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Abstract

Title of Dissertation:

Application of NIR Spectroscopy and Fluorescence
Spectroscopy for Monitoring of Curing of

Sustained Release Coatings

Harris C. Howland Jr., PhD, 2011

Dissertation Directed by:  Stephen W. Hoag, PhDfd3swr,

Pharmaceutical Sciences

Objectives:

The aim of this study was to investigate the application of NIR spectroaodpy
fluorescence spectroscopy to the monitoring of curing of sustainedereleasng

formulations.

Methods:

Films of coating formulations were prepared by casting method and were
monitored during the curing process using a Thermal Analysis differerdiahisg
calorimeter, an Instr6hSystem for physical-mechanical analysis, a Foss NIR

spectrometer, and an ISS Inc. Fluorescence Spectrometer.



Methods were developed for the NIR spectrometer using data as reference
acquired from examining glycerl monostearate and physical-mecharopairpes.
The NIR methods were developed using chemometric processing including principa
component analysis (PCA), parallel factor analysis (PARAFAC), andapleaist

squares (PLS) regression.

Results:

Three methods were developed for monitoring the curing of coating forandati

two NIR spectroscopy methods and one fluorescence spectroscopy method

The first NIR spectroscopy method was developed using the melting endotherm
of glyceryl monostearate (GMS) as a reference. The developed PLS methao@gbrovi
excellent prediction of the state of GMS within the matrix indicative of a

homogenous film and extent of curing.

The second NIR spectroscopy method was developed after examination of
physical-mechanical properties during the curing process. The Youmgislié was
found to be the best reference for PLS calibration and provided good prediction of the

extent of the curing process

Three different fluorescence probes were used in the development of a
fluorescence spectroscopy method for detecting changes in the microenwitonme
during the curing process. Monitoring the fluorescence intensity and the flumesce
anisotropy of DPH and DMA-DPH within the polymer matrix successfully regort

on changes of the physical and chemical state during the curing process.



Conclusion

This study demonstrated that NIR spectroscopy and fluorescencespegy are
methods that can be applied to the monitoring of curing of coating formulations. The
study successfully demonstrated the use of NIR spectroscopy for predietisigte
of GMS within a polymer matrix. Furthermore, to our knowledge, this study is the
first application of NIR spectroscopy for prediction of the physical-mechhnic
properties of polymer films. The studies also developed and applied a novel approach
for monitoring curing of coating formulations by application fluorescence

spectroscopy.
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Chapter 1lintroduction and Background

Film Coating

Polymer coatings in the pharmaceutical industry are used on tablets, capsulss, be
and granules to achieve specifically engineered release profiles oaimaiatoility.
There are several types of coatings engineered for different parpode as taste
masking, moisture protective, to achieve a specific release profile, ogéb telease to a
specific environment. Some common types of extended release products uge slowl
eroding polymer films to delay release and some are engineered witiofi@hgroups
with a specific hydrophobic/hydrophilic ratio that can be changed in order to\altsy
to permeate at different rates, effectively changing the rate obahff of a drug across
the polymer coating. Polymers for enteric coating have been engineénetjueous
solubilities that are pH dependent. The enteric coatings are used fontaajehe
release of a drug in a specific area of the intestinal track which isdimteon the

environmental pH.

The polymer coatings may be applied using either organic / hydro-alcohensol
based products or agueous based latex dispersions. Latex polymer dispersiead are
extensively in the industry due to the benefits to the environment, the proetgs saf
worker exposure and residual solvents in the final product. The benefits of laterepoly
dispersions over the use of polymers dissolved in organic solvents are lower spray
viscosities, higher solids loading, higher spray rates, no solvent in environment, no

toxicity, or flammable safety issués.



Aqueous Coating Formulation

There are three main components to an aqueous coating formulation, the latex
polymer dispersion, the plasticizer and the antiadherent agent; minor compookeris i
coloring agents. The latex polymer dispersion includes the polymer, water, ardypossi
includes stabilizing agents such as surfactants. The latex dispersion alpoemay
not make a good film coating on a substrate; therefore, additives are added to ensure a
completely formed functional polymer coating. The polymer charactsridétermine
what additives and how much will be needed to prepare a coating formulation. In order
to form a continuous film the processing temperature must exceed the minimum film
formation temperature (MFFT) and this is determined in part by the ghasstion

temperature of the polymer (TQ).

