polymer
particle, (c) the evolution of parameter 'A' as a function of time and (d) the
evolution of the parameter 'B' as a function of time for the MCRALS derived

images.

Both the B values (Figur8.11c) and the full width at half maximum height values
(Figure3.11d) as a function of time are very simitarthose shown in Figui210c and

Figure 3.1Qd. This indicates that there is perhaps no significant improvement in the
quality of output obtained for this system when performing an MCR analysis on

the data when compared to the more rapid peak hepgmoach. Of course the MCR

ALS method can be used without any prior knowledge of the system; therefore there is
no need to identify a peak specific to each component within it, which could be

advantageous in some instances.

Figure3.12a-d show data compaoke to that shown in Figurgé10and Figure3.11, this

time derived from the NLCF generated images (Figure 3.8). Figure 3.12a shows the
intensity of the curve fitted water band as a function of time. Both the intensities and
width of these profiles are sawhat different to those observed in those derived from
the peak height (Figurg.10a) and MCRALS (Figure3.11a). Firstly the intensities are
generally higher than those observed for the data derived using the other two

approaches, this is more pronouncatdshort times, with the values at t=0 being
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approximately 30% of their final intensity (c.f. 15% for both peak heights and-MCR
ALS).

Figure 3.12 (a) The increase in the intensity of the water peak at each pixel across
the image as a function of time, (b) the normalised plot of intensity of the polymer
particle, (c) the evolution of parameter 'A' as a function of time and (d) the

evolution of the parameter 'B' as a function of time for the NLCF derived images.

Some explanation was found in the consideration of the factors/bands used to generate
the initial images from which these line profiles were generated. In the case of the peak

height data, its clear that the vector normalisation and baseline correction has enhanced

SNR of the images (Figure 3.2), but it is entirely feasible that this will exert some

influence on the intensity values generated for each spectrum within a given pixel.

In the cae of the MCRALS the extracted pure factor for the polymer contains a

contribution from water (Figure 3.7a) and therefore when the scores at each pixel for the
pure water factor are calculated then they will be underestimated. As the NLCF
approach is abléo generate both a pure water signal and a pure polymer signal free
from interference, it is anticipated that the intensities presented in these profiles will be

more likely to match the true concentration profile.

Figure 3.12 is also somewhat differetd the analogous peak height and MERS

data; in that it is narrower and different in shape. Once more it is the convolution of the
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water and polymer bands in both the peak height and MCRspectra that contributes
to the broadening of this profile lagive to the NLCF data.

Figure 3.1 shows the increase in the B zone dimension as a function of time. The
values plotted here are lower than those obtained via both the peak height and MCR
ALS approaches and the error determined at each time point &wanlower than the
corresponding values for the other two methods. This is a clear indication of the ability
of the NLCF procedures to eliminate noise from the processed images. Bifjiite
shows the FWHM of the normalised polymer band profile generfabed the NLCF
images (Figure 3.8) and this also shows a reduction in width in comparison with the
analogous data generated using the other two methods. The reduction in size of the B
zone and the FWHM in comparison with the data generated using peaks hangh
MCR-ALS is a reflection of the ability of the NLCF method to discriminate between the
water and polymer contributions at each pixel, reducing the blurring effect of

convoluted spectra.

3.6.4 Degradation Rate Calculation

PLGA microparticles are widely usex$ sustained delivery vehicles, where the rate of
hydrolysis will control the release rate in both diffusion and erosion scenbiqpsd

1.1, Chapter 1). Parameters that govern the hydrolytic degradation of PLGA include
molecular weight, structure andonphology and PLGA degradation dynamics. FTIR
spectroscopy has routinely been used to follow hydrolysis kinetics, but this is the first
time that such measurements have been undertaken on single microparticles in this
manner. Two infrared bands have bediserved at ~1452 chand ~1424 cil that
correspond to the antisymmetric bending of sdkbm the lactic acid units and the
symmetric bending of CHfrom the glycolic acid units of the PLGA polymer. The
relative intensities of these two bands can be used to estimate the relative quantity of
glycolic and lactic acid units present in the polymer and has been used to determine the
rate of hydrolysis ofite two cepolymer segments within the same experiment. Work

by Vey et al. [8] has shown that the lactic acid units hydrolyse ~1.3 times slower than
the glycolic acid units. Unlike larggized (a few mm) PLA/GA polymer devices,
microspheres less than 300 wmdiameter have been shown to undergo homogeneous
degradation with the rate of degradation of the core being equivalent to that at the
surface [38,39]. Therefore rate constants from different regions within a microparticle

would be expected to give thamse calculated rate.
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Figure 3.13 Typical single pixel and averaged (over 5x5 pixels) spectra of pre
treated raw ((a) and (b)) and nonlinear curve fitted ((c) and (d)) data. Spectra
from bottom to top were obtained at t=0, t=2h, t=5h, t=7h and t=9h, resztively.

Figure3.13shows typical single pixel spectra (Figud3a), spectra resulting from the
binning of 5x5 pixels (Figur8.13d), the resultant peak fits from a single pixel (Figure
3.13)) and the result of peak fits from the binning of 5x5 piXElgure 3.13d) which

have been used to calculate the rate constants. It is important to note that 5x5 pixel
regions are within the microparticle and 5 pixels apart from each other and the single
pixels are chosen from the centre of these 5x5 regionstexrest, therefore standard
deviation between the triplicates of regions and pixels are not influenced by any

neighbourhood effects.

To compare the relative merit of each of the data analysis approaches used in this study,
the hydrolysis rates for both thgdycolic and lactic blocks independently within the
same experiment have been calculated. MALIS was unable to provide pure
component spectra for both the lactic and glycolic segments of PLGA, probably due to
the nature of the iterative extraction proceB¥CR-ALS relies on variance within
spectral data sets to extract pure component factors and as the ratio between the glycolic

and lactic units during hydrolysis is constant throughout the experiment (i.e. the data is
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co-linear) the algorithm does not deteany variance. Consequently a single 'PLGA'

pure component is generated.

Hard constraints such as pure spectra and/or different compositions of pure PLGA
spectra were not used as initial estimates of the MCR factors in the image set.

Each of these wuld have been valid approaches however were beyond the scope of this
work which was to compare soft and hard modelling approaches without prior

knowledge of component spectra.

Hydrolysis rate constants for the lactic units)(land the glycolic units & were
calculated using both the peak height data and the NLCF data from the logarithmic plot
of peak intensity versus degradation time (Figdu®) using the band ~1452 ¢hfor

the lactic units and that at ~1424 ¢rior the glycolic units, using the spectra shown in
Figure 3.13. First order kinetics as defined in Equation 3.4 and Equation 3.5 were

assumed;

Z»+ L FGPEJ Equation 3.4
for the lactic unit and,

Z»+ L FGPEJ Equation 3.5
for the glycolic unit.

Rae constants were calculated by selecting the spectrum (or extracted factor) at 3
random pixels within each image. For comparison, the same positions were used for
each of the peak height and NLCF image analysis approaches and the mean of the three

valuesare shown in Table 3.2.

Table 3.2 List of degradation rate constants of the glycolic and lactic units in day

calculatedfor triplicates of averaged 5x5 pixels and single pixel spectra using peak
height values and curve fitted area values over the course of the 9 h hydrolysis
experiment. Errors quoted are the standard deviation of 3 measurements taken

from 3 different regions of the same particle.

5x5 pixels Single pixel
Method ke Ks kL ke
Peak Height 1.13+0.2 1.41+0.35 0.9+0.53 1.53+0.98
NLCF 1.47+0.1 2.06£0.13  1.29+0.21 1.67+0.34
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Figure 3.14 First order kinetic plots used to determine the hydrolysis rates for (a)
peak height data using single pixels, (b) peak height data using binned 5x5 areas, (c)
MCR-ALS data from single pixels, (d) MCRALS data using binned 5x5 areas, (e)
NLCF data using shgle pixels and (f) NLCF data using binned 5x5 areas.

Rate constants were also determined by binning the spectra/factor score from 3 areas of
5x5 pixels from random regions within each image. Once more the same regions were
used for each of the peak heightCR-ALS and NLCF image analysis approaches and

the calculated rate data (where possible) are shown in Table 3.2 and are the result of the

mean of three values.

The samehydrolysis experiment was also repeated for 2 other sq@dazessed PLGA
75/25 microptticles in order to evaluate the reproducibility and accuracy of the
degradation rate calculation using images obtain@u §uch experimenfigure 3.1a

and b show the peak height images of the PLGA particles and water distribution for
selected time patis. It can be seen that it takes longer for the micropartidiegare

3.1% to degrade completely (~12 h) whilst the other 2 relatively smaller microparticles
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in Figure 3.15 degrade in a somewhat similar time frame (~9 h) to the previously

discussedanicroparticle Figure 3.®).

Figure 3.15 A set of false colour images representing temporal peak height
distribution of two PLGA 75/25 microparticle(s) on the top and water at the
bottom, in both (a) and (b), respectively.

However as one would expect the degradation rate of the particles is very close to
eachother as listed ifiable 3.3 These experiments shown kgure 3.15and the
calculated degradation rates listed Table 3.3 have shown that such hydrolysis
experimentwas reproducible and confidence was establishetheraccuracy of the

degradation rate calculation.

Tracy et al. [40] studied the degradation of poly(lactide-glycolide) microsphere

vivo andin vitro and determined degradation rate constants by umegsthe polymer
molecular weight as a function of time by -ge&lrmeation chromatography. They found
that thein vivo degradation rate was higher tham vitro degradation one. Their
calculations ofin vivo rate constant by GPC analysis for ester capped and uncapped (
COOH) PLGA50/50 microspheres were 0.033+0.006 ‘daypd 0.13+0.05 day

respectively.
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Table 3.3 List of degradation rate constants of the glycolic and lactic units in day
calculated for six of averaged 5x5 pixels and single pixel spectra using peak height
valuesof glycolic and lactic unitsover the course of the2 hydrolysis experimens
shown inFigure 3-15. Errors quoted are the standard deviation of6 measurements

eachtaken from a different region of the same particlein each image set

5x5 pixels Single pixel
Experiment k. kg kL Ke

Figure 3.15 109+0.2 131+0.3 0.9%5+044 1.43+0.73
Figure 3.1b 121+018 1.48t0.33 102+031 148+044

Considering that the PLGA microparticktudied here was scG@rocessed therefore

very porous, and a calibration (i.e. %GA or %LA versus IR absorbance) was not
considered as in [8], due to having one polymer composition, the k values calculated are
in reasonable agreement with each other aril the values determined by Traetal.

[40] and, as one might anticipate, the error obtained when calculating rate constants by
binning a number of spectra is somewhat lower than that obtained from a single pixel.
The errors are larger for the peak heiderived calculations than those from the NLCF
measurements. It is also clear that the ratio of the rate constants calculated for the lactic
and glycolic groups is also comparable with that determined byeYal/ [8]; the ratio

of rate constants were t@emined to be 1.2 (peak height binned pixels), 1.7 (peak height
single pixels), 1.4 (NLCF binned pixels) and 1.3 (NLCF single pixels). Interestingly the
error determined for the k calculations for the MBRBS processed images seemed to

be independent athe number of pixels used to determine them. It is unclear if this

finding is real or an anomaly of the pixels chosen to make the measurements.

3.7 Conclusions

The realtime hydrolytic degradation of a scG@rocessed PLGA microparticle has
been demonstrateasing ATRFTIR imaging for the first time. After prprocessing,

the SNR was sufficient to monitor the swelling, shrinking and degradation of the
microparticles using the rapid peak height measurement. However quantitative
information such as hydrated laysize, FWHM of the particle was calculated with
smaller errors when multivariate analyses were employed. Both multivariate approaches
considered, hard (NLCF) and soft (MOR.S) improved the spatial resolution of the
images compared to peak height measerém
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The supervised NLCF approach has been shown to have several advantages over
traditional peak height measurements and a commonly applied multivariate toot; MCR
ALS. Firstly the application of NLCF routines to such data has been shown to enhance
the smtial resolution within a sample with (a) overlapping spectral signals and (b)
containing interfaces with large discrepancies in the refractive index (i.e. air/polymer).
Secondly it has been shown to improve SNR and sharpen features such as interfaces in
the processed images, due to its ability to discriminate between different species in a
mixture, this is particularly pronounced when one compares this approach to standard
peak height measurements. Thirdly unlike MBRS the approach is not influenced by
colinearity, therefore supervised NLCF can be used to extract chemical information
from species changing at the same ratio during a kinetic process such as hydrolysis.
Finally the high SNR at each pixel readily facilitates the calculation of rate constants
from a single pixel with a low error when compared to traditional peak height
approaches. All these advantages come at a significant time penalty; the NLCF
algorithm described takes ~5 hours to extract information from a singkdRridage
containing 4096Gpectra, this compares to ~2 seconds for peak height analysis and ~1

minute for MCRALS on the same image using the same PC.

With the help of fast developing computing hardware power, the supervised NLCF
method developed in this project can be a usefuimBging analysis tool providing

high resolution images and quantitative analysis for many more cases particularly where
hard modelling is the only option such as deconvoluting protein spectra when searching
for changes in secondary structure. Also, asvshfor calculating the degradation rate,

the precision of pixel data may be useful to compensate the time penalty of the NLCF
analysis when monitoring kinetic processes, as it can be applied to a limited number of
pixels from a series of images to obtaatess. And as for the wet images M@RS
provides a spatial resolution that is close to that of NLCF, MLB processed images
could be used for the qualitative image comparisons instead of NLCF. This aspect of a
combining multivariate analysis, i.e. theeusf both MCRALS and NLCF analyses to
determine quantitative information from large image sets for different batches of a

number of samples, is further discussed in the following chapter.
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4 Investigation of FactorsInfluencing the Hydrolytic Degradation of
Single PLGA Micropatrticles

4.1 Introduction

As described in Chapter 1, PLGA is a random copolymer of Poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), and is a U.S. Food and Drug Administration (FDA) approved,
biodegradable [1,2] synthetic polyester that is physically strong and highly processable
[3]. PLGA has suitable properties for biomedical applications as a scftéldandin
controlled release drug delivery systef@s3]. As outlined in Section 1.2 of Chapter 1,
PLGA has been comprehensively studied as carrier matrix for macromoleatheassu
proteins and peptides which are considered promising for the treatment of a range of

conditions such as cancer, human growth deficiency, and multiple scl®&asis

Understanding polymer degradation is-pequisite for modifying the performancé o

any biodegradable polymeric drug delivery system. PLGA degrades via chain scissions
of ester bond linkages in the polymer backbone by hydrolytic attack of water molecules.
Lactic acid and glycolic acid, are the end products of degradation and aftetybigdro
they are metabolised or ejected by the bfdy12] The degradation and drug release
rate mainly dependent on the carrier matrix, PLGA. fdt® of glycolic acidused to
controlthe hydrophilicity of the matrix, particle size and morphology, teatpee, and

to a lesser extent molecular weight are the critical paramniattdrs rate of hydrolysis

Factors #ecting the hydrolytic degradation of PLGA devices that were in the form of
microsphere$§l3,14], porous scaffoldfl5], dense filmg§16,17]and cylinders[18] have
beenwidely studied but not using FTIR imaging which provides visual evidence of the
morphologicalkchangesand chemistry during hydrolysis.

The hydrolytic degradation of devices based on lactic and glycolic acid polymers with
different sizes (a few mm to um) have been comprehensively investigatmd andin

vitro by Vert et al. and a heterogeneous degradation mechanism irsized devices

was reportedcharacterized by a rate of degradation in the core which is greater than
that & the surface of the devicgl9,20] Interestingly Alexiset al. reported a
homogeneous mode of degradation, with uniform rates of degradation throughout 40x25
mn? PLGA films. Furthermore a recent report, by Vey al who studiedmm size
PLA/GA polymerdiscs by FTIR and Raman spectroscogiEl, was supporting the

heteregenousiode degradation in such devices.
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Although the generalassumption is that macroscopic PLGA devices degrade
heterogeneously, unlike mm size devices, microspheres less than 3@hsmic
diameter have shown a homogeneous degradation with the rate of degradation of the
core being equivalent to that at the surfg26,22] Morphological assessment of
microspheres fronin vivo studies was shown to support tpieture of homogeneous
hydrolytic degradation of microspheres of PLGA copolymd&3]. Therefore
biodegradation of the PLGA microparticle studied here was expected to occur through a
homogeneous hydrolytic chain cleavage mechanism where the rates of polymer

degradation are simildor both the surface and the bulk of the microparticles.

SKDUPDFHXWLFDOV RIWHQ KDYH W RrradibtiovV W o WelO LV HG
established method for sterilising polymeric microparticle drug delivery syq@ths
Because each polymemay respond differently to ionizing radiation, it was found
essential to determine any effects that this process may have on the drug carrier, PLGA
which makes upalmost 90wt% of the formulation studied in this thesis. Therefibie

chapter outlines a study determine the maximum dose that can be administered to
sterilize PLGA 50/50, the drug carrier matrix, and the effect of such sterilisation method

on the physiochemical evolution of the polymer during hydrolysis.

Using the experimental procedure and retévianage analysis methodievelopedin
chapter3, the realtime hydrolysis of urprocessed and gamma irradiated PLGA50/50
polymer at 70 °C and scG@rocessed PLGA copolymer microparticles with L/G molar
compositions of 100/0, 75/25 and 50/50 were studiésD °C and 70 °C. The effect of
scCQ process, gamma irradiation, monomer ratio and temperatutestiydrolysis of
PLGA microparticleswas investigated to facilitate a better understanding of the
physiochemical factors affecting the hydrolysis rate #nedmnorphologicalchangesof

the PLGA polymers by which the drug release behaviour is governed.
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4.2 Experimental

4.2.1 Materials

PLGA RG502H (50/50 lactidglycolide, I.V. 0.160.24, BohrimerIingleheim), PLGA
RG752H (75/25 lactidglycolide, 1.V. 0.160.24, Bohingeringleheim) PLA R202H
(100/0 lactideglycolide, 1.V. Q16-0.24, Bohringefingleheim), pharmaceutical grade
CO, (BOC Special Gasses) were used as received. Lactic acieLg€llc acid,
W261114, Sigmahldrich Company Ltd.) was dried at 70 °C for 1 day before use.
Water used in the experiments was purifiesing aELGA Purelab optiorR water
distiller (8S WR -cnf) Yype Il watey and degassed using a Fisherbrand FB11004
ultrasonic bath athe relevantemperature (50 °C or 70 °Q@jsing 100% ultrasound

power for 15 minutes.

4.2.2 CriticalMix ™ Processing of PLGAs
Each batclof formulationused in this study was prepared at CPL followtimggeneral

procedure as described in Chapter 3, Section 3.2.2.

4.2.3 -lrradiation
Un-SURFHVVHG 3/*$ SriradidtedHdt 27 ane 100 kGy total dose in air
by Synergy Health PLC (Swindon, UK) as désed in Chapter 2, Section 2.7.

4.2.4 Scanning Electron Microscopy
To investigate the morphology of the PLGA microparticles, SEM analyses were
performed as described in Section 2.3 in Chapter 2.

4.2.5 Molecular Weight Determination

The molecular weight (M and moleclar number (M) of the unprocessed PLGA
50/50, PLGA 75/25, PLA and dorocessed but gamnmaadiated PLGA 50/50 were
determined by Gel Permeation Chromatography (GPC) usingZ2@1(Polymer Labs)
with a differential refractive detector, as described a@er 2, Section 2.9.1.2.

4.2.6 DSC

Glass transition temperaturegf{Tof the unirradiated and wprocessed PLGA 50/50,
PLGA 75/25, PLA and wprocessed but gamma irradiated PLGA50/50 was measured
as described in Section 2.8, Chapter 2.
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4.2.7 Macro ATR-FTIR imaging of reactions with the Golden Gaté" Sampling
Accessory

Each hydrolysis experiment was setup and data was collected under the conditions

described in Chapter 3, Section 3.2.4 at 5@FZ0 °Cas indicated

4.3 Data Processing

The raw images were cropped betw@8a0 and 1000 cthwhich provided a number of
FKDUDFWHULVWLF EDQGV DVVRFLDWHG ZLWK 3/*$ DQ
~1635 cnt and preprocessed as described in Chapter 3, Section 3.3. Water and PLGA
images were then generated using MCRv1.@exribed in Chapter 3, Section 3.5.1.

The data used to generate line profiles to investigate polwatar interfaces and to
calculate the degradation rate constants were NLCF processed as described in Chapter
3, Section 3.5.2. Since the error obtainecemwlgalculating rate constants by binning a
number of spectra (5x5 pixels) was found to be lower than that obtained from a single
pixel, as discussed in Section 3.6.4 in Chapter 3, three regions of interest were selected
from each experimentor each samgl and binned spectra of these regions were used to

calculate rate constants.
4.4 Results and Discussion

4.4.1 The Effect of scCG, Process on Morphology and Hydrolytic Degradation of

PLGA Microparticles
As detailed in Chapter 1, it is a wdthown finding that scC@processed polymer
microparticles possess a porous morphology mainly because the escapirigrf@O
bubbles that push against the solidifying polyrf#5-27]. The only difficulty of this
process may be that the escaping,Gust be controlled well in ordeio tavoid
macroporosity. However for the CriticalMi% process, the porosity and particle size
were shown to be controllable parameters as by changing the temperature or pressure of
thescCQ LQ WKH PL[LQJ YHVVHO WKH YLVFR\OWNWO HRI WKH
FKDQJLQJ VLIQL{FDQWO\ DOORZLQJ WR IXUW2XHU FRQ
And porosity is a key advantage in producing micron sized drug delivery devices
because it enhances the diffusion based release of the drug moleculessal$ af re

increased surface area.

The effect of scC@process on the microparticle morphology was investigated using
SEM which is a welestablished imaging modality used in the microscopic

characterisation of particles and other polymer surf§g®ps Figure 4.1a shows SEM
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images, obtained under same conditions from the particles that were coated at the same
time under same conditions, of two-processed PLGA 50/50 polymers and two SEM
images of the CriticalMiX" processed of the same polymer microparsielee shown in
Figure4.1b. As one can immediately observe Figure4.1b the particles have a lot of

pores that are about a few um and in comparison theraressed microparticles in
Figure4.la are rather flake shaped with very rough surface topography that appears to
look like a very fine mesh, that would certainly allow less solvegrtess(or water in

the caseconsidered here) when exposedit. Considering these SEM results it can
verified thatthe scCQ process does create porosity, however no macroporosity could

be observed which indicates the success of the CriticafMixocess.

A) Un-processed PLGAS0/50

Figure 4.1 A set of SEM images of 2 particles in each row showing tprocessed (a)
and CriticalMix ™ processed (b) PLGA 50/50 microparticles.

In order to facilitate an insight to the effect of scCO2 process (which resulted in a
porous structure) on hydrolytic degradation behaviour of the PLGA 50/50 polymer,
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FTIR imaging in ATR mode was studied as demonstratedhapter 3. The redime
hydrolytic degradation of two PLGA 50/50 microparticles; -pmcessed and
CriticalMix™ processed, were placed on to the ATR crystal and their interaction with

water was monitored at 70 °C.

Figure 4.2 and b show the tempordistribution of MCRALS scores obtained for
PLGA 50/50 at the top and water at the bottom, for arprocessed and a
CriticalMix™ processed microparticle, respectively. The 0 m images in FBigtire

4.2a and b were collected over a period-dd m immeditely after the water was added

into the system. Even within this short collection time, as one could observe there is
evidence of an interface layer of hydrated PLGA surrounding both the processed and
un-processed particle, with an apparent concentratiadignt from the particle centre
outwards towards the water rich zone. It is evident that water ingresses immediately into
the whole field of view, possibly between the particle and ATR crystal regardless of
porosity. However although the watewncentratn is quite low (but noterg in the 0

m images of both particles as indicated by the blue colour in the centre (or core), at the
following time points, it can be observed that there is much more water with in the
centre of the processed microparticlerftng from light blue to green as time proceeds)

in comparison tdhe un-processed particle (a dark blue area that is decreasing size as
time proceeds). Ad in the PLGA images that acirrelate with the water images in
bothFigure 4.2 and b show a deci=ain thesize of thecore region (red zone) in the O

m imageswith increasing time points. However when one compares the last 3 PLGA
images of urprocessed and processed micropatrticles, it can be seen that after ~6 h the
core of the processed particle almosimpletelydisappears turning to yellow and light
blue in 6.5 hand 8 h images respectively whereas a red zone at the centre of the un
processed microparticle still exists even after 9 Watker contact

As discussed in Chapter 3, when water was introduced into the system, there were
domains where only water is measd, others where polymer is the dominant signal
and others where a clear mixture of water and polymer were observed; a hydrated zone.
Therefore to facilitate better comparison between different microparticle systems, two
parameters that were shown to badily extracted from each polymer response profile

in Chapter 3; namely the full width at half maximum height (A) and the region of the
right hand side of the profile where the polymer intensity is <90% of its maximum value

and >10% of its minimum valu@&j (Figure 3.9 in Chapter 3)

100



A) Un-processed

oo
WMWY

B) CriticalMix™ processed
0
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processed PLGA50/50 on the top and water at the bottom (a) and analogous

images of the same but scCO2 processed microparticle.

These parameters wetgoth determined for the microparticles studied here. The
parameters B and FWHM were generated using the NLCF algorithm for 3 consecutive
parallel lines along the core of the microparticles as it provided slightly better spatial
resolution in comparison tICR-ALS images, and although this enhancement was not
found necessary for generating the full image sets, due to the time penalty, NLCF

processing of 3 lines of 64 pixels was deemed to be affordable.
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A) Un-processed
B fwhm
140 | 250 -
120 - 200
=100 | =
5 80 - 5150 i
& 60 | 8 100 -
40 @ 50
20 |
0 S 0 e
4 0 1 2 3 4 5 6 7 8 9 10 14 01 2 3 4 5 6 7 8 9 10
Time [Hours] Time [Hours]
B) CriticalMix™ processed
B fwhm
140 230 1
120 200 -
=100 | =
5 80 - 5150 i
8 60 - N 100
[77] [7:]
40 50
20
0 ——————— 0 -
4 0 1 2 3 4 5 6 7 8 9 4 0 1 2 3 4 5 6 7 8 9
Time [Hours] Time [Hours]

Figure 43 7TKH HYROXWLRQ RI WKH &bod bf BrHe/ohtbe |efoeihd DV D
the evolution of parameter 'A', FWHM, as a function of time on the right hand
side for the unprocessed (a) and CriticalMiX™ processed (b) PLGA 50/50.

Figure 4.3a shows the evolution of the right hand side hydrated zoae@dB3WHM of

the unprocessed microparticle. Although an increase in the hydrated zone is observed

over time, the FWHM of the particlappearedo be quite steagynot showing much

swellingor decreasén size indicating very little amount of water ingrassto this zone

asdiscussed previously. Figure 4.3b shows the analogous plots of B and FWHM this

time for the CriticalMiX"' processed microparticle. Tlvaange of theize of the right

hand side hydrated layer or B seems to be very similar to thtteain-processed

particle in Figure 4.3a. Thisould indicate that the magnitudéthe hydrated zone was

independent on porosity however it should also be noted that this arguraelytvalid

within a regime witha spatial resolution of ~43 um and if thevas any difference less

than this it would be difficult to probe or compare. The FWHM of the processed

microparticle is quite different to that of the unprocessed microparticle in that after an

initial swelling it decreases to a much greater edtesomparison. This was thought to

be an indication of more water accessing to the core through the pores, causing faster
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degradation and hence the greater decrease in its FWHM compared to that of un

processed microparticle.

As demonstrated in Chapter 3, using tielative intensities of two infrared bands at
~1452 cnt and ~1424 cif that correspond to the antisymmetric bending of €bim

the lactic acid units and the symmetric bending o, @bim the glycolic acid units of

the PLGA polymer that were decarluted by NLCF method, the relative quantity of
glycolic and lactic acid units present in the polymer was shown to be used to determine
the rate of hydrolysis of the two g@wlymer segments within the same experiment.
Using the same procedure for 3 5x5 binmarels of selected regions within the
temporal image sets the degradation rate constants were calculated for both processed
and unprocessed PLGA 50/50. Calculated rate constants for lactic and glycolic units
for the 2 polymers at 70 °C are listedTiable4.1.Un-processed PLGA 50/50 was found

to degrade slower than processed, which is expected as processed samplee are
porous. This result was in agreement with those obtained by Odelis[15] who
studied hydrolytic degradation of polylactide (PL#gaffolds with porosities above 90%
and different pore size ranges. They showed bwdh porosity and pore size was
regulating the degradation rate of porous PLA scaffoldstlaatcthedegradation rate of

the porous structures was decreasing with deicrgasre size.

Table 4.1 List of calculated degradation rates in day for glycolic and lactic units

and their ratios for unprocessed and processed PLGA50/50.

PLGA 50/50 kL kG kG/kL
Un-processed 0.98+£0.12 1.26%+0.14 1.28
CriticalMix ™ Processed 1.71+0.21 2.27+0.24 1.32

Also for both microparticlegylycolic units were found to degrade ~1.3 times faster than
lactic units. It was interesting that although polymer morphology was shown to have an
impact on degradation rate and swelling behaviour as discussed previously, the lactic
and glycolic units wex found to degrade at an almost constant rate with respect to each
other which was independent of the morphololyis agrees with the findingeeported

by Vey et al.that glycolic units were found to degrade ~1.3 times faster than the lactic
units in a ange of PLGA films[16] in phosphate buffer solution. Therefore it was

anticipated that althougthe degradation rate of the glycolic and lactic units and the
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hydration and swelling behaviour was dependent on size and morphology of the PLGA

device, the rad between degradation rates of the glycolic and lactic units was not.

4.4.2 The effect of Composition and Temperature on Hydrolytic Degradation
Kinetics of scCG; processed PLGA

In Chapter 3 and in the previous section of this chapter, FTIR imaging in macro ATR

mode coupled with multivariate analysis was demonstrated ta tmbust toolbox

facilitating an understanding of both morphological and physiochewrineadges within

PLGA microparticles.

It has beerfrequently reported that copolymer ratio (i.e. LA:GA) is the main factor that
governs the hydrolytic degradation of PLGAL,13,14,16,20Q]In order to understand
the tuning criteria ofthe degradation of scCOprocessed PLGA mioparticles, 3
compositions of CriticalMiX" processed PLGAT@ble4.2) were studied at 70°@nd
also at 50 °C which also allows one abtain information regarding the effect of

temperature on PLGA hydrolysis.

Table 4.2 List of PLGA samples studied wherel/G is the copolymer lactic/glycolic
units molar ratio, M, is the number average molecular weightM,, is the weight
average molecular weight, PDI is the polydispersityMw/ M) and T4 is the glass

transition temperature.

PLGA L/G M, (g/mol) M, (g/mol)  PDI T,(°C)
RG502H 50/50 1927 9560 4961084  45.7
RG752H 75/25 3063 8722 2.847546 47
RG202H 100/0 5758 12170 2113588 51

Figure4.4a b and c show five false colour MEAR.S images of the scC{processed
PLGA 100/0 (or PLA), PLGA 75/25 and PLGA 50/50 microparticles, respectively
undergoing hydrolysis at 70 °C. The polymer distribution is given at the top and the
water distribution is given at the bottoat different time points for each compisn of
PLGA. Comparing the polymer distribution images for each composition at 70 °C in a,
b and c, it can be seen that the polymer ¢mdicatedby adark redcolour) decreases

in all three PLGA image sets, however this decrease can be seen to czqgreater
extent asthe LA:GA ratio decreases, in other words although PLA is exhibiting an

ongoing swelling behaviour with a slightly decreasing polymer core zone (red) even at
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24 h time point, PLGA 75/25 and PLGA 50/5@ve almost completely hydrolysed
within ~5 h with almost no core area (retgmaining. Instead one can obseavgery
hydrated polymer rich region (yellow) clearly at 9 h in PLGA 75/25 and even eatrlier in
PLGA 50/50 at 6.5 h. Water images that anticorrelate with the PLGA 100/0 images in
Figure 4.4a, show a noticeable difference in comparison to that of PLGA 75/25 and
PLGA 50/50 in thatalthough there still is a decreased blue zone after 24 h compared to
earlier time points irthe water images of PLA, the colour tfiesezones in water
images of PLGA 75/25 and PLGA 50/%0e morelight-blue or green colour at 7 h
onwards for PLGA 75/25 and for the PLGA 50&¢en earlier, at 5 h onwards. Waly
indicating therate of hydrolysis decreasg proportional tothe increasing LAGA ratio

of PLGA.

As described previouslghangesRI WKLV VR FDOOHG pFRUHY RU OH
monitored quantitatively by calculating the FWHM of the micropartiElgure4.5a, b

and c show the FWHM and the hydrated layer size at 70 °C as adfunétiegradation

time for PLA, PLGA 75/25 and PLGA 50/50, respectivelyFlgure4.5a after an initial
swelling, FWHM of the PLA microparticle can be seen to be almost constant, as one
would expect at an early stage of hydrolytic degradation. Both FWéfMise PLGA

75/25 and PLGA 50/50 microparticles Figure 4.5 and c respectively indicate an
initial swelling which is slightly more apparent for PLGA 50/50. After ~7 h the FWHM

of the PLGA 50/50 decreaseBigure 4.%) whereas the FWHM of the PLGA 75/25
increases Kigure 4.%). This may well be theresult of the differenin the images
showing different degradation stagasFigure4.4b PLGA 75/25 can be seen to almost
disappear at 9 Whilstin comparisonin Figure4.4c, PLGA 50/50 still has a core ths
decreasing in sizeComparing the water distribution images of PLGA 75/Fig(re

4.4pb) and PLGA 50/50Kigure4.4c) it can be predicted that there is more water in the
core of PLGA 75/25 microparticle than that of PLGA 50/50 microparticle. An
explandion to this might be possible to find by examining the morphology of the
microparticles.Figure 4.6a, b and ¢ show two SEM images of PLGA 50/50, PLGA
75/25 and PLA microparticles respectively. Although the morphology of the PLGA
50/50, PLGA 75/25 and PLAook broadlysimilar, it can be seen that the pore size of
the PLGA 75/25 particles ifrigure 4.6b are somewhat greater tharogk of PLGA

50/50 microparticles shown Figure4.6a. Thereforet could beanticipated that water
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Figure 4.4 False colour MCRALS processed images representing temporal
distribution of PLGA at the top and water at the bottom for scCO2 processed PLA
at 70 °C (a), PLGA 75/25 at 70 °C (b), PLGA 50/50 at 70 °C (c) and PLGA 50/50 at

50 °C (d).
106



would diffuse into thePLGA 75/25 microparticle at a greater extent than it would into

the PLGA 50/50 micropacle due to having narrower patays

An interface layer of hydrated PLGA around the particle starting tire® m PLGA
images inFigure 4.4 b and c can be seen qudearly for all three microparticles.
However as one can notice, although the thickness of this hydrated layer (light blue to
yellow) is roughly similar sizéo the first two images of the polymers in comparison to
each other, in the last three imageshdrated layer of PLGA 75/25 and PLGA 50/50

are wider than thseof the PLA. This observation was also quantified by plotting the
parameter B that represented the hydrated layer size as explained earlier. Comparing the
hydrated layer size of PLA over time Figure 4.% to that of PLGA 75/25 ifrigure

4.5 and PLGA 50/50 irFigure 4.%, it can be seen that although hydrated layer of
PLGA 75/25 and PLGA 50/50 increases from ~60 to ~100 pum within 5 h, the hydrated
layer size of PLA only increases from ~50~00 um. This was thought to be a result of
different hydrolysis rates being observed within the imatiesould be expected that
even at 24 h PLA is still at an early stage of hydrolysis, still showdy stage
swelling and a consistent core size WHM (Figure 4.%3).

Figure 4.4d shows images that are analogousFigure 4.4c, of a scCQ processed
PLGA 50/50 microparticle undergoing hydrolysis but this time at 50 °C and at different
time points. An immediate difference that can be observed between the PLGA 50/50
images at 50 °C and 70 °C is that the size of the hydrateditagarch lessat 50 °C

than at 70 °C. This observation is more evident in the hydrated layer size pigtiia

4.5 as it is ~20 pm in the first 24dhowing a very slight increase, perhdpsn 5 pm.

Even after 48 hthe hydrated layer size is only ~50 um at 50 °Geve as that of the
microparticle at 70 °C increases from 60 um to 120 um within 8 h. An initial incfase
swellingcan also be observed for the PLGA 50/50 microparticle at 50 °C in the FWHM
plot in Figure 4.5d, which is similar to that exhibited at 7@€ °(Figure 4.5c) buton a
shorter time scale. A similar relation betwabe two temperatures (50 °C and 70 °C)
for the other compositions of PLGA (images not shown), PLGA 75/25 and PLA, was

also observed.
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Figure 45 7TKH HYROXWLRQ RI WKH B\ ODDWEEWRRG RUWLPI
and the evolution of parameter 'A', FWHM, as a function of time on the right hand

side for the scCO2 processed PLA at 70 °C (a), PLGA 75/25 at 70 °C (b), PLGA

50/50 at 70 °C (c) and PLGA 50/50 at 50 °C (d).
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A) 50/50

B) 75/25

C) 100/0

Figure 4.6 SEM images of two CriticalMix™ processed PLGA 50/50 (a), PLGA
75/25 (b) and PLA microparticles in each row.

As demonstrated in Chapter 3 agarlierin this Chapter, the hydrolysis rates of both
lactic acid and glycolic acid units of the PLGA 50/50 aPdGA 75/25 and the
hydrolysis rate of PLA at both 50 °C and 70 °C was calculated and listedie4.3.

It could be observed ifable 4.3 immediately that the glycolic acid units wevace

more shown to havieydrolysed ~1.3 times faster than lactic aanits, regardless dhe

temperature, morphology, scg@rocess or composition. It is well established that

increasing the glycolic acid content of PLGA polymers results in a higher hydrolysis

rate mainly because the higher hydrophilicity of glycolic repeat units 15Ut greater

degree ofvater uptake during hydrolysj$4,16,20] All 3 PLGA compositions showed
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a higher degradation rate for both lactic and glycolic (not for PLA) units at Z0aiC
that of at 50 °C and this finding was found to be in agreement with those of Agriawal
al. [18] who studied the elevated temperature degradation of PLGA 50/50 using GPC.

Table 4.3 List of degradation rate constants of the glycolic and lactic unitsni day™
calculated for different compositions of scC@ processed PLGAs at 50 °C and 70
°C and unprocessed PLGA 50/50 at 70 °C.

50°C 70 °C
LA/GA KL kG kKG/KL kL kG kG/kL
100/0 0.19+0.03 0.39+0.02
75/25 0.5#0.08 0.76t0.14 1.33 1.4A0.1 2.06+0.13 1.4
50/50 0.740.11 1.050.1 1.41 1.71+0.21 2.27+0.24 1.32
50/50 un
processed 0.98:0.12 1.26:0.14 1.28

Calculation of degradation rates of different compositions of PLGA microspheres and
mm sized discs were conducted by Tratwl.[48] and Veyet al.[16,21] respectively.

The PLGA microparticlestudied here erescCQ processed resulting in a very porous
structure therefore the rates obtained were higher than those oféefracynd Veyet

al. as expected.
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Figure 4.7 Calibration curve showing therelative intensity ratio vs. %G in PLGA

microparticles.

Although Veyet al. studieda different form of PLGAs (i.e. mm sized discs) using IR
and Raman spectroscopies their data analysis approach on IR spectroscopic data was
similar to the one developed here, in that they also fitted the IR bland® a Voigt
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function, and monitored the lactic and ghlic units by using fitted peak intensities at
1452 cnit and 1422 cril, respectively.

However although such analysis was found adequate in obtaining degradation rates
from binned pixels in this work, they have generated a calibration curve using this data
(plot of Is =1&/( I+ Ig) (where  and | are the fitted band intensities of glycolic and
lactic units, respectively) vs. @ (molar percentage of glycolic units)) for the dry
PLGA samples with known compositions and used it to evaluate the composition of the
copolymers during degradation. Howevalso within their calculation they have
measured and used the weightladremainng PLGA at each time point of degradation

to calculate the relative mass of glycolic units and lactic units remaining. A similar
calibration plot Figure 4.7 was also generated here using the data obtained 3rom
averaged 5x5 pixel zones from each of Bheompositions ofiry PLGA images The
parameters of the calibration curve were found to be very similar to those @ft \déy

as given inTable4.4 however their experiment facilitatéldde determination of themass

of theremaining polymer at each tinp@int whereas the experiment conducted ldede

not Furthermore their data revealed a two stage process for degradation and their study
was conducted at 37 °C in phosphate buffer solution and under these conditions their
experiments lasted up to 40 dayBherefore one can easily anticipate ttlhe
observation ohigher rates of degradation and a single stage process degradation
observedwhen compared to thseof Vey et al, firstly because temperatures studied
here wereabove the { (in the presence of water, which is a known plasticiaed
secondly the samples studied here were porous micropantatles thanmm sized

discs as in their study. Neverthelegee calculated ratios between the rate constants of
glycolic and lactic nits was ~1.3 and this finding was in agreement with those of Vey
et al. and k values calculated are in reasonable agreement with each other and with the

values determined by Traey al.[14] and Veyet al.[16].

Table 4.4 Values of the slopea, and theintercept, b, for the different calibration

curves where R is the correlation coefficient.

Parameters measured len gL Veyet al.[16]
a 0.012+0.0@ 0.0109+0.0005
b 0.018+0.0® 0.031+0.002

R 0.989 0.996
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4.4.3 Visual Evidence of Lactic acid Diffusion from a Degrading PLA
Microparticle

The degradation of PLGA involves chain scissions of ester bond linkages in the
polymer backbone by hydrolytic attack of water molecules. Lactic acid and glycolic
acid, which are biocompatible and rapidly cleared frombibay via the renal system,

are the end products of degradatjafl]. PLGA degradation may result in a buug of

acidic byproducts since it is made up of acidic monomers. And when labile drugs such
as proteins and peptides are entrapped with in PLG# attidic environment may have

an adverse effect on protein stability. Therefore one of the hydrolysis experiments,
hydrolysis of the PLA microparticle at 70 °€igure4.4a, images after 24 h were not
shown to facilitate comparison with the rest of H&GA image sets), was studied until

there was no polymer left with in the field of view.

Figure4.8a shows 2 12 h peak height images, one at 1755anthe left, where PLA
carbonyl absorbs intensely and one at 1741 wmvenumbers on the right wheretlac
acid absorbs intensely as can be seen in the IR spectrum of lactic Bigdried.8c. At

the chosen pixels indicated by thecav in each image, there appéarbe two distinct
spectra shown beneath the images; PLA and whaigure 4.8 shows the alogous
results to that oFigure4.8a, but this time at 88 h. The peak height image at 1755 cm
at 88 h, compared to that of at 12 h, show that almost the entire core zone of the PLA
microparticle was degraded. The peak height image at 1741at®8 h,compared to
that of at 12 h shows a carbonyl peak at 1741 tnthe indicated pixel, at which there
appears to be only water at 12h. The distribution of this peak at 174$hown in the
right hand side image at 8&gure4.8b shows the distributioaf the end product of the
PLA degradation.e. lactic acid.

PLGA 50/50 (25 kDa) microspheres prepared by a deelmelsion technique were
studied by Fuet al. [30] using confocal fluorescence microscopy by probing pH
sensitive fluorescent dyes that werdrapped within the microspheres. Their study
showed the formation of a very acidic environment within the particles with the
minimum pH as low as 1.5. Their images showed a pH gradient, with the most acidic
environment at the centre of the spheres andehighi near the edges. However, as
discussed in Section 1.5 in Chapter 1, the preparation meth@higger effect onthe
morphology, structure and chemistry of the polymeric microparticles resulting in

different degradation characteristi€ar exampleDing et al.[31] also studied several
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Figure 4.8 False colour peak height images of scCO2 processed PLA micropatrticle
undergoing hydrolysis at 70 °C at 1755 cihon the left and 1741 crit on the right
at (a) 12 h and (b) 88 h where pixel spectrum indicated by the arrow is given at the

bottom of each of the images. (c) FTIR spectrum of lactic acid.
113



PLGA microspheres, prepared by-mitoil emulsion and double emulsion methods and
labelledwith fluorescent dyes, using confocal laser scanning microscopy. Their work
indicated that microspheres prepared by theénedil emulsion method were less acidic
than those prepared by double emulsion. The distribution of lactic a€idjune 4.80
canbe seen to somewhat surround the distribution of PLA micropatrticle, if one ys/erla
the two imagegenerated from bands HI55 cnit and 1741 cr, the implication is that

that the lactic acid monomehsisdiffused out into watersince there is much le&sctic

acid with in the core of the PLA micropatrticle. Thssan interesting finding; firstly
because this was the first image showing lactic acid distribution within a degrading PLA
microparticle in its natural environment (i.e. without modifying the @anusing any
chemical dyes) and secondly the lactic acid molecules were diffused out of the particle
during hydrolysis which would certainly provide a better environment for any labile

drug molecule entrapped therein.

444 7KH (I1IHFIWadRtion on Hydro lytic Degradation of PLGA 50/50
%LRGHJUDGDEOH SRO\PHULF SKDUPDFHXWLFDOV RIWH
irradiation is a welestablished and most suitable method for sterilising polymeric
microparticle drug delivery systemf4]. Because each polymemay respond
differently to ionizing radiation, it was found essential to determine any effects that this
process may have on the drug carrier, PL.G¥hich makes up90 wt% of the
formulation studied in this thesis as discussed in Chapter 5. Therefoe#febeof a

range ofirradiationdoseon PLGA 50/50was investigatethy performing a series of

situ hydrolysis studies at0 °C using ATRFTIR imaging andhe multivariate analysis

toolsdemonstrated in Chapter 3.

Figure 4.%, b and ¢ show the temporal false colour MEIES images of ufprocessed
and unirradiated, N*\-LUUDGLDWH G -iD&QliGgtedPLG®A*50/50 at the top
andthe correspondingiaterimagesat the bottomyrespectively.

Although the udArradiated and 25 kGy irradiated PLGA 50/50 image$igure 4.@
and b look similar in the first 2 images, a faster decrease in the polymer core zone (red)
and a larger hydrated layer (from light blue and yelloar) be observed in the 25 kGy
irradiated PLGA 50/50 images after 5 h, in comparison to that -ofradiated PLGA
50/50, indicating a slightly faster degradation. And these differences were seen to be
more pronounced in the 100 kGy irradiated PLGA 50/50gesanFigure 4.2, when
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compared to that of umradiated and 25 kGy irradiated PLGA 50/50, as the polymer
core (in red) in 0 m image was seen to disappear immediately after 2 h indicating, in
comparison, greater degree g@olymerhydration.
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Figure 4.9 A set of false colour IR images representing temporal distribution of
PLGA50/50 at 70 °C on the top and water at the bottom for samples that were
VXEMHFW WR D E N #kradiQliG rdspectiveN.* \

The temporal water distribution images beneath each polymer image in each data set in
Figure 4.9, b and ¢ compieent this finding, in that although the water distribution
within the unirradiated and 25 kGy irradiated microparticles is very low (dark)kdtie

the first 2 hours and increasing gradually (light blue), in the 100 kGy irradiated
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microparticle, after the first time point, there appears to belearly defined core zone
where the water intensity would expected be low (dark bhaejelya very arge light
blue area that becomes lighter in colour indicating higher water content in comparison

to that of unirradiated and 25 kGy irradiated, as time proceeds.

As discussed previously, the microparticle morphology plays a major role in hydrolytic
degralation of PLGA polymers. SEM analysis of the-pnocessedand unirradiated

3/*$ N fvadiatedPLGA 50/50 D Q G NrtadiatedPLGA 50/50
wasconducted in order to provide an insighto the effect of gamma irradiation on the
micropartice morphology. In order to facilitate an unbiased discussion between SEM
images all of the microparticles were coated at the same time and imaged under the

same conditions.

Figure 4.1@, b and ¢ show the SEM images ofitradiated, 25 kGy irradiated an@Q@

kGy irradiated PLGA 50/50 microparticles. The-imradiated particle has a rough, Ron
uniform morphology and, in comparison, the 25 kGy irradiated particle appears to have
a smoother surface. The 100 kGy particle looks quite different-icadiated ad 25

kGy irradiated microparticles, mainly in thatist structuredhan bothat a large scale

but interestinglytherealsoappears to be some evidencdéuohpyness

b) 25 kGy c) 100 kGy

Figure 4.10 A set of SEM images umrocessed PLGA 50/50 microparticles that
are (a) urrirradiated, (b) 25 kGy -irradiated and (c) 100 kGy -irradiated.

Applying the NLCF procedure to 5x5 pixels binned regions in reach image set shown in
Figure 4.9 hydrolysis rates foboth lactic acid and glycolic acid units of the-un

irradiated, 25 kGy irradiated and 100 kGy irradiated PLGA 50/50 at 70 °C were
calculatedTable4.5shows the list of degradation rates. Gamma irradiation was seen to

degrade the PLGA 50/50 to such afiemt that both glycolic and lactic units had an
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increased hydrolytic degradation raés a function ofapplied gamma dose. And
interestingly, once again the ratio between the degradation rate of glycolic and lactic
units was ~1.3, indicating that thelaionship between the degradation rates oftihe

componentsvasindependent of gamma dose

Table 4.5 List of degradation rate constants of the glycolic and lactic units in day
calculated for un-processed PLGA 50/50s at 70 °C that were subject to 0, 26da

N *\-irradiation.

Gamma Dose [kGy] KL kG kG/kL
0 0.98+0.12 1.26+0.14 1.28
25 1.38+0.13 1.76x£0.21 1.27
100 1.89+0.28 2.34+0.24 1.23

It is well known that when subjected to irradiation, polymeae show a decrease in
their molecular weight due to chain sciss[82,33] GPC and DSC are often used to
investigate such processes since they facilitate monitoring molecular weight and thermal

properties of polymers as discussed in Chapter 2.

Figure 4.1a shows the irradiation dependent change ip &nd PDI of PLGA 50/50

andFigure 4.1b shows the change in %,Mvith respect to its wirradiated state to
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Figure 4.11 GPC results for nortirradiated and irradiated PLGA 50/50 showing
the changesin M, DQG 3', LQ D DQG F K D Q JHvith @speRt@\PHU T\

its un-irradiated state, to facilitate better comparison in (b).

facilitate a better comparison. With increasing gamma exposure, a decreagai M

PDI of the PLGA 50/50 was observedth increasedapplied gamma dose indicating

the domination of a chain scission mechanism occurring within PLGA 50/50 upon
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irradiation.Figure 4.1& alsoshowsthat PDI of PLGA 50/50 decreases proportional to
applied gamma dose indicating a decrease in chain legtRd{ GA 50/50 due to

gamma induced chain cleavage.

DSC analyses were conducted on the irradiated andadiated PLGA 50/50 in order
WR PRQLWRU WKH HIIHFW RI JDPPD LUUDGLDFYUeRQ RQ
4.12 shows the DSC thermograms of the-UnU U D G L D W H G-irrdliated (bY &nd
N *\-irradiated (c) PLGA50/50. It can be observedilirthree ofthe thermograms
that PLGA 50/50 exhibits aylass transition temperaturefT The Tgs that were read
from thethermograms are listed ifiable 4.6 Table 4.6shows that the glof PLGA
50/50 decreaseas a function ofpplied gamma dose. This finding asepported the
observationthat PLGA 50/50 was degrading via a chain scission mechanism due to

gamma irradiation.

Table 4.6 List of glass transition temperatures of uanL U U D G L D Wrra@iatedQ G
PLGA50/50.

T4 (°C) T4 (°C) after Ty (°C) after
N*\ H[SRV N*\ H[SRVX
45.7 43.4 41.9

These findings using IR imaging, SEM, GPC and DSC were found to be in agreement
with those of Nughoret al.[33] ZKR LQYHV WL JDWHoed degrédatiob o L R Q
PLA by using GPC and DSC. In their work PLA glass transition tempergige
melting tenperature(Tmand numbeaverage molecular weigfM,) was shown to
bedecreasing with increasing irradiation dose up to 200 k@cating a predominant
degradation by random chasgission. They also indicated that decrease

in My, Tm andTgy of the PLA in air was faster than in vacuum because of oxidative
chainscission. Locet al.[32] studied ebeam irradiation induced degradation of PLGA
films using GPC, DSC and FTIR spectroscopy and also reported a linear relationship
between the decreasermolecular weight with respect to radiation dose. In their work,
monitoring the reduction in the average molecular weight, T and Ty, it was
indicated that the dominant effect obeam irradiation on PLGA polymer films was

chain scission.
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Figure 4.12 DSC thermograms of unirradiated (a), 25 kGy irradiated (b) and 100
kGy irradiated (c) PLGA 50/50.
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4.5 Summary of the Findings

X

SEM images revealethat scCQ processing increased the porosity toe
microparticles.