The Tg is the temperature where an amorphous or the amorphous regions of semi-
crystalline polymer changes from a hard brittle state to a flexible rlskete. Polymers
above the Tg are very viscous liquids with high freedom of rotation around the carbon-
carbon backbone. When the temperature is high enough most bonds will be free to rotate
causing the chains to become flexible, mobile, can move past each other, and sesceptibl

to Brownian motiorf.

In coating technologies, copolymers are common and may be grouped into block
copolymers, random copolymers, and grafted copolymers. A copolymer may have
multiple Tg's based the type and structure of the copolymer. Block copalymesist
of different alternating blocks of chemically different polymers and miaipé multiple
Tg’s depending on the lengths of the different polymer blocks and the differencis of Tg

of polymer blocks. Random copolymers are different polymers randomly oriented on a
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polymer chain. Random copolymers may exhibit a broad Tg depending on the
characteristics of the individual polymers use@rafted copolymers are typically a
polymer backbone with grafted side chains attached to it. A grafted copolyméanrey
multiple Tg’'s depending on grafted side chains and how chemical differerdrénépm

the polymer back bone. It is possible to have broad Tg for a copolymer back bone and

also multiple sub Tg's for the secondary side chains.

The Tg can also be broad or sharp depending on the polydispersity of the polymer.
Polydispersity index is the ratio of the weight average molecular weigkiedilay the
number average molecular weight, and is an indication of molecular mass datributi
a polymer sample. In a dispersed blend of polymer with a distribution of molecular
weights, the polymers with larger chains polymer will have more chain éeasgt and
hydrogen bonding and require more energy to transition resulting in higherA'g's.
dispersed blend of polymer will exhibit a broad Tg that incorporates the entire

temperature range from the shorter chains to longer chained.

Polymers

The most common polymers used in the coating of pharmaceutical products are either
cellulose based polymers or acrylate polymers. The cellulose based polyhelns, w
includes hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulét#eMC),
ethylcellulose are agueous soluble polymer which come in many diffecdetutrar
weights for a variety of different uses as coatings. Acrylate pakjmsach as Eudragit,
are not soluble in water and are either required to be dissolved in an organic solvent or

prepared as a latex dispersion for the coating process. Polymers are ohasen f



formulation based on characteristics such as molecular weight, solulzlityeability,

and Tg. Molecular weight is an important factor to consider in processing; ifutalec
weight is too high the viscosity of the solution may cause problems in the spaaging

film formation process. The solubility and permeability are important fatboconsider
when developing a controlled release or enteric coating formulation. The Tateas s
previously, has a major influence on the how film formation and must not be too low so

as not to remain tacky at room temperature.

Eudragit Polymers

EUDRAGIT® polymers are copolymers derived from esters of acrylic and
methacrylic acid, whose physicochemical properties are determirfeddijonal groups.
EUDRAGIT® RL and RS arammonio methacrylate copolyméhat are commonly used
for controlled release products. The EUDRAGHL and RS are water insoluble pH
independent polymers that differ only in the amount of quaternary ammonium groups
(QAG’s) incorporated into the backbone. The amount of QAG’s in the polymer
determines the water permeability, the RL has twice as many QAG'S assRIting in
higher water permeation in the RL. The QAG’s are present as a chloridelselt
dissociates when in the physiological environnfefihe RL and RS maybe blended

together to target a specific release profile.



Figure 1.1 Eudragit RL and Eudragit RS, taken fromCsoka et a?

For Eudragit RL and Eudragit RS:

R1=H, CH;, R2=CH;, C,Hs, R3=CH;, R4=CHCH,N(CHjz)3" CI”

Eudragit RL-30D and RS-30D are dispersions, which are blended together with
additional plasticizer and antiadherents to formulate a coating formulatlendsBof the
RL-30D and RS-30D are used to coat substrates to be used as a sustained release
formulation. The rate of water permeation through the RL/RS coating detsrthene

release profile of a specific drug.

Plasticizers

Plasticizers are liquids with very low Tg’s, typically -50 C to -150 C, théitvot
crystallize upon cooling. Plasticizers are incorporated into a polymer to tloevéig of
the polymer to increase flexibility, process ability, and ability to fahmst. The
plasticizer acts as a lubricant between polymer chains, where itd@slglippage
between the chains under strésshe Tg of a coating formulation is dependent on the

structure of the polymer and the plasticizer that is added. Plastiareeasided to the



polymer dispersion to lower the Tg of the polymer to ensure film formation and
coalescence as well as decreasing the brittleness of the coaesgtaracking. The
amount of plasticizer required to lower the Tg of the polymer dispersion is dependent on
the Tg of the plasticizer and the polymer and interaction between tféma.interaction

between the polymer and plasticizer is governed by the Fox eqiation.