IR imaging data indicated that yamocessedthe PLGA 50/50 microparticle as
degrading slower tharhé scCQ processed®LGA 50/50 microparticlevhich

was found to be mainly as a resultinéreasedorosity occurringas a result of
scCQ processg.

IR imaging data of PLGA copolymer microparticles with L/G molar
compositions of 100/0, 75/25 and 50/50 that were studied at 50 °C and 70 °C
indicated an increase in degradation rates of all PLGA compositions with
increasing temperature.

Degradation rate was also found to decrease with increasing lactic unit/glycolic
unit ratio of the copolymers. The degradation rate of PLGA 75/25 was found to
be lower than that of PLGA 50/50 at both temperatures (50 °C and 70 °C) but
not to a great exten@and this was found to be a result of morphological
differences between processed PLGASB0and PLGA 75/25 in that scGO
processed PLGA 50/50 was more porous than sgézessed PLGA 75/25.

The infrared images of a hydrolysing scC@rocessed PLGA 50/50
microparticle exhibited a small hydrated lay®0 pum in the first 24 h showing

a very slight increase that is less than 5fpom its dry stateAnd even after 48

h the hydrated layer size was found to be only ~50 um at 50 °C where as that of
the micropaticle at 70 °C increased from 60 pm to 120 pum within 8 h.

Visual evidence ofdctic acid formation was probed around the degrading PLA
microparticle using IR imaging for the first time.

SEM images of irradiated and -imnadiated PLGA 50/50 microparticleb®ved

a decrease in surface roughness proportional to applied gamma dose. 100 kGy
irradiated particle was found to somewhat melted in to aggregated very smooth
pieces. Thidinding was implicated athe reasorfor the higher water content in

the temporalR images of the 100 kGy irradiated micropartisldnencompared

to that of the temporal IR images of the-itnadiated and 25 kGy irradiated
microparticles.

Realtime IR imaging data revealed that PLGA 50/50 was degrading faster when
subject gamma irradi@n. An increase in degradation raas a function of
applied gamma dose was observed.
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x GPC analyses of umradiated and irradiated PLGA 50/50 indicated a noticeable
decrease in M of PLGA 50/50as a function of H[SRVXUH LQGLFDWL
scission mecinism of gamma induced degradation.

x DSC analyses of uimradiated and irradiated PLGA 50/50 supported the finding
from GPC data showing a decrease jrofTPLGA50/50as a function obpplied

GRVH

4.6 Conclusions

ATR-FTIR imaging and multivariate analysisvédoped in this thesis has been shown
to be a successful method to monitor the degradation of PLGA micropaiticis,
providing quantitative information including hydrated layer size surrounding the
particles, FWHM of the particles and perhaps miamportantly the degradation rate.
The degradation rates of glycolic and lactic units in a group of PLGAs were
differentiated and quantified successfully.

Using SEM, scC@processg was seen to create a high number of pores within PLGA
microparticles. From the realtime ATR-FTIR imagng hydrolysis studyof un
procesed and processed microparticles, firelings from theSEM imagesgave a
credible explanatioffior the higher degradation ratbat was observenh the processed

microparticles whegompaedto the un-processednes

Degradation rate constants for lactic and glycolic units were shown to decrease with
increasing initial lactic content of the copolymsuggesting that the ability afwater
molecule to diffuse in the sample has a high impact ordéiggadation kinetics of the
copolymers within the microparticleA. noticeable decrease in hydrated layer size was
observed for the scCQrocessed PLGA 50/50 microparticle at 50 °C compared to that
of at 70 °C.In addition an increase in temperature leslin an increasen degradation

rates of all PLGAs with different compositions (50/50, 75/25, 100/0). SEM images also
indicated that scCOprocessed PLGA 50/50 was more porous than sg@2@ressed
PLGA 75/25 and this resulted in degradation rate of PLABAS5 being less thabut

close to that of PLGA 50/50.

The distribution of lactic acid was probed during hydrolysisioglePLA microparticle.
The lactic acid molecules were seen to surround the PLA micropartithe aqueous
media indicating that lte lactic acid monomers diffused out into water as there was
much less lactic acid with in the core of the PLA microparticle. This was the first image
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showing lactic acid distribution within a degrading PLA microparticle in its natural

environment (i.e. whout modifying the sample using any chemical dyes).

The effect of gamma irradiation on the hydrolytic degradation behaviour of PLGA
50/50 polymemicroparticleswas also investigated. SEM images indicatedrarease

in lumpynessas a function of incread applied gamma dos&he 100 kGy irradiated
PLGA 50/50microparticle looked much less rough compared tertadiated and 25

kGy irradiatedPLGA 50/50microparticles. A noticeable increase in waiptakewas
observed in 100 kGy irradiatdel GA 50/50microparticle compared tthe others and

this was thought to be a result of the severe change in morphology of the 100 kGy
irradiated microparticle. IR imaging data revealed that the degradation rate was
increasingas a function of increasing tla@plied @mma dose. GPC analysis showed a
decrease in molecular weight of the PLGA 50&#&mples with increased gamma
irradiation, indicating a chain scissiodegradatiormechanism anddSC analysis was
complenenting these finding as it exhibited a decrease in thef PLGA 50/50as a
function of applied gamma dose. These findings were in agreement with those of
Nughoroet al.[33] Loo et al.[32].
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5 Investigation of Physiochemical Factors Affecting the Protein
R H O H DV Hirtadigted PLGA Microparticles

5.1 Introduction

Phamaceutically relevant microparticles for parenteral use must be well characterized
in terms of their size range, morphology and function. Chemical characterisation of
sustained release microparticles is critically important, not only because it aids
achieszing success in producing the designed drug, demonstrating desired properties but
also because, as in case of any side effects that may elevate after injection, it would be
very difficult to rectify them due to the long lasting (up to several weeks) efficbthe

drug. It is widely understood that the chemistry and morphology of microparticles have

a degree of interdependence as the morphology of microspheres can vary depending on
their chemical state after preparation. This therefore can strongly dfiggtrelease

behaviour from microspheres-fl.

Real time hydrolytic degradation of a PLGA microparticle using ARR imaging

and analysis was investigated in Chapter 3 and the factors affecting the degradation of
the PLGA polymers that were used to apsulate protein based APIs in this project
were studied in Chapter 4. In this Chapter, the real time release of a protein, human
growth hormone (hGH), from a more complex formulation including both PLGA and
PLA polymers and a GRAQenerally recognised asfe)excipient (Poloxamer 407) is
investigated in light of the information obtained from the PLGA microparticles in

previous chapters.

Novel sustained release formulations of hGH prepared by supercritical fluid processing
RlI 3/*$ 3/$ WKH &ULWLFDOOL[E SURFHVV G6HFWLRQ
in the form of microparticles for subcutaneous injection by the collaborating company
(Critical Pharmaceuticals Ltd.) [4]. Here, a formulation that has been evalnataah

in rats and monkeys, showing up to two weeks more of efficacious hGH release
compared to a daily injection of soluble hGH, is investigated to study the real time
relesse using ATRFTIR imaging for the first time.

Often, pharmaceuticals have to be sterilised before use and for polymeric microparticle
GUXJ GHOLY HwradtiahvisH Rwélestablished method to achieve this [3,5].
Prior to sterilization of pharmHXWLFD O S U Rradafod, Vit X ¥dsénfial to

determine any effects that this process may have on the materials, as each polymer
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responds differently to ionizing radiation. Therefore the maximum dose that can be
administered to sterilize thegatuct must to be validated. This study will evaluate the

H 11 H F YfraBiation on the physical and chemical structure of the microparticles and
attempt to draw links between chemical and morphological changes arml e

release of the entrapped h@idm single microparticles for the first time.

As demonstrated in Chapter 3 and Chapter 4, Fourier transform infrared (FTIR)
spectroscopic imaging has become a popular spectroscopic imaging approach,
particularly for pharmaceutical research, as it allowsanly monitoring the physical

and chemical changes of individual components over time, but also gives quantitative
information such as polymer matrix degradation rate and drug release rate from the

same experiment {6].

FTIR spectroscopy has been used $tudying the interactions of carbohydrates with
dried proteins [10], assessing the integrity of the hGH encapsulated in PLGA by spray
freezedrying and watein-oil-in-water double emulsion methods [11] and assessing the
effect of excipients in Lysozymand BSA loaded microspheres prepared by a deuble
emulsion technique [12]. Lysozyme distribution in microtomed PLGA microspheres
prepared by a vo-w solvent evaporation method has been studied by FTIR imaging in
transmission mode and the second derivaprkatein amide | band images shown a
homogenous distribution of protein [13]. The use of real time FTIR imaging for
characterisation of a drug delivery system [7], dissolution of tablets [14,15] and
morphological evaluation of different components, redistion and/or release of
species at polymer/solvent interfaces and the occurrence of new species during chemical
reactions under the conditions of interest [6,8,16,17] have been demonstrated. However
the release of active pharmaceutical ingredients (ARisin single polymeric
PLFURSDUWLFOHY DQG PRQLWRULQJ WKH UHGLVWULED>
previously been studied by ATRTIR imaging.

The following aspects of vibrational spectroscopy applied to microparticle
characterisation were iegtigated;
0] Investigating the spatial distribution of protein within the microparticle in
order to validate the formulation model.
(i) Monitoring the release of proteins from biodegradable micropariicigtu.
(i) 7KH DVVHVVPHQW RIirr&ditidn drl IthieF3tabilRy of PLGA
microparticles and on the release of the protein from the microparticles.
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In order to facilitate a better understanding of the FTIR imaging results coupled with
SEM analyses, the foumation and/or its components were further investigated using a
combination of conventional bulk (i.e. multiple microparticles) methods including;
differential scanning calorimetry (DSC) to understand thermal properties of irradiated
and unirradiated purepolymers, gel permeation chromatography (GPC) to monitor
effect of irradiation on the molecular weight of the polymers, -U¥
spectrophotometry to monitor; (ip vitro API release from the microparticles using
dissolution apparatus, (iin vitro dissoltion of irradiated and unirradiatespray dried

hGH (sdhGH) particles, in an aqueous buffer solution and size exclusion

chromatography (SEC) to determine protein aggregation and stability.

5.2 Experimental
The GPC, DSC, HPLGEC and UWis dissolution expéments were conducted at

CPL using standard protocols.
The samples were prepared by CPL using standard protocols.

5.2.1 Materials

PLGA RG502H (50:50 Ilactide:glycolide, Bohringegleheim) with an inherent
viscosity of 0.168.24 dl/g, PLA R202H (100:0 lactiddygolide, Bohringetingleheim)

with an inherent viscosity of 0.18.24 dl/g, pharmaceutical grade £BOC Special
Gasses) were used as received. hGH was kindly donated by Bioker (Sardinia, Italy) and
Poloxamer 407 (Lutrol® F127) was purchased from BABkdigshafen, Germany).

D,O (613398 * PLQ DWRP DQG E-HMWGMvetdgurchased

from SigmaAldrich Company Limited. UK. Technovit 7100 embedding resin kit was
purchased from Kulzer & Co, Germany. HEPES, Tween 20, NaOH (1M), DCM and

HPLC grade acetone were obtained from Fisher and used as received.

5.2.2 Spray Drying of hGH

In order to obtain a suitable particles size of the protein for encapsulation, the hGH was
spray dried by dissolving 8 g hGH and 2 g trehalose in 500 ml of 5 mM phosphate
buffer. 2.5 ml of Tweei20 (20 %w/v) was then added to this solution. A further
500ml of 5mM phosphate buffer was taken and 200ul of 3.2M Zaxftled to it. The

two solutions were combined and spray dried using a Bue®@Bspray dryer. The
system wa equilibrated at an inlet temperature of 85 °C, using an aspirator setting of
100 %, an atomisation pressure of 6.5 bar and water feed rate of 2.0 ml/min, until the

outlet temperature stabilised. The typical outlet temperature obtained wWaEE®3
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The sample was then dried under the same conditions and followed through with 10 ml

water. ThesdhGHwas recovered from the collection jar/cyclone.

5.2.3 Preparation of Microparticles Using scCQ Processing

As detailed in Section 1.5.3.4 of Chapter 1, the metHddGSS (Particles from Gas
Saturated Solutions) uses the ability of se@Ddepress the glass transition and melting
temperature of biodegradable polymers at ambient temperatures and moderate pressures.
scCQ acts effectively as a molecular lubricant,ush liquefying polymers at
temperatures significantly lower than those typically needed. The near ambient
temperatures together with the absence of any agueous or organic solvents makes the
PGSS method particularly suited to the processing of thermallyoloerg labile

proteins and peptides, with the advantage that they can be encapsulated with 100%
efficiency with no protein degradation or loss of activity.

A formulation of hGH loaded PLGA/PLA microparticles was prepared using the
&ULWLFDOOL [ @& destriRdd HnvSéctiah 1.5.3.4.1 in Chapter 1 and in [4], by
adding 2 g of praveighed combination of spray dried hGH @& of the formulation),

PLGA and PLA n 90:10 ratio respectively (81 wt#f the formulation) and GRAS
excipient, Poloxamer 407 @t% of the formulation), to the PGSS apparatus. A blank
IRUPXODWLRQ L H ZLWKRXW WKH SURWHLQ ZDV DOVF

under the same conditions to be used for DSC studies.

5.2.4 Sieving ofMicroparticles
In order to facilitate consistendy the characterisation methods the hGH encapsulated

formulation was sieved using a 100 um sieve as described in Section 2.5, Chapter 2.

5.2.5 Sample Preperation for Micro-ATR-FTIR Imaging

hGH loaded PLGA/PLA microparticles were embedded in a hydroxyethyl nmgléuzc
based resin (Technovit 7100) as described by van de \atesdr{13] and sliced to 4
pum thickness using a Reichelting Ultracut E ambient ultramicrotome with a glass

knife.

5.2.6 -lrradiation

ScQO, produced microparticle formulatiorend the polymerssed in themZ H UH
irradiated at 25 and 100 kGy total dose in air by Synergy Health PLC (Swindon, UK) as
described in Chapter 2, Section 2.7.
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5.2.7 ATR-FTIR Spectroscopy
ATR-FTIR spectra were collected on a Thermo Nicolet Nexus instrument as single
beam spectrdy coadding 128 scans at a spectral resolution om# and ratioed

against the single beam spectrum of the blank ATR crystal at room temperature.

5.2.8 Transmission FTIR Imaging

Transmission FTIR images were collected as described in Section 2.1.3 in Chapter
2.Images were collected with a 4 Enspectral resolution in the midfrared range
(3800 to 950 cm) co-adding 128 scans for both background (2 mm thick,Gééfe in

air) and samples.

5.2.9 Micro-ATR-FTIR Imaging

Micro-ATR-FTIR images were collected as délsed in Section 2.1.3 in Chapter 2.
Images were collected with a 4 En:;pectral resolution in the midfrared range (3800
to 950 cnit) co-adding 64 scans for both background (Ge crystal in air) and samples.

5.2.10 Macro-ATR-FTIR Imaging of Drug Release from Indvidual Microparticles
Mid-infrared (3800 to 950 cif) spectroscopic imaging data in Magkd@R mode were
acquiredas described in Section 3.2.3 in Chapter 3, &tG3With 128 ceadded scans at
an 8 cn spectral resolution, and processed by ratioing againbackground of the

blank ATR crystal with 256 cadded scans also collected at 37 °C.

A single microparticle was placed on to the centre of the square surface of the ATR
crystal with the aid of a 40x binocular microscope. A uniform contact between the
particle and the crystal with minimal deformation was obtained applying sufficient
pressure to the autevel sapphire anvil [18]. Minimal deformation was ensured such

that the same particle could be picked up using the same needle without leaving any
resdue on the ATR crystal. After collecting a 'dry' image at 37 °C, ~2 ml,Gf hat

had been prbeated to 37 °C was injected into the cell in such a way that access to the
particle was limited to the sides only as shown in Fiduie The experiment celvas

WKHQ VHDOHG ZLWK EHHYV ZD[ WKDW LV D QDWXUDO

D,0O and atmosphere.
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Figure 5.1(a) White light image of a microparticle placed on the ATR crystal prior

to star of the experiment. (b) Schematic of the dissolutioexperiment; the anvil

applies sufficient pressure to ensure good contact between the particle and the

ATR crystal, whilst making sure D,O can only access the particles from the sides

DQG WKH H[SHULPHQW FHOO LV LVRODWHG IURP DWPR'

5.2.11 FTIR Imaging Data Processing

+\SHUVSHFWUDO LPDJH FXEHV ZHUH SURFHVVHG XVl
chemical imaging software. Raw processed image files were cropped between 1820 and
1000 cnt, a region which contains a number of characteristic barstciased with
PLGA/PLA polymers, protein amide | band ~1650t® QG WKH / 2' ,E®QG RI
~1207 cn,

A Savitzky-Golay second derivative with a polynomial order of 3 and filter length of 29
was applied to cropped imaging data order to eliminate basine drift. Second
derivative images were then vector normalised in order to remove systematic
discrepancies such as variations in detector sensitivity or sample contact and therefore

to minimise intensity (Log(1/R)) variance.

5.2.12 Scanning Electron Microscopy
To investigate the morphology of the microparticles SEM analyses were performed as

decribed in Section 2.3 in Chapter 2.
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5.2.13 UV-Vis Spectrophotometry of Rire hGH

UV-Vis transmission spectra for the irradiated and-im@diated pure hGH particles
wereacquired between 190 nm and 1100 nm at 5 nm spectral resolution (with 12.5 ms
dwell time at each wavelength step) at 22 °C using a Carry60VidVv
spectrophotometer (Agilent, USA) usingas a blank.

5.2.14 In vitro Drug R elease

The amount of hGH released io0 HEPES solution at 37 °C at each time point was
obtained using UWis dissolution testing at 280 nm, as described in Section 2.4 in
Chapter 2.

5.2.15DSC

Melting temperature () and glass transition temperaturg)(®f the nonirradiated and
irradiated polymerand the polymer blend without the hGH were measured as described
in 2.8, Chapter 2.

5.2.16 Evaluation of hGH Stability and I ntegrity
In order to detect the formation of any hGH aggregates following irradiation, irradiated
and nonrirradiated hGH were analysed using HREEC as described in Section 2.9.1.1

in Chapter 2.

5.2.17 Molecular Weight Determination

The molecular weight () and molecwdr number (M) of the irradiated and nen
irradiated polymer samples were determined by Gel Permeation Chromatography (GPC)
using a PE120 (Polymer Labs) with a differential refractive detector, as described in
Chapter 2, Section 2.9.1.2.

5.3 Results and Discusion

5.3.1 Determination of The Spatial Distribution of Encapsulated hGH within The
Microparticles

As discussed in Section 1.2 in Chapter 1, the key requirementdostained release
drug formulation; to follow a diffusion and/or erosion based release route the
biopolymer carrier matrix. This could only be achieved by obtaining a homogenous

distribution of the drug within the matrix.
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The CriticalMix™ process is thought to produce a homogenous distributiairunf
throughout the porous microparticles apideed in the illustration in Figuré.2a. As
demonstrated by van de Weeat al. [13] using transmission mode FTIR imaging,

protein based API can be readily mapped in PLGA micropatrticles.

Following a similar sample preparation methodology explained tghig in [13] and
in Section 2.6 in Chapter 2, a group of hGH encapsulated PLGA/PLA microparticles
within an embedding medium highlighted by the red box in Fi§le and Figures.2d.

were microtomed to 4 um sections.

The distribution of polymer and ARNithin these microparticles was determined using
mid-IR imaging in micradATR mode utilising a Ge ATR crystal which provided a
spatial resolution of ~4 pm within ~64x64 pum field of view and in transmission mode
by floating the sample on a 2mm thick IR tsparent (Cafj slide which provided a

spatial resolution of ~13 pm within ~350x350 um field of view.

Table5.1 shows the list of important peaks included in fingerprint region of the-ATR
FTIR spectra obtained from pure samples. From this table, it can be seen that the most
intense Poloxamer 407 peaks overlap with PLGA/PLA peaks however very strong
peaks are readilavailable in distinct wavenumbers for the rest of the samples. As
discussed later in the mae®®75 LPDJH VHFWLRQ ,QVdfsd bécamesR 1
distinct when a second derivative is applied, therefai@ Was used instead of,@ to

perform the imaging ex@iments in order to circumvent the difficulty of having to
deconvolute the watef 2+ SHDN a * thattwould overlap with the protein
Amide | (C=0) peak ~1658 crh

Figure 5.2a illustrates a typical, CriticalMX' processed microparticle where il

strings represent mixed polymers and blue dots represent the homogenously distributed
protein particles. Figur.2b and d show the white light image of microparticles from
WKH VDPH IRUPXODWLRQ EDWFK HPEHGGHG LQ UHVL
Figureb.2c shows the false colour Mict®TR image of the red boxed area indicated in
Figure5.2b, that represent the integrated peak height distribution of the resin at 1727
cm’, PLGA/PLA at 1755 cit and hGH at 1650 cthfrom left to right respectively.

Figure 5.2e shows false colour transmission IR second derivative peak height images

from the area shown with the red box in the white light image in Fig@dg showing
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Table 5.1 Infrared assignments for PLGA 50/50, PLA,Poloxamer 407, resin, RO
and hGH within the finger print region (1820-1000 cni® wavenumbers); as
DQWLV\PPHWULF V V\PHWULF /VBHHGLEKILQU URFWNEQ

wagging, all given in cnm.

PLGA PLA hGH Poloxamer 407 Resin D,O  Assignment
1745 1745 1727 (C=0)

1658 Amide I, (C=0)

1635 ] 2+

1540 $PLGH ,, [/
1452 1450 1450 1466 1484 Ja{CHa)
1422 1450 | &+
1394 1394 1395 | &+
1381 1379 1374 I{CHs)
1360 1362 1304 1359, 1341 1323 | &+
1270 1266 1280, 1241 1274, 1249 2 &Y

1245 a{PO)

1207 | 2

1167 1184 1146 1144, 1100 1154 2{COC)
1131 1127 lad CHa)

1104 {PO)
1086 1084 1077 1074 {COC)
1048 1045 1049 1059 1020 (C-CHy)

990 {(PO)
957 957 942 962 948 | &3
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resin (1722 cn), PLGA/PLA (158 cni') and hGH (1650 cif) from left to right

respectively.

20 pm

Figure 5.2 (a) An illustration of a typical, CriticalMix ™ processed microparticle.
(b) White light image of 3 microparticles embedded in resin and microtomed to 4

P WKLFNQHVY F )DOVH FRORXU OLFUR $75 *H SHD
shown with the red box in the white light image. (d) White light image o&another
microparticle from the same formulation batch, embedded in resin and
PLFURWRPHG WR P WKLFEFNQHVYV H 7UDQVPLVVLRQ ,

images from the area shown with the red box in the white light image in (d).

The distribution of BGA/PLA and hGH, middle and right hand side images in Figure
5.2c and Figureb.2e respectively, clearly show a good correlation between the high
intensity (red) regions of PLGA/PLA and hGH. This is in contrast to the resin
distribution, which shows an artorrelation with both components. This strong
evidence of the homogenous distribution of hGH protein with in the PLGA/PLA
microparticle layers, not only demonstrates the success in producing an ideal controlled
release drug formulation from which the ARbuld be released by diffusion through

the pores and/or degradation of the biopolymer matrix, but also, considering the crucial
aim in characterising such micro devicessituimaging of the samples in their natural

state (i.e. without any sample prefdam), brings the key advantage that this system
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can be monitored using AFRTIR. Because as explained in Section 2.1.2.2.1 in
Chapter 2, due to the shallow penetration depth of the evanescent field (~10 um) ATR
only probes the neaurface of a sample. Ehis favourable if one needs to study the
evolution of a sample in aqueous media, as the strong absorption of water can be
minimised due to the limited effective sampling volume, and having a sample that is
physiochemically consistent at both the surfaed in the bulk, ATRFTIR imaging can

be used to monitor the real time release of API from such a micropatrticle.

5.3.2 Visualisation of Protein Release from a Single Microparticle

The use of ATRFTIR imaging in macro mode to investigate the morphological and

chamical evolution of a protein loaded polymeric microparticle in real time was studied.

A microparticle from the formulation was taken and its interaction with water was
monitored as a function of time at 37 °C. The experiment was setup in such a way that
the interaction between the particle and water would only occur at the interfaces that we
are monitoring, effectively creating a 2D experiment (Figuig

Figure5.3 shows six false colour images obtained by plotting the intensity distribution
of the PLGAPLA ester carbonyl (1755 ¢, protein (hGH) Amide | (1650 ci) and
D,O/ 2 P

Figure 5.3 False colour ATRFTIR images of a microparticles showing second
derivative peak height distribution of PLGA at 1755 cni, hGH at 1650 cm'* and
D,0 at 1207 cni® as a function of time.
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The first column of images show the distribution of polymer, hGH an@®,D

respectively, before the dissolution experiment was started and are therefore labelled
GU\ JURP WKHVH pGU\Y LPDJHV DGHKRIfPIR fhid QdR/xét GLV W

matrix can be observed once again, complementing the 4RO and transmission

images of the sliced samples shown in Figbrzc and Figure5.2e, respectively.

Therefore the gaining confidence that the surface (up to ~10 um) thédtewasprobed

with IR light in this macr@ATR experiment was representative of the internal structure

of the microparticle, as expected from the CriticalMixmanufacture of drug loaded

microparticles [4,19].

The first row of images shown in Figuse8 showns the change in the distribution of the
PLGA/PLA component of the microparticle. To a first approximation this set of images
can be used to monitor the dimensional changes of the microparticle during the
dissolution experiment. In the PLGA/PLA image eoted after 1 h, there is evidence

of an interface layer of hydrated PLGA/PLA around the particle even at this short time,
with a decreasing fD concentration from the aqueous dissolution medium towards the
particle centre and some evidence of particlellswge Within 24 h the PLGA/PLA
microparticle (red) appears to have swollen further, becoming larger, whilst still being
surrounded by a hydrated PLGA/PLA layer (yellow), and over time the size of the
particle stays almost the same in terms of visual sgmtation. The bottom row of
Figure5.3 shows the complementary image data set & Bistribution as a function of
time. These images show a strong -aotirelation with the PLGA/PLA image dataset
and verify the significant amount of swelling in teigstem, as one might expect, due to
the inclusion of the excipient Poloxamer 407 att% in the formulation, making the
microparticles more hydrophilic [20,21]. It is worth noting that after ~1 O s
present, albeit at a low level, everywhere withie particle, almost certainly due to a
combination of the particle hydrophilicity and its porosity. Over the duration of this
H[SHULPHQW K a GD\WV WKHUH ZDV QRW DQ\ PDNM
PLGA/PLA particle, implying this observationowld require a much longer sampling
period, perhaps several months at 37 °C. This not only shows thelaelnented
suitability of PLGA and PLA to act as biodegradable drug carriers, providing sustained
release for several weeks to months, but also stgdest protein release from this
system is dominated by diffusion rather than erosion, during the first 2 weeks, which
may be expected due to the system being porous. The hGH distribution images (middle

row, Figure5.3a), were generated by plotting the i | peak height at ~1650 €m
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and show a change in the distribution at short times (<24 h) as the polymers are initially
swollen and this is followed by a gradual decrease of overall hGH intensity distribution
as a function of time. As one could obsertree dimensions of the hGH rich region are
somewhat smaller than their polymer angDlrounterparts. One explanation for this is
that the hGH is being lost into the® media (~2 ml within the experiment cell) at the

D0 particle interface.

5.3.3 Effect of Gamma Irradiation on Redistribution and Release of hGH from

Single Microparticles

7R LQYHVWLJD W-Hratakidn ad Ipretéinloekléd PLGA/PLA micropatrticles,

WKH LQWHUDFWLRQ RI VLQJOH PLFUR SiaditianFad HV W
doses of 25 and 100 kGy, with water were monitored as a function of time under the
same conditions as for the noradiated microparticle discussed in Sectto8.2

Figure 5.4 False colour ATRFTIR images of a 25 kGy -irradiated microparticle
showing secad derivative peak height distribution of PLGA at 1755 cn, hGH at
1650 cm" and D,O at 1207 cni* as a function of time.

Figure 5.4 shows the equivalent false colour infrared images for the data described in
Figure 5.3, obtained from a hGH loadeBLGA/PLA microparticle that has been

V XEMHFW H G-ivddration.N'hé& PLGA/PLA and f© distribution maps are quite
similar to those shown in Figufe3, and the hGH distribution images are once more
much smaller than both the polymer andODimages.Any change to the colour
intensity of the hGH rich region as a function of time after 24 h is more difficult to

ascertain by visual inspection.
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Figure 5.5 False colour ATR-FTIR images of a 100 kGy -irradiated microparticle
showing second derivative peakeight distribution of PLGA at 1755 cmi’, hGH at
1650 cm" and D,O at 1207 cni* as a function of time.

Figure5.5 shows analogous image data sets for a hGH loaded PLGA/PLA micropatrticle
WKDW KDV EHHQ V XE Mrra#igtidth Gandv &though Nitr§t glance the
polymer and RO distribution images look similar to those depicted in FiguBeand
Figure5.4, a remarkablyapid release of hGH around the microparticle can be seen in
the 1 h image and to a lesser extent, in 24 h image, this may be due to the hGH being
dissolved in the surrounding media during the ensuing 23 h. The subsequent time
resolved hGH distribution nps contain fewer red pixels (i.e. high intensity regions)
within the hGH images compared to the earlier time points, therefore it can be assumed
that the most of hGH has been released during this initial hydration process; the so
called burst release effecSubsequent time resolved images show a slow reduction in
intensity d the hGH distribution maps. W closer inspection of the,D distribution

maps, one could observe a higher concentration,0f @s denoted by the blue/green
colour) within the body othe microparticle from 1 h when compared to both the un
LUUDGLDWH Giradpé&d hGN tdaded microparticles.

5.3.4 SEM of hGH Loaded Formulations

It is clear that both geometry and morphology could have a strong influence on the
release characteristics of a hGH loaded polymer microparticle, with porosity in
particular likely to determine the rate of hydrolytic degradation and therefore drug

release from such systems [22].
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SEM was used to explore the morphology of the -in@diated and nadiated
microparticles. SEM is a tool that is readily applied to the microscopic characterisation
of particles and other polymer surfaces [23].

Figure5.6 shows the SEM images of (a) rdnU U D G L D W H G-irradiated ahb*(c)
N *\ -irradiated micoparticles. In order to facilitate an unbiased discussion
between SEM images of the microparticles shown in Figb& all of the

microparticles were coated under same conditions at the same time.

The low magnification images in Figur6.6-Column i. show aggregation of
microparticles occurring proportional to applied gamma dose. In Fig&€olumn ii.
WKHUH DUH FOHDU GLIITHUHQFHYVY LQ PRUSKRORJ\ EHW
irradiated particles have a smooth surface and appear to h@orows (more apparent

in zoomed images in Figufe6-Column iii.) but with significant amounts of irregular
particles, possibly hGH, attached to the surface. However thénadmted particle has

a rough, noruniform and porous morphology with inherentlgher surface area than

W K ditradiated microparticles. Figur.6-Column iv. shows crossections of the
microparticles that were flash frozen in liquid Bind crackegbpened before electron
microscopy was conducted. An interesting finding that can by sagn in Figure.6-

column iv is that although the inner structure of4moadiated microparticles are porous
similar to their surface structure, gamma radiation seems to have penetrated through
them decreasing porosity throughout the particles, a§dlhRSRUWLR QDO WR DS¢
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Figure 5.6 SEM images showing typical (a) nosrradiated, (b) 25 kGy and (c) 100
N *\ -irradiat ed microparticles. In each rav a low magnification image (i.), a
single microparticle image (ii.), the zoomed area (iii.) indicated with the red box
drawn in (ii.), and images of crackopened microparticles showing inner structure

(iv.), from left to right respectively.
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5.3.5 Determination and Comparison of Dissolution Profiles Obtained from

FTIR Images
The use of FTIR imaging data to monitor drug release has been validated previously
using an experimental setup that combined a UV detector to monitor the release of API
from a tablet sulgicted to water flow during macro ATRTIR imaging and compared
this to conventional dissolution test data of the same sample type [24]. Release profiles
obtained from the two methods were shown to be very similar. By conducting
measurement situ using HIR imaging, chemical changes could be followed by
monitoring specific IR bands of components in a fixed area in a temporal image set and
the relative amount of that species being released during a dissolution process could be
quantified.

Figure 5.7 False colour ATR-FTIR images of (a) nonirradiated, (b) 25 kGy -
irradiated and (c) 100 kGy -irradiated microparticles showing second derivative
peak height distribution of hGH at 1650 cnT as a function of time.

In each set of temporal images in Figbré nonrirradiated, 25 kGy irradiated and 100

kGy irradiated, 3 square regions (50x50 um) of interest (ROI) from hGH rich zones
within the microparticles were chosen by visually assessing the 1 h images in each data
set. By calculating the decrease in areaeutide amidel peak at ~1650 cthin the

binned, normalised temporal spectra from the ROIs, a release profile can be generated
by assuming the decrease in hGH signal at time =t (compared to hGH signal at time=0)
is proportional to hGH released at thate point was obtained. Using this approach it
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Figure 5.8 (a)Release profiles obtained from 5x5 pixels regions of images of Ron
L U U D G L D Wriddiat&lQnigrop articles undergoing dissolution(b) The first 4 h
data shown in (a) (to provide clarity error bars are removed). (c) U\WVis
dissolution data of 10 mg of the nonL U U D G L D Wikt&sliated) fGrmulation

batches
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was feasible to generate a dissolution plot that was analogous to a release profile from a

standard USP | UMissolution experiment.

Figure 5.8a shows the 3 release profiles obtained from temporal hGH image sets of 0O,
N*\ DQG -ilkathated hGH loaded single microparticles shown in Figure

5.7a, b and c respectively, including additional time points for images not shown. Data

points in Figure5.8a are generated from the average of overall intensity from the 3

binned and normalised ROIs and error bars indicate the standard deviation. It is evident

that in Figure5.8a for all three release profiles there are two distinct regiorsstyfia

rapidly increasing initial period followed by a second phase that almost represents a first

order line profile with a slope close to zero.

In Figure5.8b, this initial period in Figur&.8a up to 4 h, is plotted once again for better
visualisationfor evaluation of the burst release phenomenon. The release profile from
the nonirradiated hGH loaded microparticle is showing an initial burst within the first
few hours followed by a slower rate release for the duration of the experiment reaching
a plakau sometime after ~72 h whereas for 25 kGy irradiated particle this plateau
arguably occurs after around 144 h which indicates a delay in reaching a consistent

release period in comparison to Aaomdiated particle.

The hGH release profile from the hGdaded PLGA/PLA microparticle which has
undergone 100 kGy irradiation, once again, shows a markedly high initial burst release
particularly within the first 2 hours (Figu&8b) which was also evident in FigubeZc

in the 1h image compared to the resttaf images in that row, indicating an immediate
and high release of hGH that is too fast to be polymer degradation or diffusion
F R Q W U-Rradiakic@ causing this kind of an increased burst effect was also reported
by Carrascosat al [25] who invesgated the morphology of recombinant human
insulin-like growth factofl (rhIGF-I) loaded PLGA microspheres by SEM, and
determined API release mechanisms using-diBsolution and differential scanning
calorimetry (DSC). It is also evident from the SEM immageat the 100 kGy irradiated
hGH loaded microparticle has a smooth surfatca smaller scalend appears have a
lumpy morphology (Figureb.6c) compared to the very porous rRoradiated particle
(Figureb.6a), therefore the initial burst from 100 kGyrradiated particle is likely to be
occurring due to surface bound hGH, that is made available from the surface of the
PLFURSDUW L F ariddigigrugragessWUKIHRe both the-urmadiated and the 25

N *\ -irradiated sample, following its burstHHOHDVH W K H-irradiatéd * \
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formulation shows little measurable release after 48 h. For thernadimted and 25
N *\ -irradiated microparticles it takes up to 3 days for this to be the case. It is also
worth remarking that the total amount of hGHitths being released after the initial

burst appears to be much less than is observed in the other microparticles.

7KH UHOHDVH |UHRRdAdd Formulltioh shows similarities to both the non
LUUDGLDWHG -Drediated mibtdparticlests initial burst profile is similar to

N * \-irradiated formulation, indicating high protein availability at its surface, but
it takes longer to reach a plateau similarly to that observed in therradrated
microparticle and the total amount of @i released appears to be in between that of
non LUUDGLDWHG HBr@a@ated sahple, indicating an intermediate level of
protein release due to degradation of the polymers at longer times. Considering that the
PRUSKRORJ\ RI \&didted midroparticles (Figur&.6b) are very similar to
WASLFDO -irradiated particles; neporous and smooth, a lower amount of
release at longer times when compared to-inawliated particles could be expected.
This is a finding which is in agreement with that of Dosdtal [2] who studied effect
R I-irradiation on PLGA micropatrticles containing ovalbumin using a combination of
NMR, SEM and EPR.

Figure 5.8c shows the UWis dissolution data that was obtained from 10 mg of the
irradiated and wirradiated batches from whidhe single microparticles of which the

hGH distribution are shown in Figute7, were taken. This bulk release data (Figure
5.8c) is very similar to release data obtained from single microparticles (Fatag

And, particularly if one compares releas®fpes of unirradiated microparticle(s) in
Figure5.8a and Figuré.8c, it can be seen that both data are suggesting a rapid initial
release based on diffusional escape through the pores existing in the micropatrticles,
followed by a slower sustained ealse based on degradation of the polymers, indicating

a high encapsulation efficiency (~100% [4]).

Figure 5.8a and c also indicate that the total hGH release from the irradiated
formulations is lower overall and particularly after reaching the platealsleempared

to the nonirradiated microparticle. This may be due to changes in the particle
morphology, changes in the chemistry of the microparticle or some combination of the

two.

Although, as discussed previously, Figi8a and ¢ show similar findirsg there are
also differences, mainly in that the release profile of 25 kGy irradiated single
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microparticle in Figureb.8a lies between that of the 0 and 100 kGy irradiated single
microparticles whereas it is almost same as the 100 kGy irradiated bébehUiv-Vis
release plot (Figur.8c). Moreover, the high burst release from the 100 kGy irradiated
single micropatrticle (Figurb.7c and the dotted profile in FiguBeBa) is not evident in
bulk release data of the batch from which this microparticletalen (dotted profile in

Figure5.8c).

In order to investigate these two main differences between the micro and macro scale
release data of irradiated samples; (i) higher amount of protein release from the 25 kGy
microparticle and (ii) very high initiaburst release from the 100 kGy irradiated
microparticle in release data obtained from IR images in comparison to that-@fsUVv
dissolution dataa solubility test of irradiated and nerradiated pure hGH samples was
conducted. It should be noted that microscopic release medium y@sabd the
macroscopic release medium was HEPES, which is more similagQothén it is to

D,O resulting in the possibility thadbrmulation might slightly be more soluble in
HEPES that in is BD [26].

Figure 5.9 (a) Pictures of the bottles; blank (1.5 ml hepes solution only) and in
which was <0.01 mg (Pure hGH )/1.5 ml hepes (b)UVis spectra of nonirradiated
and -irradiated pure hGH samples.
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To determine the effect of gamma irradiation on the solubility of hGH)X-mgof
protein wasplacedinto ~1.5ml of HEPES solution at room temperature (~22,°C)
stirred manually for a minutand the UWVis absorbance spectrum was colkéett
importantly, with the beam passing through the upper portion of the cuvetere
5.9a shows the UWis absorbance spect(aetween 21855nm)of the unirradiated
(blue), 25 kGy irradiated (red) and 100 kGy irradiated (gré&H/HEPESsamplesit
should be noted that although a wide spectroscopic range was s¢mamed90 nm to
1200 nm)no absorbance was observedaimy of thethree hGHsamplesother than in
the region shown in Figurg9a. For the norirradiated and for 25 kGy irradiated hGH
solutions two peaks, one at ~220 nm and one at ~280 nm can easily hevbeseas
there were no absorbance peaks ftlme 100 kGy irradiated sample. Ormossible
explanation for thalifferencesbetweenthese three profiles is that there is aggregation
occurring between hGH particles the highegamma dose, resing in a decreasen

the solubility of the proteinThis is confirmed by observation of the presence of
particulate matter in the bottom of the 100 kGy sample vessel. This is shown in Figure
5.9b) and indicated by the red arroWwhis simple and qualitative dissolution test was
found to be rather informative in that it clearly indicates protein aggregatibigher
gammadoses a findingwhich could explain the observedleasebeingproportion&to
theapplied gamma dosas indicatedn the bulk (UV-Vis) and microscaleirf situ FTIR)

release profiles

Larger (aggregated) protein particles formed within the formulatmuld explaintheir
retarded release into the solvent in proportion to the limop gamma doseAn
explanation forthe increase in the amount of hGH being released for the 25 kGy
microparticle in thein vivo release profile in Figur®.8a in comparison to U\Wis
release profile in Figur®.8c, could be that thATR measurement detemes the
guantity of material in the evanescent field, which may be somewhat different to the
concentration of the material in solution. Therefore material released from the particle,
but not necessarily solubilised, could be readily observed via the Ad@Rurement but

not so via thaJV-Vis release=xperiment. This is supported by the SEM imagfesvn

in Figure5.6b (i), and in the SEM images in Figuseésb (iii and iv) and in Figur&.6¢

(il and iv) for 25 kGy and 100 kGy irradiated microparticlesthese figuresgamma
irradiation appears tohave induced protein migration towdar the surface of the
particles And as it was mentioned previously, tisuld also support the findings for

the 100 kGy irradiated particlelease studies, wheits burst elease iglue tosurface
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attached protein particles that are released rapidly in comparison to 0 and 25 kGy

irradiated particles.

It is clear that both FTIRAigure5.11b) and U\tVis (Figure5.9a) spectroscopies detect

all sizes of proteins, as a resultatfsorbances included under the AmidR peak and

as a result of absorbances included under theVigVpeaks at 220 nm and 280 nm
respectively, therefore do not facilitate the discrimination of the release data based on
protein size. Theefindings indiate protein aggregation being the cause of retardation
of release from these microparticleBherefore in the next section this explored

further.

5.3.6 The Nature of Released Species

Protein aggregatigrthe formation of higher molecular weight complex speaiech as
dimers and trimers, upon heating, wetting or light exposure is a-kneln
phenomenon [27,28] and as discussed in Section 2.9 in Chapter 2, size exclusion
chromatography is a wedlstablished method of separating mixtures based on their size
and obtaining their moleculaweight distributions. Thereforesize exlusion
chromatographySEQ was used to investigaiéthe gamma irradiated hGH samples

exhibited any differences in their size distribution

Figure 5.10a shows the output of the SEC anaysif as receivedhGH that has
undergone no further treatment. The output is a simple, symmetrical peak with a centre
~14.5 minutes and this can be ascribed to the hGH monomer. BidOeshows the
analogous output taken from a hGH sample that has bégectd to 25 kGy gamma
irradiation and the output is quite different. The peak at ~14.5 minutes is still present
but there is evidence of an additional component with a peak centre ~12.9 min, that is
likely to be due to dimesation of the hGH as a direcesult of gamma irradiation.
Figure5.10c shows the analogous data for a hGH sample that has been subjected to 100
kGy of gamma irradiation and here the output is very different. There are a group of
complex peaks with centres at 9.6, 12.9 and 14.5 nsrmand this is likely to be the

result of dimer and trimer formation as a direct result of gamma irradiation.
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Figure 5.10 SEC analysis (at 214 nm) of nonL U U D G L D Vifiddiat&l@ue hGH

samples to detect formation of aggregates.

These findings not onlgupport the supposition thatotein aggregatiors proportional

to the applied gamma dqdaut also facilitate a further step in the understanding of the
comparison of UWis and FTIR release profiles. Because it can be clearly see
Figure5.10that the hGH monomers are present in all three hGH samples; 0, 25 and 100
kGy irradiated, however with decreasing amounts proportional to applied gamma dose.
Therefore it can be anticipated that WA6 dissolution data of the nearradiatel

formulation (Figures.8c (continuous line)) is only representatiehGH monomer, as
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this is the only soluble species presemtd alsois the only specedetected by SEC
(Figure 5.10a). Howeverthe bulk release profiles of theradiated formulationsn

Figure 5.8c (25 kGy (dashed line) and 100 kGy (dotted line)) are representative of
decreasing amount of monomers proportionahwapplied gamma dose and probably
dimers and trimers to a much lesser extent as a result of their high molecular size
hindering their diffusionTheintense decrease in microparticle porosity and aggregation
as shown in Figur&.6b and cwas alsothought to have an effect on protein release,

hindering the diffusion of protein molecules from irradiated formulations

5.3.7 Effectol -irradiation on the Chemistry of PLGA, PLA and Poloxamer 407

Single point ATRFTIR spectroscopy, collecting the average IR signal from a sample
facilitates very high signal to noise ratio (SNR) in each spectrum when compared to
imaging with an FPA IR dector, hence may provide much more detailed vibrational
information that may not be readily obtained from data collected using FPA detectors in
LPDJLQJ PRGH ,Q RUGHU WiRadntoyv oty tie BhEmistiy lafHHeW R |
microparticles and therefe infer their influence on hGH release, AFIR
PHDVXUHPHQWY RQ EXG@rhadiatdd P Ithivradididd)\Wiere also

conducted.

Figure5.11 shows the fingerprint region (182M00 cm') of ATR-FTIR spectra of the
nornirradiated, 25 kGy-LU U D G L D W H G -iDdgi&ed hGN tdaded microparticles

and pure components of the formulation. No noticeable change in the infrared spectra
ZDV REVHUYHG DV D UHVXO WratdtioB tvh ¢hé HGK HMAded W H G
microparticles, the PLGA, PA.or hGH componentsF{gure5.11a-d).

However, close inspection of the data collected from the Poloxamer 407 samples
showed the appearance of a carbonyl band with increasing intensity proportional to the
DSSOLHG G RV iradia@o6 InEuUs&l Egpadlation. As mentioned in Section
1.3.1.3 of Chapter 1, poloxamers are excipients that are used in drug carriers, such as
PLGA micro or nano particle formulations, to enhance the release of drugs by acting as
a plasticiser [20,21]. For example Yanal.[20] reported thatp to 20% increasi the

amount of docetaxel released from PLGA micropartidesbserved whenompared to

the same formulation without Poloxamer 188. Therefore the degradation of Poloxamer

407 is likely to have an impact on the raleaate of the hGH loaded samples.
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Figure 5.11 ATR-FTIR spectra of norrirradiated and -irradiated; formulation
(@), hGH (b), PLGA50/50 (c), PLA (d) and Poloxamer 407 (e) showing the carbonyl
peak occurring with increasing intensity proportional to applied gamma dose

zoomed in the inset graph.

It is well known that when subjected to irradiation, polymers may undergo chain
scission resulting in a decrease in their molecular weight or -bnbsg. As
demonstrated in the previous chapter for PLGA50/5§@mper, GPC is often used to
LQYHVWLIJDWH VXFK SURFHVVHV WKHUHIRUH ZH KDY
irradiation on the molecular weight of the PLA and Poloxamer 407.

The discrimination between the chain scission and the crosslinking mechanisms
occurring in polymers as an effect of applied irradiation dcase be investigated
numerically [1,29,30] by calculating chain scission yield G(s) and cross linking yield
G(x) of polymers A G(s)/G(x) ratio >4 hebeen assumed to illustrate the dominance of

chain scission over crosslinking reactions in irradiated polymer samples at various doses.
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Because othelimited number of irradiation data points (25 kGy and 100 kGy anly)

this datasesuch a calculation was not conducted, however FigbrE2b shows he
change in % M with respect to its original (uimradiated) state to facilitate a better
comparison in between the polymers, indicating a decreasg, of &l three polymers

and this too is a clear indication of the domination of a chain scission reaction for all 3
polymers upon irradiation. Although the,Mecrease rate (i.e. slope of a linear fit to 3
data points in the plots for each sample) for PLG/&B and PLA seems to be quite
close in Figureés.9b, it can be seen that the decrease jnoPoloxamer 407 occurs at a
higher rate in comparison to PLGA50/50 and PLA. These results are in agreement of
those reported by Doraét al [1] who have shown #t for PEG based polymers at

K L J K4irddiation doses, chain scission was the predominant process leading to a

greater number of oxygenated species and shorter PEG chain lengths.

Figure 5.12 GPC results for norirradiated and irradiated polymer samples

showing the changesin M DQG 3', LQ D DQG FKDQJHwWithQ SRO\

respect to their nonirradiated state, to facilitate better comparison in (b).

Thermal behaviour changes of the polym&ere also investigated using differential

scanning calorimetry (DSC) to follow the irradiation dependent polymer degradation.
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Figure 5.13 DSC thermograms for for un-irradiated (a), 25 kGy irradiated (b) and
100 kGy irradiated (c) Poloxamer 407.
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Figure 5.14 DSC thermograms for for un-irradiated (a), 25 kGy irradiated (b) and

100 kGy irradiated (c) PLGA 50/50.
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Figure 5.15 DSC thermograms for for un-irradiated (a), 25 kGy irradiated (b) and

100 kGy irradiated (c) PLA.
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Figure 5.16 DSC thermograms for (a) non-irradiated, (b) 25 kGy irradiated
(dashed line) and 100 kGy irradiated (straight line) formulation (10 wt%
Poloxamer407 + 8Wwt% PLGAS50/50 + 9wt% PLA) that does not contain hGH.
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DSC analyses were conducted on the irradiated anrdradiated polymers of the
formulation in order to obtain more detail of teffect of irradiation process othe
WKHUPDO SURSHUWLHVY RI WKH SRO\PHUV 6LQFH ZH
irradiation on protein release from the formulation, the sameulation but without

the hGH (10wt% Poloxamer 407, 8Wt% PLGAS50/50 and 9wt% PLA) was also
prepared under same processing conditions by CPL in order to investigate overall

thermal properties of the polymer mixture.

Figure 5.13 Figure 5.14 Figure 5.15and Figure 5.16show the DSC thermograms of
the irradiated and wumradiated PLGA50/50, PLA, Poloxamer 407 and the
CriticalMix™ processed polymer mix without hGH respectively. The observable

transitions from these figures are listed'able 5.2 andTable 5.D.

Table 5.2. List of glass transition temperatures of uAL U U D G L D Wirkh@at&dQ G
PLGA50/50, PLA and the formulation without hGH in (a) and list of melting
temperatures of un L U U D G L D Vitiddmt&l @&oxamer 407.

(A) T4 (°C) T4 (°C) after Ty (°C) after
N *\ exposure N*\  H[SF
PLGA 50/50 45.7 43.4 41.9
PLA 51 50.5 48.7
Formulation
without hGH 35 31 26
(B) Tm (°C) Tm (°C) after Tm (°C) after
N*\ H[SF N*\ HJ[SF
Poloxamer 407 30 27.9 23.8

The results listed in Tablg.2a are showing a decrease ipdof PLGA, PLA and the
polymer mix without hGH proportional tthe applied gamma dose. Although PLGA
and PLA polymers did not exhibit a melting temperature within the temperature range
scanned athey are amorphous and they have high melting points (>200 °C), Poloxamer
407 data shoed a crystallisation peak-25 °C and a melt peak30 °C which is
decreasingproportional tothe applied gamma dose as indicated in TabRb. These
findings are in agmment with GPC results, indicating degradation based on a chain

scission mechanism in all threelymers.
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The DSC thermogram of the umadiated formulation Figuré.16a has indicated Ty

of 35 °C andhe DSC thermograms of the 25 kGy irradiated (dadivez) and the 100

kGy irradiated (slid line) formulationsin Figure5.16b hasindicated Tgs of 31 °C and

26 °C, respectivelgs also listed iTable5.2a. From this decrease in, ©f the polymer
mixture, as one would expect as the formulation is dominagd@l. GA/PLA, it is clear

that the formulation itself is also degrading via a chain scission mechanism in the same

way as the individual polymers.