_ — — Equation: 1.1

Where Tgl and Tg2 are the respective Tg’'s of the individual components; andw,

are weight fractions of components 1 and 2, respectively.

Antiadherents

Antiadherents are used to reduce the tackiness of the polymer coating redecing t
adhesion between coated substrates. Tackiness of a coated substrate isdrflience
polymer type, type and amount of plasticizer used, coating process tempetatage, ¢
temperature, and moisture level in the proée&8smmon antiadherents include talc and
glyceryl monostearate (GMS) are added to the polymer dispersion befangcdaMS
is used at much lower quantities than talc, 5-10% compared to 50-100% weightbhteight
dry polymer. For a typical coating formulation, the reduced amounts of GMS needed
compared to talc, suggest GMS has much more influence on the structure of the film
surface than talc. Nimkulrat et al found that the GMS is much more visibly didperse
the polymer coating than talc. The specific gravity of GMS is about tines tess than
talc; therefore, the volume associated with the GMS is three times ladyming the

amount on a weight basis required to equal the effectiveness of talc. Thideddlgats



the efficiency of materials in reducing the tackiness of a coatingatedeio reducing the

contact area between the polymérs.

Some formulations can be prepared using a commercially available addiee’
emulsified combination of GMS and TEC (PlasACRYL T20 save processing time.
PlasACRYL T20 contains 10% GMS and 10% TEC and is used at 50% weight of the
dry polymer in formulation, additional TEC is typically added to formulationsheese

desired Tg for coating.

Pseudolatex Film Formation

A pseudolatex is defined by Carlin as a “colloidal dispersion containing solid or
semisolid particles in the nanometer to micron range, typically 0.1 to 0.3 e
pseudolatex dispersion is formulated with the plasticizer and the antiadhereat befor
coating the substrate. In order for a latex coating to function as itighdds film must
go through three main steps to form a film that is continuous and robust. The three stages
of pseudolatex film formation are water evaporation and particle orderinig)gar
deformation, and continuous film formation from inter-diffusion of polymers across
particle —particle boundaries, see Figure'?. the first stage, particle ordering, the
dispersed polymer particles come together due the evaporation of aqueous phase whic
leads to a face-centered cubic construction. In the second stage, particteatdefr
capillary forces of the interstitial water overcome the repulsiveefoirc the dispersion
causing the particles to begin to deform. In this stage particle consolitiktesplace
were the polymer particle deformation brings the polymer phases closéreioged the

aqueous phase becomes fragmented. The Third state, continuous film formation, is



sometimes divided into two distinct stages coalese®r fusion of particles and polyn
interpenetrationt’ In the coalescence stage the boundaries betwegrattieles
disappear and a continucfilm is formed. The fourtlstage is where the polymer cha
with in the particles interpenetrate between ctwawing the continuous fili with no
individual polymer particles left remaini. The final stage must be done above the 1
the polymer todcilitate the movement of the polymer s, ths stage is referred to

curing.

Stage 3: Coalescence

Figure 1.2: The Three Stages of Latex Film Formation

Pseudolatex FilmCuring

The curing stage of pseudolatex coatiis one of the most important steps to en:
a consistent coating which performs as desig Proper curing is essential for the cos
product to have a stable release profile over tiieeeshelf life of the produc The curing
depends on the Tg of tipwlymer being cured, the amount and type of plestideing
used residual water with in the filr and the time and temperature the curing proce
completed underThe curing process serves multiple functions,ldves for a complet:
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continuous functional film, a complete homogeneous solution of all the excipients
allowing for complete utilization of the excipeint’s properties, and inargdle stability
by allowing the polymer to enter a state of stable thermodynamic eguilibiThe under
curing or partial coalescence may have different dissolution propertrefuthyacured

coatings. Carlin et al sums up the importance of this stage of the coatieggproc

“The properties of partially coalesced films mayradically different from that of the
corresponding fully coalesced films. Partially tesced films are also inherently
unstable, as coalescence typically continues slowdyr time, resulting in decreases in
the drug-release rated. It is essential to ensumeplete coalescence for long term
stability. Unfortunately, verification of complatealescence is not always described in

the pseudolatex literature, which complicates iptetation of data™

The change in drug-release rate can be attributed to the curing affect on the
microstructure of the polymer coating resulting in change in the pereabid drug
releasé? Over curing of a polymer coating may have negative effect on the release of a
drug. Bodmeier et al found that beads cured excessively at higher temperatares ha
drug migration through the coating and deposit on the surface when the drug has an
affinity for the polymer coating. The release profile slowed conslgteith time until 4
hours was reached, the rate of release then began to steadily increaseof@¥m 4 t
hours™® This drug migration increases the release profile of a drug by ltizystgin the

coating and creating pores in the void when the drug is dissolved in the coating.

Amighi et al showed slowing of the release of theophylline over extende ¢umie
was dependent on temperature and amount of triethyl citrate used as pta$ticize
Amighi cured coated bead at 40 C with 10, 20, and 30% triethyl citrate until no change in
theophylline release was detected. The release rate of the samgk®pbes cured at

40 C stabilized between 1 and 3 months, 3 and 7 days, and 3 hrs for samples with 10, 20,



and 30% triethyl citrate, respectfully. The curing temperature and tbétihg coating
formulation must be taken into account when determining optimum process conditions

for a substrate coating.

Evaluation of Coating Systems

Typically the extent of curing in the pharmaceutical industry is determined
empirically by dissolution testing and the process parameters are ddjuste stable
reproducible release profile is reached. There are many techniquesyhae mpplied to
free polymer films as well as coatings applied to a substrate to aid icteneation
including mechanical assessment, thermal analysis, microscopy, santdgsis, film-
structural analysis, and assessment of mass trdfisfer® These methods give a good
indication of the polymer coatings interaction with excipients and effect oégso
parameters. Even with the advancement of coating characterizatioiiges every
substrate is different and empirical techniqgues must be used to finalize aahtugtfo

ensure a quality product.

Online techniques using NIR have been investigated to determine amount af coatin
applied to a dosage form and coating thickn€&S. To date only Tabasi et al have
attempted to use NIR for monitoring extent of curing of controlled releasagnéat’ %
Tabasi developed models for monitoring of extent of curing using dissolution as a
reference. Tabasi found limitations in the use of tablet dissolution in theatialor

model due to the presence of micro-fractures and coating thickness inhompogeneit

Thermal Analysis
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Thermal analysis is the study of material properties as they chatigeemiperature,
which includes differential scanning calorimetry (DSC), differentiafmal analysis
(DTA), thermo gravimetric analysis (TGA), thermo mechanical analysisy), and
dynamic mechanical analysis (DMA). The thermal analysis technique wHidewised
extensively in the process of this study is DSC, which is a method for therahgdia of
materials to detect physical and chemical changes associated withaemgehange.
DSC is a technique which measures differences in the amount of heat requireal to rais
the temperature of a sample and reference. A specific linear heaéing aaplied to the
sample and reference and heat is supplied to each maintain equivalent temperature
through phase transitions of the sample. The phase transitions include; endothermic
changes such as melting and ethalpaic relaxation, exothermic chaocgess

crystallization, or change in heat capacity such as Tg.

DSC will be used in this study to determine Tg of coating formulations and to
monitor melting of GMS. The Tg may be reported as onset, midpoint, or endpoint,
although the midpoint is the most common temperature referenced affigyTg will be

reported as the midpoint, also known as the inflection point, in the preceding studies.

Physical-Mechanical Analysis

Physical-mechanical analysis is the study of mechanical propertiestefials and
their response to stress or environmental changes such as temperaturean&lysiss
performed on films provides an excellent gauge on the final mechanical prepdré
coating formulation. The mechanical properties will allow for determining lobwst a
final coating will be and how resistant it will be to cracking over tifn&n example of a

stress strain curve may be seen in Figure 1.3. This relationship is obtaimgpolying
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strain to a film by stretching it at a uniform rate until failure occaswsing a load cell

to measure the stress on the film. The four major points of the stress-stvainvbich

are used for calculation of physical-mechanical properties aregref elastic
deformation, B)yield point, C) region of plastic deformation, and D) film breaking point.
These variables are used to calculate physical-mechanical propertiesdeasile
strength, Young’s Modulus (elastic modulus), strain at failure, work of failureleens

strength / Young’s modulus ratidn.

c
Strain Hardening MNecking
Stress f t
M
/ D
Ultimate Strength
B AN Fracture
Yield Strength
a
Rise
Run
Young's Modulus = Rise = Slope
Run
>  Strain

Figure 1.3 Example of a Stress Strain Curve, Adaptefrom Wikimedia

Fluorescence Spectroscopy

Fluorescence spectroscopy is a technique that is used to study interagtieenbet
fluorescence probes and light at specific wavelengths. Fluorescence pegbles m
incorporated intrinsically into polymers or extrinsically in to coating fdations to aid

in the understanding of changes in the microenvironments. Fluorescent probes have been
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shown to be sensitive to changes of polymer properties, such as polarity, fluakty, or
molecular mobility, pH, and electric potential, and they can be used for detelttinges

in their microenvironment? ?° These changes in the microenvironments can affect the
fluorescence intensity of the probes and if the fluorescent characseofprobe is well

understood the data can be used to interpret the microenvironment changes.