Increasing the number of oxygenated species in a microparticle is likely to have a
significant impact on thdynamics of hydration due to an increase in the hydrophilicity
and the strength and nature of interactions occurring between the species contained
within that micropatrticle. In this instance, the increase in the number of oxygenated
species appears to hasignificantly increased the rate of hydration, leading to a faster
and more pronounced initial burst release of hGH. The increase in the number of
oxygenated species within the microparticle may also influence the strength of
interactions between the paheric species and the encapsulated hGH, leading to a
retardation of the sustained release rate after the initial burst. These finaingm
agreement with those of Dorati al. [2] who ascribed a retardation in the release rate of
299% |URiRadiatedPLGA-PEG microspheres, when compared to theiradiated
counterparts, to be due to a combination of changes in the morphology of the
microparticles and an increase in the magnitude of the interaction between the polymer
matrix and the protein. Altholgthe systemwvasnot identical to that studied by Dorati

and coeworkers [2], Poloxamer 407 is a -block copolymer of PEPPGPEG,
thereforeit could beanticipatel that WK H H || Hrfadliatiéhl on these hGH loaded

microparticlesvould be quite similar

5.3.8 Summary of the Fndings

X Using transmission and micro ATR FTIR imagingGH was shown to be
distributed homogenously at the surface and withirbthik of the unirradiated,
processed microparticles.

X In situ release profiles of the drradiated formulation, obtained from ATR
FTIR imaging data, have been shown to be similar to the bulk release profiles
obtained by UWVis dissolution experiments.

x SEM images of the microparticles indicated a decrease in sudagblness, a
decrease in porosity and the occurrence of aggregated surface bound
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proportional toapplied gamma dose. SEM imagieslicated thatvery small
particles were also seen to be attached to the surface of the particles at higher
irradiation doses.

A high initial burst release from the 100 kGy irradiated microparticle was
visually observed by ATHETIR imaging and such data was not available from
bulk UV-Vis dissolution experiment. In the ATR imaging data, 25 kGy
microparticle had exhibited a relegz®file that is between those obtained for 0

and 100 kGy irradiated microparticles however from-Ui¢ dissolution data

the bulk release was shown to be similar to the 100 kGy formulation.

SEC analyses indicated protein aggregation resulting in the occero¢ dimers

and trimers along with a decreasing amount of monomers proportional to the
applied gamma dose.

UV-Vis spectrophotometry of irradiated and-itnadiated hGH showed that
almost no hGH was dissolved into HEPES solution when irradiated at 00 kG
dose, indicating the occurrence of large protein aggregates.

ATR-FTIR spectroscopy showed no evidence for a change in the formulation,
hGH, PLGA50/50 or PLAbut indicated degradation vihie occurrence of a
carbonyl bandn the spectrum dPoloxamer 407as a function oépplied gamma

dose.

GPC analyses indicated a noticeable decrease \jnoMall polymersas a
function of HISRVXUH LQGLFDWLQJ D FKDLQ VFLVV
induced degradation.

DSC analyses supported the finding of GRBGowing a dcrease in J of
formulation mix without protein, PLGA50/50 and PLA. Poloxamer 407
exhibiteda, WKDW ZDV DJDLQ GHFUHDVLQJ SURSRUWLF

5.4 Conclusions

ATR-FTIR has been shown to be a successful method to manitsity, the release of

hGH from PLGA/PLA microparticles, providing important information about the

mechanism of release. Utilising the chemical selectivity of the infrared methodology,

hGH release profiles, analogous to those obtained using standard dissolution apparatus
have beenodd LQHG IRU PLFURSDUW FL F O-irsdiatisredddds: Whel G W R

release mechanism of hGH from these microparticles has been elucidated with the

release kinetics changing as a result of modifications to the microparticle morphology
and chemistrtyGXULQUUDGLDWLRQ 6(0 DQDO\VLV RI WKH PLF
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irradiation made them less porous, reduced the surface area and forced some material,
most likely hGH to the surface of the individual microparticles. And this was thought to
be themain reason for observing a high initial burstease of hGHn the 100 kGy
microparticle, that was naibservedby bulk dissolution measurements using -V
detection. However in the IR imagake overall amount of hGH at the surface of this
particle was lower than that of umradiated and 25 kGy irradiated microparticles, and

this indicated the formation of aggregates resulting in a decrease in the overall hGH

monomer concentration in the micropatrticle.

Another interesting finding from the IR imagimigta was that the release profile of the

25 kGy irradiated microparticle was in between that ofirtadiated and 100 kGy
irradiated micropatrticles, unlike its bulk release profile which was very similar to that of
the 100 kGy irradiated batch. This wasught to be as a result of hGH aggregation and

a decrease in porosity occurring as a function of applied gamma dose which was clearly
indicated in the SEM images. Because the bulk microparticles were seen to be
somewhat aggregated and IR imaging was efplb selected individual microparticles

(i.e. not clusters)the diffusional release of hGH in the bulk measurement was hindered
by high aggregation and decreased porosity. Aggregation was not occurring only
between microparticles but also between hGHemaes as SEC analyses showed
formation of dimers and trimers within the irradiated microparticles along with
monomers.Monomers were the onlWGH species observed ithe unirradiated

microparticles.

GPC analyses showed a decrease jnoflall of the polymers past gamma irradiation
indicating a chain scission mechanism occurring proportional to the applied gamma
dose. This gamma induced decrease jmds in agreement with the findings of Leb

al. [30] who quantitated the decrease in, Mf PLGA and PLLA films occurring
proportional to applied-beam irradiation and those of Dorati al. [1] who studied
gamma induced degradation of PEGd,IPLA and FEGA multiblock copolymers.

The percentage of Mreduction was more prominent for Poloxar 407 than that of
PLGA and PLA polymers. The gamma induced degradation of Poloxamer 407 was also
probed by ATRFTIR spectroscopy, although spectroscopichange was observed for
WKH RWKHU SRO\PHUV LQ WK L-Vfradiawow weHeadinglid/cHa@ GLF D\
scission in the Poloxamer 407 excipient, increasing the number of oxygenated species
within the microparticle and influencing the strength of interactions between the

entrapped hGH and the polymeric matrix. DSC analyses showed a decrélgsef i
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PLGA50/50 and PLA as well as the polymer mixture that did not contain hGH and a
decrease in melting temperature of Poloxamer 407. This also indicated a gamma

induced degradation of the polymers based on chain scission mechanism.

These findings wertound to be in good agreement with work conducted by Detati
[2] and Carrascosat al [25] on PLGA based microparticles containing different

protein based APIs.
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6 Overall Conclusions and Further Work

6.1 Introduction
This chapter outlinethe research described in thissis and provides an outlook on

possible future work.

The ains of this thesis wreto (i) develop robust and reproducible protocols to better
characterise the morphological and physicochemical evolution of biopolymeric
micropatrticlesin situ during hydrolytc degradation (i) monitor protein release from
such microparticle systems afii) determinethe factors influencingelease ratduring

dissolution. To achieve thithefollowing strategies were implemented

(1) The application of vibrational spectroscopic imaging to understand the
dynamics of microparticle degradation and drug release froigmeric
microparticles.

(i) Development and optimisation of multivariate image analysis tools for
analysing the acquired midfrared spectroscopic images.

(i) The use of scanning electron microscopy and conventional bulk
characterisation methods to verify and better understand findings acquired
usingmid-IR imaging such as morphology, polymer degradation and protein

redistribution ad release.

6.2 Overall Conclusions

This thesis has demonstrated that fifi-dlimaging and analysis can be effectively used
to study polymeric drug delivery systems that are in the form of microparticles.
Valuable information such as polymer degradation and drug release was studegd

time on asingle microparticle without any chemical labels or dylest by utilising the

chemical sensitivity and spatial selectivity of ATR imaging and analysis.

Theapplication of reatime ATR-FTIR imaging to obtain visual evidence of hydrolysis

of a single miaoparticle was demonstrated for the first time. A novel, partially
supervised peak detecting nlimear curve fitting (NLCF) algorithm was developed to
identify and fit peaks to the infrared spectrum obtained from each pixel within the
acquired temporal inges. The output from the NLCF was compared directly and
numerically with the traditional peak height (PH) data analysis approach and
multivariate curve resolution alternating least squares (MCRB) analysis for the

same imagesQuantitative informationsuch as hydrated layer size, FWHM of the
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particle was shown to be calculated with smaller errors when multivariate analyses were
employed. Both multivariate approaches considered, hard (NLCF) and soft MER
improved the spatial resolution of the imagempared to p&aheight measurements.

The MCR-ALS method was influenced by colinearity, therefore degradation rates could
not be calculated from MCGRLS data However,the spatial resolution of the wet
images were close to dee determined frofNLCF proessed ones and therefore
considering the time penalty tdie NLCF procedure, a combination of ME&RS and

NLCF analysis was considered to be applied for larger data sets.

Using the protocol developed in Chaptett® effect of scC® S U R F HriaMation (a

common sterilisation method), monomer ratio and temperatutbeomydrolysis of a

family of PLGA microparticles was investigated to facilitate a better understanding of

the physiochemical factors effecting the hydrolysis rattcdmanges irmorphology of

the PLGA polymers by which drug release behaviour is governed. A noticeable
decrease in hydrated layer size was observed for the,spf@@essed PLGA 50/50
microparticles at 50 °C compared to dseof at 70 °C. The degradatioate constants

for glycolic and lactic units of PLGAs were shown to stay at a constant ratio (~1.3)
UHJDUGOHVV RI FRPSRVLWLRQ WHPSHUDWXUH RU H
increasewith increasing initial glycolic content of the copolymer or witltreasing
WHPSHUDWXUH RU ZLWK LQFUHDVLQJ H[Sexeasd h *3&
molecular weight oPLGA 50/50 indicating a chain scission mechanism proportional to
DSSOLHG GRVH 6(0 LPDJHV LQGLFDWHG pargkleFUHDYV
aggregation proportional ihe DSSOLHG ré&viRY $ome évidence laictic acid

monomers diffusing out into water durittge hydrolysis of PLA microparticke

The realtime release of hGH from a group of PLGA/PLA microparticles that included
Poloxamer 407 excipiemturing a set of dissolution experiments at’@7in D,O were
studied by ATRFTIR imaging. It was found difficult to deconvolute all of the
components in this complex system using multivariate analysis tools previously
investigateddue to high overlapping and low loadings of the components within the
finger print region however second derivative peak height analysis was found to provide
sufficient contrast in PLGA/PLA and hGH images and facilitated obtaining hGH release

profiles, andbgous to those obtained using standard dissolution apparatus.

Using ATRFTIR imaging, LQFUHDVLQJ WKH GRVH ZDV VKRZQ
LQIOXHQFH RQ WKH QDWXUH RI WKH UHOHDVH PHFKD

168



dramatic increase in the initiautst release followed by retardation in the sustained

release and a lower total level of hGH release over the dissolution experiment.

6(0 DQDO\VLV RI WKH PLFUR $@diafibh fnade ¥themQeSd_goyg,HG W
and lumpy. SEC analyses showed foation of hGH dimers and trimers within the
irradiated microparticles along withGH monomers.hGH nonomers were the only
species observedn iurirradiated microparticles. SEM imagedso indicated that
microparticles tend taggregateipon irradiation This information is important because

bulk measurements would be effected by thie to reduabn in the surface area of the
microparticles as they aggregate, and this has once more indicated the importance of

microscopic information that could be obtairfeom single microparticles.

GPC and DSC analyses showed a decrease \jnoMall of the polymers @V W
irradiation indicating a chain scission mechanism occurasg function othe applied

GRVH 7KH SH Y rd@tibrDwbd nieide prominent fBoloxamer 407 than
WKDW RI 3/*$ DQG 3/$ SRO\PHUV 7KH LQGXFHG GHJI
also probed by ATHTIR spectroscopy, although no change was obsenvetthe
spectra of WKH RWKHU SRO\PHUV LQ WKLV-iradiatemwms 7KLV
leading to chain scission in the Poloxamer 407 excipient, increasing the number of
oxygenated species within the microparticle and influencing the strength of interactions
between the entrapped hGH and the polymeric mathgse findings suggested that

(i) Gamma sterilisation dose®% kGy should be avoided due to shown adverse
effectsand the required dose should be optimised to ensure that morphological
and chemical changes are kept minimum pastadiation.

(i) Although gamma irradiation is the most conmmsterilisation method for such
biopolymer based microparticle systems, other methedseh as deam
irradiation which may create less adverse effects on the moghand
stability of the formulationscould be considered.

(i) The excipient, Poloxamer 40Was shown to degrademarkablyeven after 25
kGy -irradiation. Inorder to overcome the stability issues addressed for the
studied formulationpther excipients which may show greater resistance to

irradiation compared todfoxamer 40tould be studied.
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6.3 Further Work

6.3.1 FTIR Imaging of Micropatrticles

Since most pharmaceuticals are in the form of microparticles and information such as
drug loading per microparticle is very important in characterisation, the possibility of
studying a single microparticle during a kinetic process such as degradation for a PLGA
microparticle as demonstrated here, providing wealth of chemical and morphological
information could be taken further by investigating many other microparticulate
systems.Transflection or transmission IR imaging of microtomed sectiasswell as
micro-ATR imaging of flash frozen and cracked opened sections coupled with relevant
multivariate analysis tools could certainly provide key information between different

formulationseven at dry stage in comparison.

6.3.2 Multivariate Analysis of FTIR Images for Studying Kinetic Processes in
Microparticle Systems

Spectroscopic deconvolutiois an interesting area of analytical microscopy and

spectroscopy, bringing several disciplines togethcluding mathematics, s$istics and

chemistry. In this hesis, components of a microparticle system that has been

undergoing hydrolysis have been shown to successfully deconvoluted or separated

within the temporal image sets.

Since the NLCF procedurevelopedn this thesis uses a peak shape function that can
simulate a peak shape that is between a straight line and a needle, it should certainly be
further applied to other systems, particularly to systems that cannot be deconvoluted by
soft modellingtools. And for systems such as PLGA/PLA formulation that included a
low loading of hGH and Poloxamer 407, the use of genetic algorithms should be
considered to better optimise fitted parameters. This would require more processing
time however parallel coputing could be used to decrease the NLCF processing time

down to a few minutes.

Another strategy to deconvolute this formulation or any other difficult formulation
could be applying the same experimental procedure on components, i.e. acquiring real
time images of hGH, Poloxamer etc. on its own, and using these component spectra at
each time point of the images of the formulation. A linear regression using fitted
component spectra to the formulation spectra at each time point may then provide
deconvolutedmages with a true contrast. However this would require more experiment

time (i.e. number of components x time required mecro-dissolution experiment)
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which was therefore not feasible to do during this work but such idea may be feasible

for studyingrelatively faster processes.

6.3.3 Reaktime Monitoring of Polymer Degradation Using FTIR Imaging
Physiochemical evolution of a family of PLGAs were characterised in terms of their
degradation rates and size during hydrolysis. Although lactic acid was probed4&ter

h of for a PLA microparticle, this was not possible to do for other formulations studied.
This was thought to be due to the rather large size of the ATR dissolution cell (an 18
mm high, 20 mm wide cylinder) used and kaege volumeof water (~2 ml).

A much smaller cell (2 mm x 2 mm x 1 mm) that only covers the ATR crystal could be
designed for such experiments, which would certainly increase the chances of having
reducedcirculation thereby increasing the possibility of keeping mobile molecules

within the field of view.

The decrease in WM of PLGA upRQ LUUDGLDWLRQ ZDV GHPRQ
implementing a flow cell on to the ATR accessory with very low flow speed could also

be used in line with gel permeation chromatography facilitating probingretfiffe
degradation products that would provide information on effect of processes such as

irradiation etc.

6.3.4 Reaktime Monitoring of Drug ReleasdJsing FTIR Imaging

HPLC-SEC analysis indicated protein aggregation and formatiomGdéi dimers and
trimers @ V Wirradiation. Due to the time constraints detailed image analyses were not
conducted on deconvoluting protein secondary structure and second derivative spectra
did not facilitate discrimination between hGiHonomers, dimers and trimevghich

were all cttected by IR.

Although it was possible to conclude that aggregated protein molecules were not being
released but monomers were, it is still an unknown whether at any stagettaneat

time micro fdissolution experimentif dimers and/or trirars wereactually being
released too. Therefore a flow cétted on to the ATR accessomnd the use ofery

low flow velocity could also be used in line with a HPASEC system in order to

answer this question.

Due to the time constraints, the effect of storageditions (i.e. relative humidity,

temperature) was not studied during this work. Further research could be conducted on

the formulation studied here and certainly with formulations including different
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amaunts and/or types of excipients because Poloxa&férwas shown to degrade at a
great extent compared to other components of the formulation. The effect of excipients
on realtime in situ protein release could be conducted using the ATHR imaging

methodology developed in this thesis.

SEM was shown to rpvide valuable information orthe morphology of the
microparticles at 20 nm spatial resolution that was not possible even by micro ATR
imaging (-5 pum). However considering the sample preparation procedure, i.e. coating
with gold, and the effect of-keamradiation on the samples, although minimal, atomic
force microscopy (AFM) could also be used to charactetis morphology.
Particularly, thepostulatedprotein redistribution towards the sample surface, induced

by gamma irradiation, could be better cluaeased by AFM.

Further work could also include investigating the distribution and nature of the
microparticles and the protein(s) within the microparticles with in tissue after injection.
Tissue sections could easily be imaged -dmtructively by FTIR maging in
transmission or transflection modes which could be used to probe the microparticles

within tissue andelease and redistribution of proteins therein.
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Attenuated total re”ection-Fourier
time to monitor the redistribution
set of dissolution experiments at 37 Cin D,O. The effect of gamma-irradiation,
method, on hGH release kinetics from such systems has been demonstrated. Increasing the gamma dose
was shown to have a profound in"uence on the nature of the release mechanism, with higher gamma
doses leading to adramatic increase in the initial burst release followed by aretardation in the sustained
release and alower total level of hGH release over the dissolution experiment. These changes were shown
to be the result of a combination of factors; “rstly, via scanning electron microscopy (SEM), gamma-
irradiation was shown to strongly in"uence the morphology of the PLGA/PLA microparticles;
their overall porosity and reducing the available surface area, whilst forcing some of the entrapped hGH to
the microparticle surface. Secondly, from FTIRmeasurements, gamma-irradiation
the number of oxygenated components in the Poloxamer 407 excipient, by a process of chain scission,

transform infrared (ATR-FTIR)imaging has been applied for the “rst
and release of hGH from arange of PLGA/PLAmicroparticles during a
a common sterilisation

reducing

was shown to increase

thereby increasing the strength of interaction between the microparticle and the entrapped hGH.

© 2014 Published by Elsevier B.V.

1. Introduction

Peptides and proteins cannot readily be delivered by traditional
routes such ashby oral, nasal or pulmonary delivery due to their high
molecular weight, hydrophilicity and labile nature. Consequently
such drugs are normally administered by injection to therapeu-
tically tackle a number of conditions. To treat growth hormone
(hGH, a 22 kDa protein) de“ciency in children with hypopitu-
itary disorders and in adults, this normally results in the need
for daily injections for a period of several years which is par-
ticularly challenging for children. Encapsulation of drugs such as
proteins in biodegradable polymer matrices, such as PLGAfor sus-
tained release, offers a solution to the problem of delivery of drugs
effectively to the patient with minimal inconvenience and also con-
trolling druges release into the body over time, thereby removing
the necessity for frequent administration and improving patient
compliance and treatment ef‘cacy.

Selected paper presented at 7th International Conference on Advanced Vibra-
tional Spectroscopy, Kobe, Japan, August 25...30,2013.
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A sustained release formulation of hGH can be achieved by its
encapsulation into injectable microparticles of biodegradable and
biocompatible polymers such as PLGA or PLA. After injection the
encapsulated microparticle slowly releases the hGH via a degrada-
tion mechanisms of the polymer to lactic or glycolic acid which are
rapidly cleared from the body via the renal system.

To date solvent-based methods such as emulsi“‘cation have
been most often used to manufacture PLGA based microparticle
drug delivery systems. However, the use of solvents can lower
the biological activity of any encapsulated protein or peptide
through degradation at phase boundaries [1]. One route to over-
come these dif‘culties isto use supercritical carbon dioxide (scCO,)
that removes the need for solvents during processing, such as
in the PGSS(particles from gas saturated solutions) method for
the production of sustained release systems including polymer
matrix microparticles [2]. Novel sustained release formulations of
hGH prepared by supercritical "uid processing of PLGA/PLA (the
CriticalMix ™ process) were produced in the form of microparticles
for subcutaneous injection [3]. We have taken a formulation that
has been evaluated in vivo in rats and monkeys, showing up to two
weeks more of ef‘cacious hGH release compared to a daily injec-
tion of soluble hGH, and investigated its real time release using
ATR-FTIRimaging for the “rst time. This study also evaluates the
effect of -irradiation  on the physical and chemical structure of the
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microparticles and attempts to draw links between chemical and
morphological changes and the in vivo release of the entrapped hGH
from single microparticles.

Pharmaceutically relevant microparticles for parenteral use
must be well characterised in terms of their size range, morphology
and function. It is widely understood that the chemistry and mor-
phology of microparticles have a degree of interdependence asthe
morphology of microspheres can vary depending on their chemi-
cal state after preparation. This therefore can strongly affect drug
release behaviour from microspheres [4...6].

Often, pharmaceuticals have to be sterilised before use and for
polymeric microparticle drug delivery systems, -irradiation is a
well-established method to achieve this [6,7]. Prior to sterilisation
of pharmaceutical products using -irradiation, it is essential to
determine any effects that this process may have on the materials,
as each polymer reacts differently to ionising radiation. Therefore
the maximum dose that can be administered to sterilise the product
must to be validated.

Fourier transform infrared (FTIR) spectroscopic imaging facil-
itates spatiotemporal images of individual components of multi-
component systems under dynamic conditions such as dissolution
[8]. It has become a popular spectroscopic imaging approach,
particularly for pharmaceutical research, asit allows not only moni-
toring the physical and chemical changes of individual components
over time, but also gives quantitative information such as drug
release rate and polymer matrix degradation rate from the same
experiment [8...10].

Collecting thousands of IR spectra simultaneously using a 2D
focal plane array detector in which each pixel acts asan individual
detector, astack of 2D images at arange of mid-IR energies can be
generated within afew minutes.

The application of the attenuated total re’ectance (ATR) samp-
ling techniqgue in FTIR imaging has been increasingly reported
particularly in pharmaceutical research [11,12] as it is advanta-
geous compared to transmission and trans”ection FTIRmainly in
that the shallow (2...10m) depth of penetration (i.e. the depth at
which the electric “eld amplitude is attenuated to St of its initial
value at the sample surface) of IRlight in to the sample facilitates the
visualisation of formulations within aqueous media (as the water
bands cannot suppress the signal from the sample as a result of
this shallow penetration depth) and species can be probed in their
natural state asno sample preparation is necessary [13].

Micro-ATR-FTIR imaging with a Ge internal re”ection element
(IRE) provides higher spatial resolution when compared to trans-
mission and trans”ection measurements but with a much smaller
“eld of view [14]. Consequently, ATR-FTIRimaging in macro mode
in which the infrared beam from the spectrometer is passed
through the IREand collected at the FPAwithout the use of a micro-
scope is more convenient compared to micro-ATR asit provides a
larger “eld of view and readily facilitates the use of a temperature
controlled environment for studying dynamic systems [15].

FTIR spectroscopy has been used for studying the interactions
of carbohydrates with dried proteins [16], assessingthe integrity of
the hGH encapsulated in PLGADby spray-freeze-drying and water-
in-oil-in-water ~ double emulsion methods [17] and assessing the
effect of excipients in lysozyme and BSA loaded microspheres
prepared by a double-emulsion technique [18]. The lysozyme dis-
tribution in microtomed PLGAmicrospheres prepared by a w-o-w
solvent evaporation method has been studied by FTIR imaging
in transmission mode and the second derivative protein amide |
band images shown a homogenous distribution of protein [19].
The use of real time FTIR imaging for characterisation of a drug
delivery system [9] and dissolution of tablets [20,21] has been
demonstrated. Although distinct sample-solvent interfaces along
one axis of the “eld of view were monitored and release and redis-
tribution of various active pharmaceutical ingredients (APIs) were

investigated in these FTIR imaging studies, there is no litera-

ture regarding demonstration of the application of real time FTIR
imaging to (i) study the release of proteins or peptides from
biodegradable microparticles in situ and (ii) the assessment of the
effect of -irradiation on stability of PLGA microparticles and on
the release of the protein from the microparticles, therefore our
study aims to address these aspects of vibrational spectroscopy
applied to pharmaceutical research. Generally, kinetic processes
such as release (including the burst release phenomenon, which

is critically important for assessing sustained release from drug
delivery devices) and matrix degradation in protein based API
loaded biopolymer microparticles are monitored by a combination

of various conventional methods including; differential scanning
calorimetry  (DSC), gel permeation chromatography (GPC), x-ray
diffraction and infrared (IR) absorption spectroscopies [6], nuclear
magnetic resonance (NMR) and electron paramagnetic resonance
(EPR)spectroscopies [5] and UV...visspectrophotometry [3] on bulk
samples (i.e. multiple microparticles). This paper demonstrates

the possibility of obtaining such important quantitative chemical
information by using FTIRspectroscopic imaging alone on a single
microparticle which allows the morphological visualisation of the
kinetic processes involved, which is not available by bulk methods.

2. Experimental
2.1. Materials

PLGA RG502H (50:50 lactide:glycolide, 1.V. 0.16...0.24,
Bohringer-Ingleheim)  with an inherent viscosity of 0.16...0.24dl/g,
PLA R202H (100:0 lactide:glycolide, I.V. 0.16...0.24, Bohringer-
Ingleheim), with an inherent viscosity of 0.16...0.24dl/g,
pharmaceutical grade CO, (BOC Special Gasses) were used as
received. hGH was kindly donated by Bioker (Sardinia, Italy) and
Poloxamer 407 (Lutrol ® F127) was obtained from BASF (Lud-
wigshafen, Germany). D,0O (613398-10G, min. 99.996 atom) and
beess wax (243248-100G) were purchased from Sigma...Aldrich
Company Limited, UK. Technovit 7100 embedding resin kit was
purchased from Kulzer & Co.,Germany.

2.2. Preparation of microparticles using scCQ processing

The method of PGSYparticles from gassaturated solutions) uses
the ability of scCO, to depress the glass transition and melting tem-
perature of biodegradable polymers at ambient temperatures and
moderate pressures. scCO, acts effectively asamolecular lubricant,
thus liquefying polymers at temperatures signi“‘cantly lower than
those typically needed. The near ambient temperatures together
with the absence of any aqueous or organic solvents makes the PGSS
method particularly suited to the processing of thermally or solvent
labile proteins and peptides, with the advantage that they can be
encapsulated with 100% ef‘ciency with no protein degradation or
loss of activity.

Aformulation of hGH loaded PLGA/PLAmicroparticles were pre-
pared using a CriticalMix ™ process by adding 2 g of pre-weighed
combination of spray dried hGH (10%, w/w of the formulation),
PLGA and PLA in 90:10 ratio respectively (81%, w/w of the for-
mulation) and GRAS excipient, Poloxamer407 (9%, w/w of the
formulation), to the PGSSapparatus which was sealed and pres-
surised with CO, to 700 psi (48 bar) and once heated to above 32 C
the pressure was increased to 2030 psi (140 bar). The scCO, was dis-
solved into the lique“ed mixture which was then stirred at 150 rpm
for 1h, after which time stirring was stopped and the homoge-
nous mixture was depressurised through a nozzle generating free
"owing microparticles into a collection chamber [3].
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Fig. 1. (a) White light image of a microparticle placed on the ATR crystal prior to starting the experiment. (b) Schematic of the dissolution experiment; the anvil applies
suf‘cient pressure to ensure good contact between the particle and the ATRcrystal, whilst making sure D,O can only accessthe particles from the sides.

2.3. Sample preparation for micro-ATR-FTIR imaging

hGH loaded PLGA/PLA microparticles were embedded in
a hydroxyethyl ~methacrylate based resin (Technovit 7100) as
described by van de Weert et al. [19] and sliced to 4 m thickness
using a Reichert-Jung Ultracut E ambient ultramicrotome with a
glass knife.

2.4. Scanning electron microscopy

To obtain topographic contrast of the microspheres before and
after irradiation, scanning electron microscopy (SEM) was per-
formed using a FEINOVA 200 NanoSEM. Images were formed using
the secondary electron signal with a spatial resolution of 2 nm.
The sample was sprinkled onto an adhesive carbon tab on an alu-
minium stub and sputter coated with gold (20 nm) in an Argon
atmosphere.

2.5. -Irradiation

Raw polymers and scSO, produced microparticle formulations
were irradiated by using 69 Coasirradiation source (Synergy Health
PLC,Swindon, UK) at a few kGy/h dose rates ensuring a targeted
total dose in accordance with the 1SO 11137 standard. The sample
temperature was kept at near room temperature during irradiation
using thermometric controls. 30 mg of the polymer samples were
sealed in a glass container and irradiated at 25 and 100 kGy total
dose in air.

2.6. ATR-FTIRspectroscopy

ATR-FTIR spectra were collected on a Thermo Nicolet Nexus
instrument  as single beam spectra by co-adding 128 scans at a
spectral resolution of 4cmS? and ratioed against the single beam
spectrum of the blank ATRcrystal at room temperature.

2.7. Micro-ATR-FTIRimaging

Micro-ATR-FTIR images were collected with the setup that con-
sists of an Agilent 680-IR FT-IR spectrometer operating in rapid
scan mode attached to an Agilent 620-IR microscope with a Ge
ATR crystal “tted on to a 15x Cassegrain objective and a liquid

nitrogen cooled mercury cadmium telluride
detector MCT-FPA (64 x 64 pixels). }
Images were collected with a4 cm®! spectral resolution in the
mid-infrared range (3800...9500m31) co-adding 64 scans for both
background (Ge crystal in air) and samples. The high refractive
index (4) of the germanium crystal allowed a spatial resolu-
tion of 4 m within the 64 m x64 m “eld of view for this

setup.

focal plane array

2.8. Macro-ATR-FTIRimaging of drug release from individual
microparticles

Mid-infrared  (3800...950cm él) spectroscopic imaging data in
Macro-ATR mode were acquired using an Agilent 680-IR FT-IRspec-
trometer attached to a large sample (LS) external compartment
holding a Golden Gate™ Imaging Single Re"ection ATR Accessory
(SpecacLtd.) which has aDiamond internal re”ection element with
corrective optics that adjusts the plane of best focus to sit on the
crystal surface minimising any distortion. The infrared beam from
the spectrometer was projected directly on to a liquid nitrogen
cooled MCT-FPA (64 x 64 pixels, 10 m x 10 m pixel size) after
passing through the ATRsampling accessory. This ATR-FTIRimag-
ing setup was capable of simultaneously collecting 4096 spectra
from an image area of 640 m x 640 m with an angle of inci-
dence of the infrared beam of 45 and numerical aperture (NA) of
0.32.

A single microparticle was placed on to the centre of the square
surface of the ATR crystal with the aid of a 40x binocular micro-
scope. A uniform contact between the particle and the crystal with
minimal deformation was obtained applying suf‘cient pressure
to the auto-level sapphire anvil [22]. Minimal deformation was
ensured, such that the same particle could be picked up using the
same needle without leaving any residue on the ATRcrystal. After
collecting a «drys image at 37 C, 2 ml of D,O that had been pre-
heated to 37 Cwas injected into the cell in such away that access
to the particle was limited to the sides only asshown in Fig. 1. The
raw images were collected in rapid scan mode taking 5 min using
the Agilent Technologiese ResolutionsPro FTIR Spectroscopy soft-
ware version 5.2.0(CD846) with 128 co-added scans at an 8cmSt
spectral resolution, and processed by ratioing against a background
of the blank ATR crystal with 256 co-added scans also collected at
37 C.
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Fig. 2. (@) An illustration of atypical, CriticalMix ™ processed microparticle where strands represent mixed polymers and dots represent the homogenously distributed hGH

particles. (b) White light image of 3 microparticles embedded in resin and microtomed to 4 m

thickness (c) Micro ATR (Ge) peak height images from the area shown with

the box in the white light image, showing resin (1724 cmél), PLGA/PLA(1755 cmél) and hGH (1650 cmgl) from left to right respectively.

2.9. Data processing

Hyperspectral image cubes were processed using Malvern
Instrumentse 1Sys 5.0 chemical imaging software. Raw processed
image “les were cropped between 1820 and 1000 cmSt, a region
which contains a number of characteristic bands associated with
PLGA/PLA polymers, protein amide | band 1650 cmS! and the
§(OD) band of D,O at 1207 cm®>t.

A Savitzky...Golay second derivative with a polynomial order of
3 and “lter length of 29 was applied to cropped imaging data in
order to eliminate baseline drift. Second derivative images were
then vector normalised in order to remove systematic discrepan-
cies such asvariations in detector sensitivity or sample contact and
therefore to minimise intensity (Log(1/R)) variance.

3. Results and discussion

ATR-FTIR spectroscopy facilitates the generation of chemical
“ngerprints  of individual species and permits the monitoring of

Table 1

Vibrational assignments for PLGA50/50, PLA,Poloxamer 407, resin, D,O and hGH within

reaction and/or release kinetics due to the fact that unique molec-
ular vibrations within a mixture can be assigned to different
components within that mixture. As the evanescent wave effec-
tively limits sample thickness, strongly absorbing molecules such
as water can be observed facilely and this opens up the opportu-
nity to observe systems where a sample is placed in contact with
an aqueous medium. FTIRimaging permits the collection of tem-
poral images of such multicomponent systems in aqueous media
in which changes in the chemistry of such species can be spatially
resolved in real time. In pharmaceutical research, this hyperspec-
tral imaging approach using non-destructive IR light, particularly
in ATRmode requiring no sample preparation or the use of dyes or
chemical labels, is a unique toolbox for formulation design allow-
ing characterisation of static samples, with ashigh as 4 m spatial
resolution in micro mode, whilst facilitating the monitoring of
dynamic physical and chemical changes occurring within formu-
lations [10].

The CriticalMix
nous distribution

process is thought to produce an homoge-
of API throughout the porous microparticles as

the “nger print region (1820...1000cm®!); as antisymmetric, s symetric, 3 bending,

rocking, stretching,  twisting, wagging, all given in cmSt.
PLGA PLA hGH Poloxamer 407 Resin D,0O Assignment
1745 1745 1727 (C=0)
1658 Amide |, (C=0)
1635 §(OH)
1540 Amide 11, $(NH)
1452 1450 1450 1466 1484 $as(CH3)
1422 1450 §(CH)
1394 1394 1395 (CH)
1381 1379 1374 §5(CH3)
1360 1362 1304 1359, 1341 1323 §(CH)
1270 1266 1280, 1241 1274, 1249 (CHy)
1245 25(PO)
1207 §(OD)
1167 1184 1146 1144, 1100 1154 as(COC)
1131 1127 2s(CHz)
1104 s(PO)
1086 1084 1077 1074 s(COC)
1048 1045 1049 1059 1020 (C—CHa)
990 s(PO)
957 957 942 962 948 (CH3)
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Fig. 3. False colour ATR-FTIR images of (a) non-irradiated, (b) 25 kGy -irradiated

and (c) 100 kGy -irradiated

microparticles showing second derivative peak height

distribution of PLGAat 1755 cmS!, hGH at 1650 cm ! and D, O at 1207 cmS? as a function of time.

depicted in the illustration in Fig. 2(a). This was evaluated by
microtoming a4 m section of agroup of microparticles within an
embedding medium highlighted by the red box in Fig. 2(b). Using
mid-IR imaging in micro-ATR mode utilising aGeATRcrystal which
provided a spatial resolution of 4 m within 64 m x64 m
“eld of view, the distribution of polymer and API within these
particles was determined.

Table 1 shows the list of important peaks included in “nger-
print region of the ATR-FTIR spectra obtained from pure samples.
From this table, it can be seen that the most intense poloxamer
407 peaks overlap with PLGA/PLApeaks however very strong peaks
are readily available at discrete wavenumbers for the rest of the

samples. Also it will be discussed later on in the macro-ATR images,
the $(OD) of D, 0 also becomes distinct when asecond derivative is
applied.

Fig. 2(c) shows the integrated peak height distribution of the
resin at 1727 cmS1, PLGA/PLAat 1755 cm ! and hGH at 1650 cm St
from left to right respectively. The distribution of PLGA/PLA and
hGH, middle and right hand side images in Fig. 2(c) respectively,
clearly show a good correlation between the high intensity (red)
regions of PLGA/PLAand hGH. This is in contrast to the resin distri-
bution, which shows an anti-correlation to both components. This
is strong evidence of the homogenous distribution of hGH protein
with in the PLGA/PLAmicroparticle layer.
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Fig. 4. SEMimages showing typical (a) non-irradiated, (b) 25 kGy and (c) 100 kGy

-irradiated  microparticles.
FTIR imaging in macro-ATR mode has been demonstrated
to facilitate imaging a variety of temporal information such as

the morphological evaluation of different components, redistri-
bution and/or release of species at polymer/solvent interfaces
and the occurrence of new species during chemical reactions
under the conditions of interest [10,12,15,23]. However release
of active pharmaceutical ingredients (APIs) form single polymeric
microparticles and monitoring the redistribution of API einsidee
a microparticle  has not previously been studied by ATR-FTIR
imaging.

To investigate the morphological and chemical evolution of a
protein loaded polymeric microparticle in real time using ATR-FTIR
imaging in macro mode and to explore the effect of -irradiation on
such protein loaded PLGA/PLAmicroparticles, we have taken 3 sin-
gle microparticles that had been subjected to -irradiation at doses
of 25 and 100 kGy, as well as a control sample (same formulation
without -irradiation) and monitored their interaction with water
asafunction of time at 37 C.The experiment is setup in such away
that the interaction between the particle and water will only occur
at the interfaces that we are monitoring, effectively creating a 2D
experiment.

Fig. 3(a) shows six false colour images obtained by plotting the
intensity distribution  of the PLGA/PLAester carbonyl (1755 cm%l),
protein (hGH) Amide | (1650 cmSt) and D,0 $(OD) (1207 cmSt).
The “rst column of images show the distribution of polymer,
hGH and D, 0O, respectively, before the dissolution experiment was
started and are therefore labelled «drys. From these <drys images a
homogenous distribution of hGH within the polymer matrix can
be observed once again, complementing the micro-ATR image of
the sliced sample shown in Fig. 2(c). Therefore we have con“dence
that the surface (up to 10 m) we are probing with IR light in
this experiment is representative of internal structure of the micro-
particle, as expected from the CriticalMix ™ manufacture of drug
loaded microparticles [2,3].

The “rst row of images shown in Fig. 3(a) shows the change
in the distribution of the PLGA/PLA component of the control,
i.e. un-irradiated, hGH loaded PLGA/PLA microparticle. To a “rst
approximation this set of images can be used to monitor the
dimensional changes of the microparticle during the dissolution
experiment. In the PLGA/PLAimage collected after 1h, image set
there is evidence of an interface layer of hydrated PLGA/PLAaround
the particle even at this short time, with a decreasing D,0O con-
centration from the aqueous dissolution medium towards the
particle centre and some evidence of particle swelling. Within 24 h
the PLGA/PLA microparticle (red) appears to have swollen fur-
ther, becoming larger, whilst still being surrounded by a hydrated
PLGA/PLA layer (yellow), and over time the size of the particle
stays almost the same in terms of visual representation. The bot-
tom row of Fig. 3(a), shows the complementary image data set of
D,Odistribution asafunction of time. These images show a strong
anti-correlation  with the PLGA/PLAimage dataset and verify the
signi“‘cant amount of swelling in this system, asone might expect,
due to the inclusion of the excipient Poloxamer 407 at 9% (w/w)
in the formulation, making the microparticles more hydrophilic
[24,25]. It is worth noting that after 1 h, D,O is present, albeit at
alow level, everywhere within the particle, almost certainly due
to a combination of the particle hydrophilicity and its porosity.
Over the duration of this experiment (334 h, 14 days) we cannot
observe any major evidence of eshrinkinge of the PLGA/PLAparticle,
implying this observation would require a much longer sampling
period, perhaps several months at 37 C.This not only shows the
well-documented suitability of PLGAand PLAto act as biodegrad-
able drug carriers, providing sustained release for several weeks
to months, but also suggests that protein release from this system
is dominated by diffusion rather than erosion, during the “rst 2
weeks, which may be expected due to the system being porous.
The hGH distribution images (middle row, Fig. 3(a)), were gener-
ated by plotting the Amide | peak height at 1650 cmS!, show a
change in the distribution at short times (<24 h) as the polymers
are initially swollen and this is followed by a gradual decrease of
overall hGH intensity distribution asa function of time. It is worth
noting that the dimensions of the hGH rich region are somewhat
smaller than their polymer and D,O counterparts. One explana-
tion for this is that the hGH is being lost into the D,O media at the
interfaces.

Fig. 3(b) shows the equivalent false colour infrared images
for the data described in Fig. 3(a), obtained from a hGH loaded
PLGA/PLA microparticle that has been subjected to 25kGy -
irradiation. The PLGA/PLA and D,O distribution maps are quite
similar to those shown in Fig. 3(a), and the hGH distribution images
are once more much smaller than both the polymer and D,O
images. Any change to the colour intensity of the hGH rich region as
afunction of time after 24 h is more dif‘cult to ascertain by visual
inspection.

Fig. 3(c) shows analogous image data sets for a hGH loaded
PLGA/PLA microparticle that has been subjected to 100 kGy -
irradiation, and although at “rst glance the polymer and D,O
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Fig. 5. (a)Release pro‘les obtained from 5x 5 pixels regions of images of non-irradiated and -irradiated  microparticles undergoing dissolution. Error bars indicate standard
deviation between 3 ROlsused to obtain each data point.(b) The “rst 4 h data shown in (a), to provide clarity error bars are removed.

distribution images look similar to those depicted in Fig. 3(a) and
(b), aremarkable rapid release of hGH around the microparticle can
be seen in the 1 h image and to a lesser extent, in 24 h image, this
may be due to the hGH being dissolved in the surrounding media
during the ensuing 23 h. The subsequent time resolved hGH distri-
bution maps contain fewer red pixels (i.e. high intensity regions)
within the hGH images compared to the earlier time points, there-
fore it can be assumed that the most of hGH has been released
during this initial hydration process; the so called burst release
effect. Subsequent time resolved images show a slow reduction in
intensity of the hGH distribution maps. Closer inspection of the
D, O distribution maps, show a higher concentration of D,O (as
denoted by the blue/green colour) within the body of the micro-
particle from 1h when compared to both the un-irradiated and
25 kGy -irradiated hGH loaded microparticles.

It is clear that both geometry and morphology could have a
strong in"uence on the release characteristics of ahGH loaded poly-
mer microparticle, with porosity in particular likely to determine
the rate of hydrolytic degradation and therefore drug release from
such systems [26]. SEMwas used to explore the morphology of the
non-irradiated and irradiated microparticles. SEM s a tool that is
readily applied to the microscopic characterisation of particles and
other polymer surfaces [27].

Fig. 4 shows the SEM images of (a) non-irradiated, (b) 25 kGy
-irradiated and (c) 100 kGy -irradiated  microparticles. There
are clear differences in morphology between the different micro-
particles, the -irradiated particles have a smooth surface and
appear to be non-porous but with signi“‘cant amounts of irregular
particles, possibly hGH, attached to the surface. However the
non-irradiated particle has arough, non-uniform and porous mor-
phology with inherently higher surface area than the -irradiated
microparticles.

The use of FTIRimaging data to monitor drug release has been
validated previously using an experimental setup that combined a
UV detector to monitor the release of APl from a tablet subjected
to water "ow during macro ATR-FTIRimaging and compared this

to conventional dissolution test data of the same sample type [28].
Release pro‘les obtained from the two methods were shown to be
very similar. By conducting measurements in situ using FTIRimag-
ing, we can follow chemical changes by monitoring speci‘c IRbands
of components in a “xed area in a temporal image set and quan-
tify the relative amount of that species released during adissolution

process. In each set of temporal images; non-irradiated, 25 kGy irra-
diated and 100 kGy irradiated, we have chosen 3 square regions
(50 m x50 m) of interest (ROI) from hGH rich zones within the
microparticles by visually assessing the 1h images in each data
set. By calculating the decrease in area under amide-l peak at
1650 cmS! in the binned, normalised temporal spectra from the
ROIswe can generate arelease pro“le by assuming the decrease in
hGH signal at time =t (compared to hGH signal at time =0) is pro-
portional to hGH released at that time point. Using this approach
it is feasible to generate a dissolution plot that is analogous to a
release pro“‘le from astandard USPI UV-dissolution experiment.

Fig. 5(a) shows the 3 release pro‘les obtained from tempo-
ral image sets of 0, 25 kGy and 100 kGy -irradiated hGH loaded
microparticles shown in Fig. 3(a), (b) and (c), respectively, includ-
ing additional time points for images not shown. Data points in
Fig. 5(a) are generated from the average of overall intensity from
the 3 binned and normalised ROlsand error bars indicate standard
deviation. It is evident that in Fig. 5(a) for all three release pro“les
there are two distinct regions; “rstly a rapidly increasing initial
period followed by a second phase that almost represents a “rst
order line pro‘le with aslope close to zero.

In Fig. 5(b), this initial period in Fig.5(a) up to 4 h, is plotted once
again for better visualisation for evaluation of the burst release phe-
nomenon. The release pro‘le from the non-irradiated hGH loaded
microparticle is showing an initial burst within the “rst few hours
followed by a slower rate release for the duration of the experi-
ment reaching aplateau sometime after 72 h. This release pro“le,
obtained from a single microparticle, is very similar to the release
pro“le obtained by standard dissolution testing using UV detec-
tion [3] for the 10 mg of a similar formulation, both suggesting a
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Fig. 6. ATR-FTIRspectra of non-irradiated and -irradiated;

rapid initial release based on diffusional escape through the pores
existing in the microparticles, followed by a slower sustained
release based on degradation of the polymers, indicating a high
encapsulation ef‘ciency (100% [3]).

Fig. 5(a) also indicates that the total hGH release from the irra-
diated formulations is lower overall and particularly after reaching
the plateau levels compared to the non-irradiated microparticle.
This may be due to changes in the particle morphology, changes in
the chemistry of the microparticle or some combination of the two.

The hGH release pro‘le from the hGH loaded PLGA/PLAmicro-
particle which has undergone 100 kGy irradiation, once again,
shows a markedly high initial burst release particularly within the
“rst 2h (Fig. 5(b)) which was also evident in Fig. 3(c) in the 1h
image compared to the rest of the images in that row, indicat-
ing an immediate and high release of hGH that is too fast to be
a polymer degradation or diffusion controlled. -irradiation caus-
ing this kind of an increased burst effect was also reported by
Carrascosaet al. [29] who investigated recombinant human insulin-
like growth factor-l (rhiGF-1) release from PLGA microspheres by
SEM, UV-dissolution and differential
It is also evident from the SEMimages that the 100 kGy irradiated
hGH loaded microparticle has a smooth surface and appears have
a non-porous morphology (Fig. 4(c)) compared to the very porous
non-irradiated  particle (Fig. 4(a)), therefore the initial burst from
100 kGy -irradiated particle is likely to be occurring due to surface
bound hGH, that is made available at the surface of the microparti-
cle during the -irradiation  process. Unlike both the un-irradiated

= = 25 kGy Gamma-irradiated

(a)formulation,

scanning calorimetry (DSC).

1400 1200 1000

[cm~]
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(b)hGH, (c)PLGA50/50, (d)PLA and (e)Poloxamer 407.

and the 25 kGy -irradiated sample, following its burst release, the
100 kGy -irradiated  formulation shows zero measurable release
after 48 h. For the non-irradiated and 25 kGy -irradiated  micro-
particles it takes about up to 3 days for this to be the case. It is also
worth remarking that the total amount of hGH that is being released
after the initial burst appears to be much less than is observed in
the other micropatrticles.

The release from the 25kGy -irradiated formulation shows
similarities to both the non-irradiated and the 100 kGy -irradiated
microparticles; its initial burst pro“le is similar to the 100 kGy -
irradiated formulation, indicating high protein availability at its
surface, but it takes longer to reach a plateau similarly to that
observed in the non-irradiated microparticle and the total amount
of protein released appears to be in between that of non-irradiated
and 100 kGy -irradiated samples, indicating an intermediate level
of protein release due to degradation of the polymers at longer
times. Considering the morphology of the 25kGy -irradiated
microparticles (Fig. 4(b)) being very similar to typical 100 kGy -
irradiated particles; non-porous and smooth, a lower amount of
release at longer times when compared to non-irradiated particles
could be expected. This is a “nding which is in agreement with
that of Dorati et al. [5] who studied effect of -irradiation on PLGA
microparticles containing ovalbumin using a combination of NMR,
SEM and EPR.

Single point ATR-FTIR spectroscopy, collecting the average IR
signal from a sample facilitates very high signal to noise ratio
(SIN) in each spectrum when compared to imaging with an FPA
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IR detector, hence may provide much more detailed vibrational
information that may not be readily obtained from data collected
using FPAdetectors in imaging mode. Therefore in order to assess
the effect of -irradiation on the chemistry of the microparticles
and therefore infer their in"uence on hGH release, we also con-
ducted ATR-FTIRmeasurements on bulk samples (both -irradiated
and un-irradiated).

Fig. 6 shows the “ngerprint region (1820...1000 cmél) of ATR-
FTIRspectra of the non-irradiated, 25 kGy -irradiated and 100 kGy
-irradiated hGH loaded micropartcles and pure components of
the formulation. No noticeable change in the infrared spectra was
observed asaresult of being subjected to -irradiation on the hGH
loaded microparticles, the PLGA, PLA or hGH components. (Fig. 6
(a)...(d)).

However, close inspection of the data collected from the Polox-
amer 407 samples showed the appearance of a carbonyl band with
increasing intensity proportional to the applied dose, indicat-
ing -irradiation induced degradation. Poloxamers are excipients
that are used in drug carriers, such as PLGA micro or nano parti-
cle formulations, to enhance the release of drugs [24,25]. Therefore
the degradation of Poloxamer407 is likely to have an impact on
the release rate of the hGH loaded samples. When subjected to -
irradiation, polymers may undergo chain scission or cross-linking.
Dorati et al. [4] have shown that for PEGbased polymers at higher -
irradiation doses, chain scission is the predominant process leading
to a greater number of oxygenated species and shorter PEGchain
lengths. Increasing the number of oxygenated species in a micro-
particle is likely to have a signi“‘cant impact on the dynamics of
hydration due to an increase in the hydrophilicity and the strength
and nature of interactions occurring between the species contained
within that microparticle. In this instance, the increase in the num-
ber of oxygenated species appears to have signi“cantly increased
the rate of hydration, leading to afaster and more pronounced ini-
tial burst release of hGH. The increase in the number of oxygenated
species within the microparticle may also in"uence the strength of
interactions between the polymeric species and the encapsulated
hGH, leading to aretardation of the sustained release rate after the
initial burst. These “ndings are in agreement with those of Dorati
et al. [5] who ascribed aretardation in the release rate of OVA from
-irradiated PLGA-PEGmicrospheres, when compared to their un-
irradiated counterparts, to be due to a combination of changes in
the morphology of the microparticles and an increase in the magni-
tude of the interaction between the polymer matrix and the protein.
Although our system is not identical to that studied by Dorati and
co-workers [5], Poloxamer 407 is atri-block copolymer of PEG-PPG-
PEG,therefore we can anticipate the effect of -irradiation on these
hGH loaded microparticles to be quite similar.