There are four types of fluorescence probes discussed in the literadr® usonitor
microenvironmental changes in polymers, the first being using molecular rotor
fluorescence to measure free volume chafigéee second being excimer fluorescence
techniques to measure free volume chafigése third being use of fluorescence
anisotropy for measuring free volume chai@emnd the fourth being use of direct non-
radiative energy transfer [DET], which is used to measure diffusion of poyoness the

particle-particle boundary and determine the diffusion coeffiéfeft 223

Near Infra-red Spectroscopy

Theory

Molecular bonds will absorb a quantum of energy at specific wavelengths of the
electromagnetic spectrum and become excited from its ground state daediond to
vibrate at its fundamental frequency. Near infra-red spectroscopy expieiabsorption
and excitation of the bonds that absorb in the near infrared region is from 780 nm to 2500
nm on the electromagnetic spectrum, between the mid-infrared and vidiblestigpns.
The NIR region consists of overtone and combinations of the C-H, N-H, and O-H
fundamental vibrations. These overtones and combinations are broad, overlapping, and

orders of magnitude weaker than the IR absorbance bands. The overtones and
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combination bands are a result of anharmonic oscillation of the fundamental molecular

vibrations induced by photonic absorption and excitation to higher energy*states.

The NIR bands are mainly a result of stretching and bending of the C-H, N-H;and O
H bonds, although C-O, C-N, and N-O bond stretching is also represented. The amount of
possible overtone absorption bands is calculated by (3N - 6), where N reptiesents
number of atoms in a molecule. Assignment of absorption bands to specific bonds is done
by using a correlation chart, See Figure 1.4, which indicates the mosiotoonganic
bonds and functional groups with their respective overtone and combination absorption
region. The absorption bands assignment is listed in ranges due to the displacement fr
the exact integer multiple affected by possible molecule interactiomdpyabonding,

and temperature variatiof.

Figure 1.4: Example of a NIR Correlation Chart, from FOSS NIRSystem¥
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Molecular interactions effect NIR band position and intensity involves the piesper
of the functional groups which include; atomic mass, bond strength, dipole moment,
symmetry, and anharmonicity. The neighboring functional group may also haffecn e
on the band intensity and position based on if they are strongly electron-witingliaw

electron-donating, which affects the bond strength and dipole mdfnent.

Water has a major influence on the NIR region, accounting for large amount of
change is due to hydrogen bonding; water has strong absorption at 1940, 1420, 1200, and
970 nm. Thus, the use of NIR for any application involved in monitoring water in a
process is highly effective. NIR is sensitive to the form in which the eatsts in a
sample; it may be in the form of free or bound water. These different forms of water i
solid will have different levels of hydrogen bonding and different intermolecular
distances. NIR has the ability to distinguish the multiple forms of wateexisitin a
sample, whether it is free, bound in various or crystalline as with the various
pseudopolymorph®*! The water absorption may also be a hindrance in a NIR method if
large amounts of water are present and possibly mask other variations that may be

monitored.

NIR absorption is known to have a shifts and broadening depending on temperature.
This shift and broadening is a result of increase in anharmonicity of absorbupsg
with increase in temperature. This increase in anharmonicity leads to upwana s

frequency center and broadening of absorbance $and.

Due to the large amount of overlap in the data the near infrared spectrum was not

used for practical applications until the 1960’s. Karl Norris, from the U.S. Departhe
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Agriculture, was the first recognize the potential as an analytical tpethifor biological
sample$? The field of near infrared spectroscopy has grown rapidly as better techniques
have been developed to analyze the large amount of data obtained from the NIR

spectrum.

Near Infrared Spectroscopy is a rapid nondestructive technique which has been
successfully utilized in a variety of PAT’s. There are many advantagesrig NIRS
including the ability to provide multi-constituent analysis, ease of sample atiepar
and the prediction of chemical or physical sample parameters from oneisfactiIR
spectra are typically broad and contain large amounts of physical as aledinikal

information and often overlap.

Equipment

The basic NIR spectrometer consist of a light source, a monochromator, a sample
holder, and a specific detector depending on whether transmittance dareféec
measurements are used, See Figure 1.5. The light source is typically ertunadsgen
lamp. Types Detectors may vary depending on the system, early systaslicon (<
1100 nm) or lead sulfide (850-3300 nm), modern systems uses indium gallium arsenide
(InGaAs, 850-1750 nm), extended-InGaAs (1100- 2200 nm). Most recent dectectors
include mercury cadmium telluride (MCT or HgCdTe) and lead sulfide in a diodg

format with excellent sensitivity of the entire NIR range (850 — 2500°Aim).
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Figure 1.5: Basic NIR Spectrometer Configuration

The sample to be measd dictates the type of measuring mode used on the
spectrometer Samples may be measd by transmittance, diffuseflectance or
transflectancesee Figurd.6. Transparent samples may be measured in transna
mode (A), turbid or senmsolids may be measured in diffuse transmitt (B), diffuse
reflectance (G)or transflectanc(D) modes depending on absorption and scatte

characteristic&®
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Figure 1.6: NIR measuring modes, taken from Reich

Chemometrics

NIR spectra are very complex mixture of chemical physical factors of the samy
components being analyzed. The speare conposed of broad overlapping bands 1
is multivarient in nature. This type of data reqgia process that can decompost
data into relevant information through mathematsoad statistical method:
Chemometrics is defined by the International Chewtric Society as “the Science
relating measurements made of a chemical systgrooess to the state of the sysi
via application of mathematical or statistical gsi&.”*® Due to the data beir
multivariatein nature, the ability to interpret the overlappouailected data requires t
use chemometric data processing. Chemometricodat@ssing uses mathematical
statistical methods to extract “relevant” inforneatiand reduce “irrelevant informatio

from a data s€f.
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There are two types of data analyses in chemometrics, quantitativeisuaalky
gualitative analysis. Quantitative chemometric analysis involves mugtigaralibration
for prediction and estimation of exact amounts. Quantitative analysis inclutiesdsie
like Multiple Linear Regressions (MLR) and Partial Least Square Bb& aims to
build a calibrated functional relationship between the NIR spectra and the oetputd
to as “supervised learning”. Qualitative analysis is used to explorensattéhin a NIR
data set using clustering techniques and sometimes referred to as “urssapervi
learning”.** Qualitative analysis would be used for batch discrimination and

classification test where as quantitative analysis would use regrésgredict as

specific property.

There are numerous methods used in the field of chemometrics such as Principal
Component Analysis (PCA), MLR, and PLS. These methods decompose data in to a
similar and interpretable data set and are used to build models for predictioa.afiéher
two major families of chemometric quantitative calibration techniques, MERniques
and factor based technigu¥sKrammer defines three uses of chemometrics and two

essential conditions which must be met for the chemometrics techniques to work.

THREE USES OFCHEMOMETRIC TECHNIQUES ARE TO

1. REMOVE AS MUCH NOISE AS POSSIBLE FROM THE DATA .
EXTRACT AS MUCH INFORMATION AS POSSIBLE FROM THE DAT A.
3. USE THE INFORMATION TO LEARN HOW TO MAKE ACCURATE PREDICTIONS

ABOUT UNKNOWN SAMPLES .*
TWO ESSENTIAL CONDITIONS FOR CHEMOMETRICS TO WORK ARE

1. THE DATA MUST HAVE INFORMATION CONTENT .
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2. THE INFORMATION IN THE DATA MUST HAVE SOME RELATIONS HIP WITH THE

PROPERTY OR PROPERTIES WHICH WE ARE TRYING TO PREDICT .**

NIR Data

To perform the chemometric analysis on the NIR data it must be organized into
matrices, which are organized depending on what the dependent and independent
variables are. Independent variables are variables that are beingedeasiithe
dependent variables are the variables that are being predicted. The NIR dptecis
organized in to a matrix containing the absorbance and wavelength for eacé, shispl
is the absorbance matrix. The known concentrations of the samples run on the NIR are
organized into a concentration matrix. The absorbance matrix is the independent
variables and is known as the x-block. The concentration matrix is what is being

predicted and is the dependent variables, also known as the y-Btock.