4. Conclusions

ATR-FTIRhas been shown to be a successful method to monitor,
in situ, the release of hGH from PLGA/PLAmicroparticles, providing
important information about the mechanism of release. Utilising
the chemical selectivity of the infrared methodology, hGH release
pro“les, analogous to those obtained using standard dissolution
apparatus have been obtained for microparticles subjected to a
range of -irradiation doses. The release mechanism of hGH from

these microparticles has been elucidated with the release kinetics
changing as a result of modi“cations to the microparticle mor-
phology and chemistry during -irradiation. SEM analysis of the
microparticles indicated that -irradiation made them less porous,
reduced the surface area and forced some material, most likely
hGH to the surface. FTIR-ATRanalysis of the individual microparti-

cle components, indicated that -irradiation was leading to chain
scission in the Poloxamer 407 excipient, increasing the number of
oxygenated species within the microparticle and in"uencing the
strength of interactions between the entrapped hGH and the poly-
meric matrix. These “ndings are in good agreement with work
conducted by Dorati et al. [5] and Carrascosa et al. [29] on PLGA
based microparticles containing different protein based APIs.
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For the

rst time, we report a series of time resolved images of a single PLGA microparticle undergoing

hydrolysis at 70 C that have been obtained using attenuated total re ectance-Fourier transform infrared

spectroscopic (ATR-FTIR) imaging. A novel partially supervised non-linear curve
t peaks to the infrared spectrum obtained from each pixel within the 64 64

developed to identify and

tting (NLCF) tool was

array. The output from the NLCF was evaluated by comparison with a traditional peak height (PH) data
analysis approach and multivariate curve resolution alternating least squares (MCR-ALS) analysis for the
same images, in order to understand the limitations and advantages of the NLCF methodology. The

NLCF method was shown to facilitate consistent spatial resolution enhancement as de

ned using

the step-edge approach on dry microparticle images when compared to images derived from both PH
measurements and MCR-ALS. The NLCF method was shown to improve both the SN and sharpness of
images obtained during an evolving experiment, providing a better insight into the magnitude of
hydration layers and particle dimension changes during hydrolysis. The NLCF approach facilitated the
calculation of hydrolysis rate constants for both the glycolic ( kg) and lactic (k.) acid segments of the
PLGA copolymer. This represents a real advantage over MCR-ALS which could not distinguish between
the two segments due to colinearity within the data. The NLCF approach made it possible to calculate
the hydrolysis rate constants from a single pixel, unlike the peak height data analysis approach which

Received 4th October 2013
Accepted 1st March 2014

su ered from poor S/N at each pixel. These ndings show the potential value of applying NLCF to the

study of real-time chemical processes at the micron scale, assisting in the understanding of the
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www.rsc.org/analyst the mid-IR ATR analysis.

Introduction

Multivariate analysis of hyperspectral imaging data is a rapidly
developing research eld and has received considerable atten-
tion over the last decade.! Hyperspectral images that provide
spatial and spectral information at the same time in an array of
pixels and an individual pixel, respectively, can be obtained by a
number of techniques including, X-ray tomography, 2 X-ray
uorescence? Raman microscopy,” and near infrared (NIR)
imaging.®
Over the last two decades Fourier transform infrared (FTIR)
spectroscopic imaging has become routine, facilitating chem-
ical characterization of multicomponent systems under both

aShe eld Hallam University, Materials and Engineering Research Institute, Shedd,

mechanisms of chemical processes that occur within microparticles and enhancing the value of

static and kinetic conditions. ®7 Currently more than 80% of all
pharmaceutical formulations are delivered in a powder format @
and attenuated total re ectance (ATR) mode has proved
advantageous, particularly for pharmaceutically relevant
systems, because the sample can be in any phase, form or shape
therefore no sample preparation is necessary? Micro-ATR-FTIR
imaging with a germanium objective provides a higher spatial
resolution compared to transmission and trans ection due to
the e ective magni cation imparted by the high refractive index
of the ATR crystal material. Conveniently, ATR-FTIR imaging in
macro mode, i.e. without the use of a microscope, provides a
temperature controlled environment for studying dynamic
systems with a larger eld of view.'® In the macro ATR mode,
kinetic processes can be probed with IR light such that each of
the 2D array of pixels of the focal plane array detector acts as an
individual detector, allowing the collection of thousands of IR

S1 1WB, UK. E-mail: C.Sammon@shu.ac.uk; Fax: +44 (0)114 225 3501; Tel: +44 (gbectra Simu|taneous|y_ cOnsequenﬂy, a stack of 2D images ata
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information  (ESI) available. See DOI:
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range of IR wavelengths can be collected within a few minutes,

‘proving good temporal resolution for relatively slow processes.**

The use of ATR sampling in infrared spectroscopy is based
upon the fact that, although total internal re  ection occurs at

Analyst, 2014, 139, 2355-2369 | 2355
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the sample—crystal interface, radiation does in fact penetrate a
short distance into the sample, this is known as the evanescent
eld. The distance that the evanescent eld can travel within a
sample in direct contact with the ATR crystal is de ned as the
depth of penetration ( dy). Harrick and duPre*?de ned d, as the
value at which the initial electric  eld strength (E,) decays to a

value of E, exp * and can be given as;

dp Ya e
2pn, sin’ q 8 n=nB

@)

wherel is the wavelength of light, qis the angle of incidence, n;
and n, are the refractive indices of the ATR crystal and the
sample in contact with it, respectively.** For example, for the
conditions of the experimental setup and sample used in this
study; diamond crystal (n; ¥ 2.42) in contact with PLGA (n, %

1.45), eqgn (1) gives a calculatedd, of 1 nm for | ¥ 5.7 nm
(1745 cm ' where the PLGA carbonyl band shows high
absorption). In practice, the true depth of penetration is

3 times more than the calculated d, value® Clearly, ATR
imaging only probes the near-surface of a sample but this
permits the study of samples in aqueous media (n, ¥a 1.33)
which can be very challenging using traditional approaches
such as transmission. Egn (1) also shows that a good optical
contact between the sample and ATR crystal is critical for
obtaining a uniform absorbance pro le avoiding artefacts
within the eld of view. The Golden Gate™ Imaging Single
Re ection Diamond ATR Accessory (Specac Ltd) has corrective
optics that adjust the plane of best focus to be situated on the
crystal surface thus minimising any anamorphism and an auto-
levelling sapphire anvil that ensures a uniform contact between
the crystal and sample.*

FTIR images, consisting of spectral and spatial information,
must be analysed in detail to convert the data into chemically
and physically signi cant information. ¢ Several methods for
spectral and spatiotemporal data modelling can be used inde-
pendently or in combination, however, the choice of analysis
approach(es) for a series of hyperspectral image sets is deter-
mined by the nature and quality of the spectra and the infor-
mation that needs to be extracted.*®

The main challenge in hyperspectral image analysis on time-
resolved multicomponent data sets is the extraction of the
important information from the large volume of data generated
including overlapping spectral features and noise. For time
resolved experiments that continue for longer than a few hours
unavoidable contributions from variations of atmospheric
water vapour during the experiment has a huge e ect particu-
larly when the spectral region of interest is between 1500-1700
cm 1. This creates complications in the image analysis because
the true peak centre, required for peak height measurements,
may vary between pixels due to the superimposition of the
rotational ne structure of atmospheric water onto the sample
spectrum. Algorithms for subtracting atmospheric water vapour
superimposed on the sample spectrum using a known water
vapour spectrum can be employed for bulk ATR measurements
collected using a single pixel detector. However, this does not
always eliminate the problem in hyperspectral imaging,

2356 | Analyst, 2014, 139, 2355-2369
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because of spectral variations between pixels emerging from the
inherent low signal to noise ratio ( ¥R) compared to single point
IR measurements. Applying a derivative is a common approach
which eliminates baseline e ects in univariate analysis but the
water vapour bands are magni ed by derivatives to such a
degree that spectral information from the sample may be
di cult to observe. Therefore spectra need to be deconvoluted
by using so or hard multivariate methods so that bands from
the sample can be elucidated from the interfering water vapour
signal. The most commonly applied multivariate tools to extract
information from hyperspectral images include principal
components analysis (PCA) and multivariate curve resolution
(MCR) and comparisons between their application have been
discussed elsewhere! 17

The aim of this paper is to evaluate the advantages and
limitations of univariate, hard and so  multivariate approaches
for the analysis of ATR-FTIR images, collected during a dynamic
process in real time. We also investigate the suitability of each
of these analysis approaches for extracting quantitative infor-
mation regarding the changes in the hydration and chemistry of
a single poly(lactic-co-glycolic) acid (PLGA) microparticle and
calculate the reaction rate during hydrolytic degradation.

Experimental

Materials

PLGA RG752H (75: 25 lactide : glycolide, 1.V. 0.18).24, Boh-
ringer-Ingleheim) pharmaceutical grade CO, (BOC Special
Gasses) were used as received. Water used in the experiments
was puri ed with the ELGA Purelab option-R water distillation
apparatus (Up to 15 MU cm, Type |l water) and degassed using a
Fisherbrand FB11004 ultrasonic bath at ambient temperature
and 100% ultrasound power for 15 minutes.

CriticalMix ™ process

PLGA is a random copolymer of poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), and is a U.S. Food and Drug Adminis-
tration (FDA) approved, biodegradable'®*® synthetic polyester
that is physically strong and highly processable.?® PLGA has
suitable properties for biomedical applications as a sca old#
and sustained release system& and has been comprehensively
studied as carrier matrix for macromolecules such as proteins
and peptides which are considered promising for the treatment
of a range of conditions such as cancer, human growth de -
ciency, and multiple sclerosis.?® The manufacturing process
used to produce the microparticles used in this study was a
simple, one-step process which has been used recently to
encapsulate protein based drugs with 100% encapsulation
e ciency?2* When PLGA is exposed to scC@in a pressure
vessel, the polymer is lique ed. If the liquid is depressurised
through a nozzle, whereby the CO, returns to a gaseous state,
the polymer solidi es resulting in the production of micropar-
ticles. Careful control of the nozzle dimensions and depres-
surisation rate determines the particle size. Batches used in this
study were prepared by adding 2.1 g of pre-weighed polymer, to
the Particles from Gas Saturated Solutions (PGSS) apparatus.

This journal is © The Royal Society of Chemistry 2014
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The apparatus was sealed, pressurised with CQ to 700 psi
(48 bar) and heated to 40 C. Once at temperature, the pressure
was increased to 2030 psi (140 bar). The lique ed polymer was
then stirred at 150 rpm for 1 hour, a er which time stirring was
stopped and the mixture was depressurised through a nozzle
generating microparticles. These were collected in a cyclone
and recovered as a free owing white powder.

Real time ATR-FTIR imaging of reactions

Infrared images were collected using an Agilent 680-IR FT-IR
spectrometer coupled with a liquid nitrogen cooled mercury
cadmium telluride focal plane array detector MCT-FPA (64 64
pixels), capable of simultaneously collecting 4096 spectra from
an image area of 640mm 640 mm using the Golden Gate™
Imaging Single Re ection ATR Accessory (Specac Ltd). This
accessory has a diamond internal re ection element with
corrective optics that adjusts the plane of best focus to sit on the
crystal surface, eliminating any distortion, so that a symmet-
rical point spread function can be assumed. The angle of inci-
dence of the infrared beam was 45 and the numerical aperture
(NA) of the system was 0.32. Images were recorded in rapid scan
mode and typical collection times were 5 minutes. The
detector was mounted on a Large Sample (LS) external sample
compartment and the infrared beam from the spectrometer was
projected directly on to the FPA a er passing through the ATR
sampling accessory. The physical size of each FPA pixel is 46m

40 nm and with 4 magni cation, each pixel represents a
10mMm 10 mm square in the image.

To set up the hydrolysis experiment, a single PLGA micro-
particle was placed in direct contact with the ATR crystal using a
40 microscope standing on top of the ATR accessory and
su cient pressure was applied using the sapphire anvil to
ensure good contact between the particle and the crystal
resulting in some deformation of the spherical particle. The
images collected were not circular, most likely showing some
evidence of anamorphism despite the use of corrective optics
and this issue when using such collection optics has been
observed previously by Everallet al.?®* and Chan et al.?® Once a
satisfactory ‘dry’ image was collected water was introduced into
the chamber in such a way that access to the particle was limited
to the sides only as depicted in Fig. 1. Images were collected
using the Agilent Technologies' ResolutionsPro FTIR Spectros-
copy so ware version 5.2.0(CD846) at pre-determined time
intervals and the collection parameters used were 128 co-added
scans at a 4 cm * spectral resolution, in the mid-infrared (MIR)
range (3800 to 950 cm ). The raw processed images were
obtained by ratioing against a background of the blank ATR
crystal comprising of 256 co-added scans.

Data pre-processing

Raw processed image les were cropped between 1820 and
1000 cm * which provided a number of characteristic bands
associated with PLGA and also included the water d(OH) peak
1635 cm . In order to remove systematic discrepancies such
as variations in detector sensitivity or sample thickness, raw
images were vector normalised to minimise absorbance

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) A microparticle on the Agar microtool straight needle T5340
to be placed on the ATR crystal. (b) A microparticle placed on the ATR
crystal before the anvil was brought into contact with it. (c) Schematic
of the experiment setup after the particle was placed, anvil was in
contact and water was added.

variance. Vector normalisation works such that each spectrum
is divided to the vector length which is square root of the sum of
all absorbance values squared. Instrumental factors such as

uctuations caused by the changes in the IR source intensity or
temperature or detector sensitivity and optical artefacts caused
by mismatch of the refractive index of species being imaged are
known to cause a slope in the baseline in FTIR spectroscopy. In
order to eliminate this slope, a second derivative can be applied,
however caution is advised if there are very weak infrared bands
of interest as a second derivative will magnify the noise and
some low intensity peaks may be lost in the noise. However a

rst order baseline correction between the two end points of the
previously cropped spectral range was found useful for elimi-
nation of the baseline dri  when collecting an image. The full
data pre-processing procedure is described in the ESI section
including Fig. S1.t

Univariate analysis. Univariate analysis, or functional group

imaging, only considers the peak height of, or the integrated
absorbance under, a peak of interest, therefore chemical
information can be obtained based on the association of the
peak position with certain functional groups. Although it is
useful in providing a quick overview of the species in the raw
image data, a peak height image usually convolutes the
underlying chemical information from the overlapping peaks in

Analyst, 2014, 139, 2355-2369 | 2357
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the intensity map. Integrating the absorbance for a particular
peak over a spectral region of interest may provide a better
distribution map by increasing the S/N. However, as in most
cases, a complex heterogeneous mixture will not include an
isolated band of interest therefore the integrated values will not
represent the amounts present at di erent locations in the
image with the required certainty. Another draw-back of func-
tional group imaging is that a homogeneous object may be
shownto beinadi erentlocation inthe image when univariate
images are created based on the integration of infrared bands
observedindi erent parts of the spectrum. This occurs because
the di raction limited spatial resolution of the generated
images strongly depend on the chosen part of the MIR spectral
region.?” These disadvantages can be overcome by using
multivariate approaches, which allow all of the species to be
searched in the same spectral range thus allowing a contribu-
tion from all the peaks of the same species (or factor). Another
advantage of multivariate approaches is that the interferences
such as water vapour can be detected as a factor, and may
therefore be eliminated.

Multivariate curve resolution-alternating least squares.
Multivariate curve resolution-alternating least squares (MCR-
ALS) is a tool that facilitates the extraction of information from
various spectroscopic and imaging techniques and is widely
used in physical and biological sciences.?® MCR methods are so
modelling tools that require no prior knowledge of the nature of
the components in the mixtures to be deconvoluted ** and can be
grouped into, non-iterative and iterative approaches. Non-itera-
tive MCR algorithms are unconstrained therefore may nd
unique pro les within the mixture being studied. However
although these mathematically obtained unique pro les may be
close to real chemical pro les that are to be resolved from the
mixture data set, non-iterative methods o en su er from
ambiguities that arise due to strong overlap between compo-
nents of the species or low SN of the data. On the other hand,
with iterative MCR algorithms, so  concentration constraints
such as non-negativity and unimodality or hard constraints such
as the use of pure component pro les, which are compared with
extracted pro les and modi ed accordingly, are implemented to
minimise ambiguities. ** By de nition, MCR-ALS is a so -
modelling method that can extract component information
from the raw measurement data alone, as long as this data
contains some variance; spatially as one might anticipate in an
image or as a function of time when monitoring a reaction.
Detailed information about curve resolution techniques can be
found elsewhere® however we would like to provide the neces-
sary theory on the MCR-ALS soware employed here (MCRv1.6)
developed by Andrew and Hancewicz3?

The MCR-ALS algorithm used in this paper®? has been
developed for two-way data, therefore to use this approach,
the 3D hyperspectral data cube must be unfolded into a two-
dimensional matrix and refolded a er analysis as shown in
Fig. 2.

FTIR images have a bilinear structure and it is assumed that
some form of a BeerLambert relationship exists between
spectral intensity and concentration. ** Therefore a bilinear
model representing a spectroscopic image can be given as,
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Duxv ¥4 AuxzBaxv (2)
where D is the measured data matrix, A is the matrix of nor-

malised spectra of pure chemical components and B is the
related intensity matrix for each component. * The matrix size
indices, u, v and z represent the number of spectroscopic
resolution elements (wavenumbers), total number of spectra
and number of resolvable components, respectively. Rearrang-
ing eqgn (2) for the least squares estimation of A and B yields:

Av(XBT)BB") * )

B % (ATA) (ATD) 4

To generate optimal matrices of A and B, one rst needs to
estimate their initial values. In this paper, a non-linear iterative
partial least squares (NIPALS) decomposition method has been
applied, the merits of which when compared to using random
numbers, eigenvalue decomposition, or dissimilarity criterion
is discussed in detail elsewhere® This is followed by the
selection of the optimal number of factors to calculate and is
achieved by considering the appropriateness of the initial esti-
mate of the number of components. The nal step, factor
rotation, is a re ning process where alternating least squares
(ALS) is used to determine the optimal loadings and abstract
factors matrices such that once recombined they most closely
resemble the hyperspectral data matrix.

Although ALS is the most common method to decompose
eqgn (2) iteratively, a modi ed alternating least squares method
(MALS) proposed by Wanget al.,** which has been shown to
overcome unstable convergence properties giving a non-
optimum least squares solution, has been used for decompo-
sition for all the MCR images generated here. The MCR-ALSv1.6
so ware was run from its graphical user interface (GUI) that
allowed the user to input the number of factors (or components)
to be estimated, number of iterations (used 500), and an ALS
non negativity constraint (in this instance we used MALS-2D).
The rationale for the use of 2 factors is justi ed based on the
fact that the image quality ( SN, resolution) is better when using
2 factors than when using 3 or 4 factors and the same as using 5
factors, see ESI, Fig. SZ. And it is important to note that MCR
results might be improved by using di erent strategies that
were not covered in this paper and/or more so constraints or
hard constraints. **¢ For example, when the data were cropped
down to the 18201500 cm * region which includes the PLGA
carbonyl ( 1745 cm ') and water dOH ( 1635 cm 1) MCR
results were improved and although LA and GA peaks were not
deconvoluted using MCR even when used cropped data between
1500 and 1300 cm ?, they were deconvoluted when 2 other
PLGA compositions (PLGA100/0 and PLGA50/50) were included
in the data set.

Another interesting, but rather lengthy, strategy that could
have been considered was removing the solvent IR background
contributions as developed and demonstrated by Kuligowski
et al.*" in liquid chromatography infrared detection. They have
estimated the solvent background successfully and by two
di erent methods; principal component analysis and simple-to-
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Fig. 2 Unfolding and re-folding spectroscopic imaging data to generate factor distribution images using MCR-ALS.

use interactive self-modeling analysis (SIMPLISMA) and a er
subtracting the estimated background contributions from their
data sets, MCR-ALS provided improvedS/N ratios and resolved
overlapping chromatographic peaks. As the shape of the d(OH)
band has been shown to change from pixel to pixel in FTIR
imaging data, we considered that using the simple subtraction
of a pure water spectrum at each pixel would introduce spurious
peaks due to imperfect subtraction and hinder the MCR anal-
ysis. Therefore, for the purposes of this study and to keep the
MCR analysis as a so modelling approach, we decided to use
no prior information of the pure components and utilise the
whole ngerprint region of the IR spectra (1820-1000 cm 1) for
the MCR analysis. We have not applied hard constraints such as
pure spectra and/or di erent compositions of pure PLGA
spectra as initial estimates of the MCR factors in the image set.
Each of these would have been valid approaches but were
beyond the scope of this work.

Nonlinear curve- tting. The strategy behind curve tting or
hard modelling is to generate a model spectrum based on the sum
of the component peaks that it contains. If the components within
a spectrum and by extension an image are known, then an esti-
mate of the relative amount of each component can be used as a
starting point in the application of hard modelling. Here we have
developed an e cient curve- tting algorithm to optimise the
parameters (lineshape, peak height, peak width) for infrared
absorption bands and the percentage contribution of each tted
curve to the overall spectrum was used as the initial loading value.

In order to use curve- tting procedures, analytical functions
must be used which describe the lineshapes of the peaks.
Typical lineshapes encountered in spectroscopic studies are the
Gaussian

(k) %al(ko)exp[ 2.773k ko)/Dz] (5)
and the Lorentzian
1(k) Y2 l(ko)/[1 + (2(k ko)/D)Z] (6)

where I(k) is the intensity at wavenumber k, ky is the wave-
number at the peak centre and D is the full width at half

maximum (FWHM). %8 The Lorentzian peak shape is o en used
to t infrared absorption bands. ** However in real infrared
spectra, e ects including hydrogen bonding, rotational ne
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structure and, in FTIR-ATR, anomalous dispersion e ects might
a ect the shape of the infrared band thus a true Lorentzian
shape does not always occur. Due to the asymmetry and
complexity of the bands within infrared spectra, these standard
lineshapes should only be used with caution. In such situations
a third lineshape function, the Voigt pro le representing the
convolution of a Gaussian and a Lorentzian, is o en used
However in practice, the use of the exact Voigt pro le in curve
tting can be time consuming because it involves repeated
convolutions. Each of the mentioned lineshapes are symmetric
functions, but it is very important to note that unlike traditional
IR spectra, IR imaging spectra are more susceptible to asym-
metry even in transmission mode. It has o en been assumed
that recorded infrared imaging data are exactly like their
traditional single point counterparts of bulk materials, and the
spatial geometry of the sample was not thought to be an
important factor in the processed IR image. € In transmission
and re ection absorption measurements, it is recognized that
there are di erences in the data recorded from a bulk
measurement and a microscopic measurement, caused by light
focusing at the point of interaction with the sample when the
microstructure of the sample is of the same length-scale as the
wavelength of the interrogating radiation “° and di erences in
the refractive indices of the rarer media at air/sample interface
can result in artefacts in mid-IR images. In ATR-FTIR dispersion
e ects can lead to asymmetry in observed infrared bands,
therefore in this paper we have considered the use of a family of
peak curves called the Pearson pro les, speci cally the Pearson
IV pro le which is asymmetric and is related to the Pearson VII,

I(k) Yal(ko)[1 + P M @)
where P Y 12& kobp 21*M 1 =D and M is known as the
Pearson parameter. Egn (7) reduces to the Lorentzian function
when M ¥ 1, approaches the Gaussian function when M
becomes large and can approximate to the Voigt function for
intermediate M.*® Modifying eqn (7) with an exponential term

provides the required asymmetry and for M < 1 the distribution

has very broad wings. The Pearson IV function is given in terms
of this by

1(k) %2 1(ko)[1 + P?] M exp[ ntan 1 P] (8)
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The exponential term has been shown to a ect peak shapes
when M is close to 1 (.e. Lorentzian) more than it does for those
where M is close to 10 (.e. Gaussian)*®

A routine in MATLAB Version 7.10 (R2010a), was developed
to create ts for the each pixel within an IR imaging data set
consisting of 4096 spectra individually. Peaks were detected
using the algorithm described elsewhere** and height and width
of the peaks in the raw spectra at detected positions were used
as initial guesses for the iterative loop. Application of non-linear
curve- tting to large two-dimensional experimental infrared
spectroscopic arrays® and a combination of non-linear curve-

tting and self-modelling curve resolution (SMCR) “2 have been
demonstrated. So ware packages such as PyMCA, which is a
non-linear least-squares tting application have previously been
developed for X-ray imaging data:** However to the best of our
knowledge, we are demonstrating a peak detecting non-linear
optimisation algorithm applied to temporal ATR-FTIR imaging
data for the rst time.

The method by which we have approached this tting
procedure is described in detail in the ESI T and examples of the
output from of the peak detection algorithm are given in
Fig. S31t To summarise our approach:

1. We select 18 spectra from the image based on their posi-
tion; 6 from the water rich regions, 6 from the PLGA rich regions
and 6 from the interface.

2. We iteratively and in a user supervised manner, adjust a
peak detection threshold, such that all peaks in all 18 spectra
are automatically detected by the peak detection algorithm. We

X the peak detection sensitivity parameter ‘Delta’.

3. Using the xed peak detection parameter we apply the
peak detection algorithm to all 4096 spectra in an unsupervised
manner.

4. We then t peaks of all 4096 spectra based on the number
of detected peaks and their positions using a gradient search
algorithm which  nds the best t for the measured data opti-
mising the variables; peak height, peak width, peak centre,
Pearson parameter and asymmetry parameter for each peak.

5. We then use the intensity of the peak 1635 cm !
(selected in a supervised manner) to determine the distribution
of water in the system and the sum of the intensity of all the
peaks except the peak 1635 cm * to determine the distribu-
tion of PLGA.

6. The intensity of the peaks 1456 and 1424 cm *, were
used to calculate k values for lactic acid and glycolic acid units
respectively.

Results and discussion

Fig. 3 shows the result of processing the same infrared image of
a single PLGA microparticle in four di erent ways; using the
peak height of a single peak in this case the ester carbonyl at
1745 cm ® (Fig. 3(a)), plotting the distribution of a factor
identi ed as deriving from PLGA in MCR-ALS (Fig. 3(b)), by
plotting the sum of 10 peaks  tted between 1800 and 1000 cm *
which does not include the peak 1635 cm * assigned to the
water bending mode resulting from a NLCF procedure (Fig. 3(c))
and by plotting the sum of 10 peaks tted between 1800 and
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1000 cm * which does not include the peak 1635 cm !
resulting from a peak tting procedure using solely Gaussian
lineshapes procedure (Fig. 3(d)). Images were generated from
measurements conducted on an as received PLGA microparticle
and on the same PLGA microparticle, immediately a er water
had been brought into contact with it.