Multivariate Analysis

Mathematical Pre-treatments

Data collected for NIR spectrometry method development contains both physical a
chemical information, as well as noise associated with the sample propedi¢he
instrumentation used to collect the data. The variation in the data may be dansicte
mathematical pre-treatments prior to multivariate analysis or modalimgler to build a
more robust model and to simplify data in to a more easily interpretable Stete
mathematical pre-treatments are a form of mathematical bandpasaded to mitigate
the effects of scatter and instrument baseline vari&tidhis mathematical pre-treatment

is done to reduce the data to similar form, eliminate noise, normalize or staadhediz
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variation in the data. Krammer defined three categories for possible ways¢atpdeta
before PCA or performing regression; 1) artifact removal and /or lzetemm, 2)

centering, 3) scaling and weightifiy.

An example of artifact removal is a baseline correction of a NIR spectrumand m
be used to adjust for sample variation. Linearization is the conversion of spectral
transmittance into spectral absorption and multiplicative scatter dorrdot diffuse
reflectance spectra. The use of these pretreatments may improve the ssbasthe
precision of a model if used to remove data that may not directly impact the model being
developed? The mathematical pre-treatments to reduce scattering include iattir
scatter correction (MSC), standard normal variate (SNV) transtmmand polynomial

detrending’® 444

Mean centering is the subtraction of the mean absorbance from each wavelength in
the NIR spectrum. It allows the shift of the origin on the coordinate systdme tenter
of the data set. This process prevents the data points furthest from the origin frogn havi

too much leverage on points near the orfgin.

Scaling and weighting is done by multiplying all the spectra by a diffealing
factor for each wavelength. The purpose of this treatment is to add or subtraocmflue
of a certain wavelength on the calibration. There are two noted types afjscal
normalization and autoscaling. Autoscaling must be carefully applied to $plettra

because in some cases it can actually amplify the noise levels inahe dat

Derivatives are applied to improve resolution of overlapping bands as well as
reducing baseline offsets. Derivatives use in spectral data typicallgdppth
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Savitzky-Golay or Taylor smoothing algorithms to preserve maximums anchumis in

the spectral dat& Savitzky-Golay derivative function is a very commonly used in the
processing of NIR spectra. It requires proper specification of the polynord&x of the
smoothing function, the convolution kernel width, and the derivative. For NIR it is
common to use a quadratic polynomial with a smoothing kernel width of 11-23 variables.
The ideal derivative parameters are specific to the samples and system. NIR
spectroscopy typically uses only first and second-derivative, becausedd#amnal

order intensifies higher frequency notSeThe use of first-derivative will mitigate

baseline shift and the use of second-derivative will mitigate the basape sl

Combination of the mathematical pretreatments may be required depending on the
data to develop a sensitive and robust model. Common combinations for NIR

spectroscopy are SNV with first-derivative or SNV with second-derivaffve

NIR Method Development
In order to develop a robust NIR quantitative spectroscopy method the system must
be calibrated using multivariate methods. Reich defined four steps for prapeatai

of NIR systen*®

1. SELECTION OF A REPRESENTATIVE CALIBRATION SAMPLE SET

2. SPECTRA ACQUISITION AND DETERMINATION OF REFERENCE V ALUES.

3. MULTIVARIATE MODELING TO RELATE THE  “SPECTRAL VARIATIONS " TO THE
“REFERENCE VALUES” OF THE ANALYTICAL TARGET PROPERTY .

4. VALIDATION OF THE MODEL BY CROSS VALIDATION , SET VALIDATION OF

EXTERNAL VALIDATION .
Collection of Calibration Samples
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The sample selection for calibration in the development of a robust NIR specyroscop
method is extremely important. Improper sample selection can bias a nviaigifglse
predictions. Sample should span the entire range the method is expected to be used.
Sample selection may be selected two ways, drawn from routine operations or through
active experimentation where samples come from a designed experimehtwayi or
may not exceed the design space or the prdéeBassive sample selection from a
routine analysis may be more appropriate for qualitative analysis of a prhee$o the
lack of variation in a well controlled process. The experimental design mustumteiac
balanced variation of different controllable variables to produce a robust model.
Guidelines have been set forth for sample selection for method development; ASTM E
1655,Standard Practices for Infrared Multivariate Quantitative Analysates the
constituent values for the samples being used to create a calibration equatibe mus
minimum of five times the standard deviation of the reproducibility of theeedter

analysis.