Spatial resolution comparison

The spatial resolution of a microscope is theoretically deter-
mined by the di raction of radiation i.e. the Rayleigh criterion,
which is de ned in egn (9) as

rYa 0:61|—

NA 9)

where | is the wavelength and NA is the numerical aperture.
This implies that two objects are totally resolved if they are
separated by 2.%* Under these conditions, 2r is the de nition of
spatial resolution. However in an infrared imaging system, FPA
detector pixels are not points and have a nite size that is
greater than the wavelength of the IR light, therefore this rela-
tion is never observed. Furthermore, in the ATR experiment, the
penetration depth (eqn (1)) can degrade the lateral resolution.
Therefore for FPA imaging systems it has been shown to be
more appropriate to determine the spatial resolution based on
real measurements 25254 The practical method we have used is
the ‘step-edge method® which is based on the observation of a
step change increase when the intensity of a selected wave-
length is plotted along a chosen line parallel to one of the axes
in the 2D image. This step shape represents the Line Spread
Function (LSF) (Fig. 3). The derivative of the LSF with respect to
its variable (which is position or pixel number) is described as
the Point Spread Function (PSF). The PSF is the response of the
system to a point source and is generally considered to be an
Airy function. The FWHM of the PSF gives the spatial resolution
of the imaging system. Therefore, the FWHM of a Gaussian that
is tted to the PSF has been de ned as the spatial resolution in
this paper as described by O roy et al.**

A study on the e ect of sample geometry on spatial resolu-
tion of the same ATR-FTIR imaging system used in this study
has been conducted by Everallet al.>® for convex solid objects.
They determined that this imaging system with a calculated NA
of 2 was underestimating the size of 20-140 nm objects and
approximating solid spheres, of varying dimensions, to be the
same size ( 30 to 35 mm). The authors postulated that this was
due to the shallow evanescent wave penetration (egn (1)) and
blurring caused by the nite spatial resolution. Our experiment
however is di erent when compared to such a case, as the
sample is a rather so solid which, with a gentle anvil pressure,
provides a at central area that is quite large ( 100nm) and the
convex shape only occurs at the edges. As the main purpose of
this paper is not to estimate the real size of the micropatrticle,
but to compare the output of univariate, hard and so  multi-
variate tools, we are more interested in seeing how the di erent
data analysis approaches impact upon measured spatial reso-
lution and the sharpness of the interfaces. The measured
spatial resolution for each of the data analysis methods is
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Fig. 3 Data used to measure spatial resolution using the “step-edge " method for the dry PLGA patrticle (1st column of images and labelled ‘DRY)

and the same PLGA microparticle immediately after surrounding it with water as shown in Fig. 1 (2nd column of images and labelled

‘WET) for

images processed using peak height (a) PH, (b) MCR-ALS, (c) NLCF and (d) Gaussian. The raw data along the grey arrow in each image is shown in

Fig. S3t

summarised in Table 1 and the spectra along the grey arrow on
all spectra are shown in Fig. S41t

Table 1 shows that the NLCF approach improves the
measured spatial resolution of a mid-IR image when there is a
large discrepancy between the refractive index in adjoining
pixels, i.e. an air/polymer interface. Lasch and Naumann have
shown the application of Fourier self-deconvolution to IR
microspectroscopy images has led to an improvement in the
spatial resolution by improving the spectral resolution at each
pixel.** The NLCF approach we have used here, is also acting in

Table 1 Summary of spatial resolution calculated using di erent
image analysis approaches of the mid-IR image of a single PLGA
microparticle under dry and wet conditions. All values are givenin mm

Gaussian peak

Method Peak height MCR-ALS NLCF tting
Dry 70.2 15.8 606 04 427 15 558 4.1
Inwater 524 4.7 48.8 41 486 4 49.2 49

This journal is © The Royal Society of Chemistry 2014

a spectral resolution enhancement manner and the ability,
when used in a supervised manner, to discriminate between
species in adjoining pixels more readily than the peak height,
MCR-ALS and Gaussian peak tting approaches that limits the
blurring e ects at interfaces.

The comparison between the images generated using NLCF
and the images generated using traditional Gaussian tting is
an interesting one. The results are showing that NLCF facili-
tated an improvement in spatial resolution compared to a
Gaussian t. This is likely to be mainly due to the optimisation
algorithm (trust region) falling into local minima as a result of a
lack of change between consecutive iterations due to the limited
number of parameters in the Gaussian tting protocol not
allowing an improvement in t, due to variations in the
symmetry of bands between pixels. In order to make the algo-
rithm robust for not only this but di  erent data sets and as we
know that IR bands are asymmetric, we chose to use the Pearson
IV function despite the delay in computation time. The merits
of using this function compared to Gaussian and or Lorentzian
functions is also discussed in the text and in ref. 38 and 39.
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When the refractive index change at an interface is small,
such as when a PLGA micropatrticle is surrounded by water, the
blurring of the interface is reduced and the spatial resolution
determined by this step-edge approach is comparable between
the each of the analysis approaches. It should be noted that for

Paper

microparticle and followed its interaction with water as a
function of time at 70 C. The experiment is setup in such a way
that the interaction between the particle and water will only
occur at the interfaces that we are monitoring.

Fig. 4(a) shows ve false colour images obtained using the

a sharp interface, such as the USAF (1951 1X 38257) target univariate peak height method and a spectrum taken from close

sample described in ref. 44, we have calculated the spatial
resolution of the system to be 18 mm using the step edge
method.

Image comparison

As indicated previously FTIR imaging is a powerful tool that
facilitates the collection of spatially resolved chemically relevant
data from samples in real time. By conducting such measure-
ments in situ, we can minimise the perturbations to the system
and follow chemical changes from the same region of the same
sample. One of the challenges presented is the e cient analysis
of the huge data matrices that are generated during such
experiments (4096 spectra at each time point). To explore the
relative merits of a number of di erent analysis approaches
(univariate peak height image plotting, so and hard multi-
variate modelling), we have taken single PLGA75/25

Fig. 4 ATR-FTIR spectrum of a pixel on the left hand side chosen from the core of the particle from the

to the ‘dry’ polymer/hydrated polymer interface in the t Y
0 image. From this spectrum we are able to see both of the
bands used to determine the polymer distribution (the ester
carbonyl at 1745 cm 1) and the water distribution (the OH
bending mode 1635 cm ). The two images at the extreme le
show the distribution of polymer (top) and water (bottom),
within the ATR eld of view, immediately a er the experiment
was started. Even at this short time (data collection was
5 minutes) there is evidence of an interface layer of hydrated
PLGA around the particle, with an apparent concentration
gradient from the particle centre outwards towards the aqueous
media. As the contact time with water increases, a number of
phenomena occur. Firstly the microparticle (de ned by the red
zone) initially appears to increase in size (2 h), which is indic-
ative of swelling and the hydrated PLGA layer (yellow) becomes
thicker. Images collected at times exceeding 2 hours show the
particle decreasing in size and the boundaries of the particle

rst image collected immediately after

surrounding the PLGA particle with water and a set of false colour images representing temporal distribution of PLGA on the top and water at the
bottom for (a) peak height (PH), (b) MCR-ALS and (c) NLCF methods respectively.
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becoming less well de ned. The complementary images per-
taining to water concentration show an inverse relationship, as
one would expect in a binary system. The changes to the
interface layer as a function of time will be discussed later. It is
clear however, that the overlap between the bands used to
determine the distribution of the two components in this
system mustin uence the sharpness of this image and increase
the magnitude of the measured interface.

Fig. 4(b) shows the equivalent false colour infrared images
for the same data described in Fig. 4(a), this time, obtained
using a MCR-ALS approach and 2 factors. The spectral features
shown to the le hand side of this gure are the ‘pure compo-
nent spectra’ for PLGA and water generated using this so
modelling method and are 0 en referred to as factors. This data
is in general agreement with the ndings from the peak height
measurement approach shown in Fig. 4(a). Closer inspection
indicates that the interfaces in this set of images are blurred as
were those observed in the univariate data set (Fig. 4(a)) and less
sharp than those obtained using the hard modelling approach
(Fig. 4(c)). But this data set does exhibitimproved SN compared
to the univariate data (Fig. 4(a)). The blurring of the interfaces is
the result of the ‘pure component spectrum’ representing PLGA
still displaying a feature at 1635 cm * associated with water
and due to the fact that the MCR factor for PLGA has xed peak
centres and band widths meaning they approximate rather than
exactly replicate the spectrum at each pixel. The improvement
in the SN is the result of the elimination of water vapour in the
pure spectral factors combined with the fact that the signal
comes from many more spectral data points compared to the
peak height data.

Fig. 4(c) shows 5 false colour images equivalent to those
described in Fig. 4(a) and (b). However, this time they were
obtained using the nonlinear curve- tting approach and are the
result of the summation of the peaks, generated during the

tting process, that have been assigned to PLGA (upper row)
and water (lower row). The datato the le of these images shows
the 11 component peaks used to t the spectrum, from the
same pixel used to obtain the peak height and MCR-ALS data
within the PLGA/water interface. The dotted line denotes the
synthetic spectrum generated from the combination of the

tted peaks, which matches the real spectrum at that pixel.
The upper set of images shows the distribution of PLGA deter-
mined using all of the tted peaks except the peak with a
maximum at 1635 cm *which is used to obtain the distribution
of the water within the ATR eld of view. These images are, in
general, in agreement with the data shown in Fig. 4(a) in that
they indicate the formation of a hydrated region around a dry
PLGA particle that increases in thickness over the rst 2 hours
and that this occurs concurrently with particle swelling. Closer
inspection and comparison with the data in Fig. 4(b) indicates
that the interfaces and boundaries in this set of images are
much sharper and the data exhibits less noise, i.e. there is less
variation in colour intensity between equivalent pixels. This
(apparent) improvement in resolution and SN in each image is
achieved by the elimination of contributions from overlapping
features at each pixel such as other chemical species, instru-
ment noise and atmospheric water vapour. Another
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contributing factor to the broadening of the interfaces in the
MCR-ALS images when compared with those generated using
NLCF, is the fact that the NLCF peak centres are optimised for
each peak within each pixel, whereas the MCR-ALS images used
a xed factor, with xed peak centres and band widths. It is
likely that during ALS optimisation, then a linear combination

of the water and PLGA factors may give a better mathematical t
in some of the interface pixels resulting in a less well de ned
image, whereas the NLCF approach is better able to discrimi-
nate between water and PLGA. This does come at a considerable
time and convenience penalty. The images shown in Fig. 4(a)
can be obtained in seconds, whilst the data shown in Fig. 4(c)
takes approximately 5 hours to generate using a PC with an
Intel® Core™ {7-2620M CPU @ 2.7 GHz and 8 GB of RAM. In
many applications this approach may not be feasible due to a
number of considerations such as time, CPU availability and,
more importantly, spectral data which is too challenging to  t
due to a lack of knowledge of the species within that system
Fortunately, the authors have amassed an understanding of the
components within this system, i.e. water and PLGA thus
generating con dence in the peak assignments. The MCR-ALS
approach facilitates the collection of false colour images in a
few minutes and thus o ers an attractive/acceptable compro-
mise between the slow but accurate hard modelling method-
ology and the rapid univariate approaches.

Interface analysis

The generation of false colour images, from the mid-infrared
imaging dataset highlighted here, facilitates the rapid assimi-
lation of trends in physical processes such as particle swelling,
particle shrinkage, hydration layer formation etc. but cannot
readily be used to obtain quantitative information about such
processes. This can be problematic when a particle is not
uniform in shape and o en the dimensions are estimated by
assuming a particular geometry (circle, square etc) that may not
be appropriate. To compare the quality of the output generated
using the NLCF approach with standard image generation
strategies (peak heights and MCR-ALS) we have compared the

ndings along the centre line across the particle as a function of
time. To facilitate comparison between the data analysis types
we have de ned two parameters; the full width at half
maximum height of the normalised particle pro le (A) and the
dimensions of the right hand side interface (B). Their derivation
is shown in the ESI, Fig. S5F

Fig. 5(a) and (b) show quantitative data extracted from across
the centre line of the generated images shown in Fig. 4(a).
Fig. 5(a) shows the evolution of the intensity of the water peak at
each pixel across the image as a function of time and Fig. 5(b)
shows the associated normalised plot of the full width at half
height of the parameter ‘A for the images generated using peak
heights.

From Fig. 5(a) it is possible to observe that the overall water
concentration across the particle increases as a function of time
as one might reasonably expect; rising from an intensity  15%
of its maximum value at the local minimum at t %0 hto a value
of 75% of its maximum value at the local minimumat t %29 h.
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Fig.5 (a) The normalised change in the intensity of the water peak at each pixel across the image as a function of time, (b) the normalised plot of

intensity of the polymer particle, (c) the evolution of parameter
time for the peak height derived images.

The pro le att %0, which is 5 minutes a er the particle has
been subjected to water, indicates that the initial ingress of
water into the particle is rapid, most likely due to the porous
nature of the scCO, processed starting material. The shape of
the pro le initially appears to be fairly uniform and becomes
less so as time progresses which may re ect the irregular shape
of the particles. It is likely that initial compression onto the ATR
crystal may make the analysed surface uniform (the ATR
experiment collects data from the  rst 2—10 mm in direct contact
with the crystal) but as the particle hydrates, swells and
hydrolyses, the signal obtained via the ATR crystal will depend
on the volume of the particle directly above the evanescent eld
and how it swells and or moves, potentially resulting in a loss of
uniformity.

Fig. 5(b) shows the complementary data to that in Fig. 5(a)
relating to the intensity of the polymer particle extracted from
across the centre line of the peak height generated images. As
the particle swells, the concentration of polymer measured
within any given pixel will decrease and the concentration of
water within that same pixel will increase. Therefore the
intensity of the polymer peak (which should be the inverse of
the water peak in this binary system) would provide an indica-
tion of the degree of swelling in the z-direction. Instead, we are
using the change in width of the normalised intensity of the
peak height of polymer peak, as a function of time, to provide an
indication of the degree of swelling in the y-direction. We have
chosen to normalise this data as it facilitates the observation of
the change in full width at half height maximum (FWHHM)
better than the equivalent data with the non-normalised y
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‘A’ as a function of time and (d) the evolution of the parameter

‘B’ as a function of

values, which decrease over time. For the peak height derived
images we clearly see the width of this peak increasing as a
function of time and this is plotted in Fig. 5(c).

When water is introduced into our system, there exist
domains where we only measure water, others where polymer is
the dominant signal and others where we observe a clear
mixture of water and polymer; a hydrated zone. Determining
the exact point where each domain ends and another domain
begins is somewhat arbitrary, but some form of de nition is
necessary if we are to quantitatively compare data extracted
from images generated using di erent approaches. As
described above we have dened a hydrated zone‘B' where both
the water intensity and the polymer band intensity are below a
certain threshold (10% of the maximum value). Fig. 5(d) shows
the plot of the B zone for the peak height derived images as a
function of time. The size of this zone increases quite dramat-
ically over the course of this experiment, with dimensions
around 70 nm at t ¥4 0 and expanding to 140 nm at t ¥4 9 h. This
increase in thickness of the outer hydration layer is an inter-
esting nding and in broad agreement with confocal uores-
cence images generated by Bajweet al.*® of hydrating HPMC
tablets. In the HPMC system an outer hydration layer of

100 nm increasing to 200 nm was measured over the course of
a ‘wetting’ experiment. Clearly the timescales are di erent
between the two systems due to the inherently di erent
hydrophilicities, but nonetheless this adds credence to the
nature of our measurements and our de nition of B.

Fig. 6(a}{(d) show data comparable to that presented in
Fig. 5, this time derived from the MCR-ALS generated images
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Fig. 6 (&) The normalised intensity of the water peak at each pixel across the image as a function of time, (b) the normalised plot of intensity of

the polymer particle, (c) the evolution of parameter
MCR-ALS derived images.

shown in Fig. 4(b). Fig. 6(a) and (b) show the evolution of the
water intensity and the normalised plot of the polymer factor
intensity respectively. The shape and the intensities of the
pro les in these gures are similar to those derived from the
peak height measurements, but there was less noise in the MCR
derived data (most evident in Fig. 6(a)), particularly at longer
time points, where the band intensities of the polymer peaks are
quite low. This improvement of SN occurs because the peak
height data is derived from a single point and the MCR-ALS data
is derived from a large number of data points. There is perhaps
some evidence of the polymer band intensity pro le being less
sharp at longer time points and at its maximum, which could be
related to the contribution of water within the extracted pure
factor associated with the polymer (MCR factor 2; Fig. 4(b)) and
will also be a function of the xed lineshape of factor with its
associated peak maxima and minima which will not be able to
exactly match the spectrum at each pixel.

Both the B values (Fig. 6(c)) and the full width at half
maximum height values (Fig. 6(d)) as a function of time are very
similar to those shown in Fig. 5(c) and (d). This indicates that
there is perhaps no signi cant improvement in the quality of
output obtained for this system when performing an MCR-ALS
analysis on the data when compared to the more rapid peak
height approach. Of course the MCR-ALS method can be used
without any prior knowledge of the system; therefore there is no
need to identify a peak speci ¢ to each component within it,
which could be advantageous in some instances.

Fig. 7(a){d) show data comparable to that shown in Fig. 5
and 6, this time derived from the NLCF generated images
(Fig. 4(c)). Fig. 7(a) shows the intensity of the curve tted water
band as a function of time. Both the intensities and width of
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‘A’ as a function of time and (d) the evolution of the parameter

‘B’ as a function of time for the

these pro les are somewhat di erent to those observed in those
derived from the peak height (Fig. 5(a)) and MCR-ALS (Fig. 6(a)).
Firstly the intensities are generally higher than those observed
for the data derived using the other two approaches, this is
more pronounced at short times, with the values at t %0 being
approximately 30% of their nal intensity ( cf. 15% for both peak
heights and MCR-ALS). Some explanation is found in the
consideration of the factors/bands used to generate the initial
images from which these line pro les were generated. In the
case of the peak height data, it is clear that the vector normal-
isation and baseline correction has enhanced SN of the images
(compare Fig. 4(a) with the data in ESI, Fig. S&), but it is
entirely feasible that this will exert some in uence on the
intensity values generated for each spectrum within a given
pixel.

In the case of the MCR-ALS the extracted pure factor for the
polymer contains a contribution from water (Fig. 4(b)) and
therefore when the scores at each pixel for the pure water factor
are calculated then they will be underestimated. As the NLCF
approach is able to generate both a pure water signal and a pure
polymer signal free from interference, we anticipate that the
intensities presented in these pro les will be more likely to
match the true concentration pro le.

Fig. 7(b) is also somewhat di erent to the analogous peak
height and MCR-ALS data; in that it is narrower and di  erentin
shape. Once more it is the convolution of the water and polymer
bands in both the peak height and MCR-ALS spectra that
contributes to the broadening of this pro le, relative to the
NLCF data.

Fig. 7(c) shows the increase in the B zone dimension as a
function of time. The values plotted here are lower than those
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Fig. 7 (a) Theincrease in the intensity of the water peak at each pixel across the image as a function of time, (b) the normalised plot of intensity of

the polymer particle, (c) the evolution of parameter
NLCF derived images.

obtained via both the peak height and MCR-ALS approaches and
the error determined at each time point is somewhat lower than
the corresponding values for the other two methods. This is a
clear indication of the ability of the NLCF procedures to eliminate
noise from the processed images. Fig. 7(d) shows the FWHM of
the normalised polymer band pro le generated from the NLCF
images (Fig. 4(c)) and this also shows a reduction in width in
comparison with the analogous data generated using the other
two methods. The reduction in size of the Bzone and the FWHM
in comparison with the data generated using peak heights and
MCR-ALS is a reection of the ability of the NLCF method to
discriminate between the water and polymer contributions at
each pixel, reducing the blurring e ect of convoluted spectra.

Degradation rate calculation

Coupling the chemical selectivity of infrared spectroscopy with
the regional selectivity of an FPA detector facilitates remarkable
insight into a wide range of processes. PLGA micropatrticles can
be used as sustained delivery vehicles, where the rate of hydro-
lysis will control the release rate. Parameters that govern the
hydrolytic degradation of PLGA include molecular weight,
structure and morphology and PLGA degradation dynamics.
FTIR spectroscopy has routinely been used to follow hydrolysis
kinetics, but we believe this is the rst time that measurements
have been undertaken on single microparticles in this manner.
Two infrared bands have been observed at 1452 cm * and
1424 cm * that correspond to the antisymmetric bending of
CHs; from the lactic acid units and the symmetric bending of
CH, from the glycolic acid units of the PLGA polymer. The
relative intensities of these two bands can be used to estimate
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‘A’ as a function of time and (d) the evolution of the parameter

‘B’ as a function of time for the

the relative quantity of glycolic and lactic acid units present in
the polymer and has been used to determine the rate of hydro-
lysis of the two co-polymer segments within the same experi-
ment. Work by Vey et al.*” has shown that the lactic acid units
hydrolyse 1.3 times slower than the glycolic acid units. Unlike
large-sized (a few mm) PLA/GA polymer devices, microspheres
less than 300 mm in diameter have been shown to undergo
homogeneous degradation with the rate of degradation of the
core being equivalent to that at the surface.*®*° Therefore rate
constants from di  erent regions within a microparticle would be
expected to give the same calculated rate.

Fig. 8 shows typical single pixel spectra (Fig. 8(a)), spectra
resulting from the binning of 5 5 pixels (Fig. 8(b)), the
resultant peak ts from a single pixel (Fig. 8(c)) and the result of
peak ts from the binningof 5 5 pixels (Fig. 8(d)) which have
been used to calculate the rate constants, shown in ESI, Fig. Séf
It should be noted that due to a deviation from a linear rela-
tionship between the In(intensity) versustime plot, no k values
for the MCR data could be determined.

To compare the relative merit of each of the data analysis
approaches used in this study, we have calculated the hydrolysis
rates for both the glycolic and lactic blocks independently
within the same experiment. MCR-ALS was unable to provide
pure component spectra for both the lactic and glycolic
segments of PLGA, probably due to the nature of the iterative
extraction process. MCR-ALS relies on variance within spectral
data sets to extract pure component factors and as the ratio
between the glycolic and lactic units during hydrolysis is
constant throughout the experiment ( i.e. the data is co-linear)
the algorithm does not detect any variance. Consequently a
single ‘PLGA pure component is generated.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Typical single pixel and averaged (over 5
Spectra from bottom to top were obtained at

Hydrolysis rate constants for the lactic units (k_) and the
glycolic units (kg) were calculated using both the peak height
data and the NLCF data from the logarithmic plot of peak
intensity versusdegradation time (see ESI data S7) using the
band 1452 cm * for the lactic units and that at 1424 cm *
for the glycolic units, using the spectra shown in Fig. 8. First
order kinetics as de ned in egn (10) and (11) were assumed;

In(l) Ya

ket +n (10)

for the lactic unit and,

In(l) % ket + n (11)

for the glycolic unit.

Table 2 List of degradation rate constants (day ‘") calculated for
triplicates of averaged 5 5 pixels and single pixel spectra using peak
height values and curve tted area values over the course of the 9 h

hydrolysis experiment. Errors quoted are the standard deviation of 3

measurements taken from 3 di erent regions of the same particle

5 5 pixels Single pixel
Method k|_ kG k|_ kG
Peak height 1.13 0.2 141 0.35 0.9 053 153 0.98
NLCF 147 01 206 013 129 021 167 0.34

This journal is © The Royal Society of Chemistry 2014

5 pixels) spectra of pre-treated raw ((a) and (b)) and non-linear curve
t¥0,t%2h,t%5h,t¥%7handt¥%9 h, respectively.
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tted ((c) and (d)) data.

Rate constants were calculated by selecting the spectrum (or
extracted factor) at 3 random pixels within each image. For
comparison, the same positions were used for each of the peak
height, MCR-ALS and NLCF image analysis approaches and the
mean of the three values are shown in Table 2.

Rate constants were also determined by binning the spectra/
factor score from 3 areas of 5 5 pixels from random regions
within each image. Once more the same regions were used for
each of the peak height, MCR-ALS and NLCF image analysis
approaches and the calculated rate data (where possible) are
shown in Table 2 and are the result of the mean of three values.

Tracy et al.*® studied the degradation of poly(lactide- co-gly-
colide) microspheres in vivo and in vitro and determined
degradation rate constants by measuring the polymer molec-
ular weight as a function of time by gel-permeation chroma-
tography. They found that the in vivo degradation rate was
higher than in vitro degradation one. Their calculations of in
vivo rate constant by GPC analysis for ester capped and
uncapped (-COOH) PLGA50:50 microspheres were 0.033
0.006 per day and 0.13 0.05 respectively. Considering that the
PLGA microparticle studied here was scCQ processed therefore
very porous, and a calibration (i.e. %GA or %LA versusIR
absorbance) was not considered as in ref. 47, due to having one
polymer composition, the k values calculated are in reasonable
agreement with each other and with the values determined by
Tracy et al.*® and, as one might anticipate, the error obtained
when calculating rate constants by binning a number of spectra

Analyst, 2014, 139, 2355-2369 | 2367



Analyst

is somewhat lower than that obtained from a single pixel. The

errors are larger for the peak height derived calculations than

those from the NLCF measurements. It is also clear that the
ratio of the rate constants calculated for the lactic and glycolic

groups is also comparable with that determined by Vey et al.;*”
we have determined the ratio of rate constants to be 1.2
(peak height binned pixels), 1.7 (peak height single pixels), 1.4
(NLCF binned pixels) and 1.3 (NLCF single pixels). Interestingly
the error determined for the k calculations for the MCR-ALS
processed images seemed to be independent of the number of
pixels used to determine them. It is unclear if this  nding is

real or an anomaly of the pixels chosen to make the
measurements.

Conclusions

A new algorithm for nonlinear curve tting (NLCF) has been
developed and applied to the analysis of mid-IR images of a
single PLGA microparticle undergoing hydrolysis at 70 C for
the rsttime. The supervised NLCF approach has been shown
to have several advantages over traditional peak height
measurements and a commonly applied multivariate tool;
MCR-ALS. Firstly the application of NLCF routines to such data
has been shown to enhance the spatial resolution within a
sample with (a) overlapping spectral signals and (b) containing
interfaces with large discrepancies in the refractive index (i.e.
air/polymer). Secondly it has been shown to improve SN and
sharpen features such as interfaces in processed images, due to
its ability to discriminate between di  erent species in a mixture,
this is particularly pronounced when one compares this
approach to standard peak height measurements. Thirdly as the
approach does not appear to be greatly in uenced by colin-
earity, unlike MCR-ALS, supervised NLCF can be used to extract
chemical information from species changing at the same ratio
during a kinetic process such as hydrolysis. Finally the high SN
at each pixel readily facilitates the calculation of rate constants
from a single pixel with a low error when compared to tradi-
tional peak height approaches. All these advantages come at a
signi cant time penalty; the NLCF algorithm described takes

5 hours to extract information from a single mid-IR image
containing 4096 spectra, this compares to 2 seconds for peak
height analysis and 1 minute for MCR-ALS on the same image
using the same PC.

With the help of fast developing computing hardware
power, the supervised NLCF method developed here will be a
useful IR imaging analysis tool providing high resolution
images and quantitative analysis for many more cases partic-
ularly where hard modelling is the only option such as
deconvoluting protein spectra when searching for changes in
secondary structure.
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