Determination of Reference Values

Determining the reference values is especially important in building a noimatst
because the variation will be propagated through the NIR method. The laboredory e
should be kept to a minimum because the predictive error of a developed model will
always be greater than the laboratory error. The reference method shopiididxk ta
the same physical sample that was scanned by the NIR when possible. Wiendhis i
possible, every effort should be made to tie the scanning and reference aridhesis
sample as close together as possiblall reference samples should be performed in at

least duplicate, depending upon system variability.
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In the case where multiple constituents are being analyzed, the corrélativeen
the constituents should be minimized in the experimental design. If constituerst value
are close and the wavelengths change at the same rate, it would possible to pick the

wrong wavelength associated with each constitu®nts.

Model Sample Selection

The samples should be divided into two groups, a calibration set and a validation set.
The calibration set is used to build the regression model with the reference loata. T
validation set is used as a test set for the built regression model. Both the¢icalget
and validation set should cover the entire range of variation in the design spacthset b

DOE.

To build a robust model the collected samples must be analyzed so as to pick out
outliers and redundancies. If not excluded statistical outliers and redundaagies m
potentially cause the method to be weighted incorrectly and lose some sensitivity or
robustness. The sample selection is performed after mathematicadtpnetres if used.
The spectral data of the samples can be analyzed using selection methods such as
Mahalanobis Distance and Maximum distance. These selection algoriéhonesed to
detect spectral outliers which are considered statistically difféi@ntthe rest of the

data set, or those that are redundant and bring no new information to the tata set.

Multivariate Modeling
Modeling of the multivariate data may be accomplished using different techniques
such as MLR regression techniques or factor based techniques, such as PBAS or PC

Forina summarized the use of multivariate calibration as using “many phgsgntities
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(predictors) to compute the value of the chemical quantity (response), with two ma

objectives;*®

1. TOPREDICT THE RESPONSE WITH THE MINIMUM VARIANCE
2. TOELIMINATE (TOTALLY OR PARTIALLY ) SAMPLE TREATMENTS : THE STATE OF
THE SYSTEM MUST BE SUCH THAT A BLOCK OF MEASURABLE PHYSICAL
QUANTITIES IS CORRELATED UNIVOCALLY WITH THE CHEMICA L QUANTITY .*°
Principal Component Analysis
Principal component analysis is a factor based technique which is used to reduce
variables to a simpler more easily interpretable data. PCA is used tofirmdnations of
variables that explain trends in the data, these combinations of variables are known as
factors. NIR spectral data contains a large amount of collinear data vanidiec
transformed or compressed into smaller subsets to be compared to a few uedorrela
variables containing relevant informatith PCA provides a way of reducing the
dimensionality of the spectral data without degrading it, while reducing soise noi
associated with the data, represented graphically in Figufé Rélevant information is
sometimes not found in the individual variables but in the combination of variables and
how they change in relation to each other, this information co-variance may béadenti
with PCA*" The new vectors that are produced are orthogonal and known as Principal
Components (PC), eigenvectors, or factors. The first PC is the variablesrtkapond
to the largest variance in the spectral data set. Each successive PC, G £ Cetc.,

will correspond to the next largest amount of variance left in the data set.
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Figure 1.7. Graphical Representation of Reduction of Varialtes in PCA, Adapted from Martens et al*®

Identifying the significant factors is a challengePCA, if too many PCs are used"
model may not be robust dueincluding noise into the equation, teew may not
accomplish coverage all applicable variance in the data. ‘Rule of thufioib numbe of
factor determination is to use on one factor penulsal component and other effe(
such as temperatuf@.The use of Predicted Residual Sum of Squares (PR&SSstic

is also a tool to estimate fars to be included.

Calibration ModelDevelopmer

Multiple Linear Regressiol

Linear regression is the method of modeling thati@hship of a scalar unit variak
Y to variables X using linear functic, Equation 1.2 Multiple linear regressic (MLR)
is linear regression but exteedto add multiple X variables to the equation to dfkie
model, Equation 1.3VILR condenses the data set to reduce rank which aftlmvtke

modelto capture the maximum correlation between X a as seen in Figure 1
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yi=bxi+hh+e Equation 1.2

Vi = by + bxy; + oXo + eXg +...+ € Equation 1.3

Where yis the dependent or response variable suconcentratiorand X is the
independent or explanatory variables sucspectra, pis the intercept,, are the

coefficients of the different variable,, and gis the error in®°
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Figure 1.8 Graphical Representation of Linear Regression ath Multiple Linear Regressiol, Adapted from

Martens et al*®

MLR hastwo knownlimitation when modeling NIR spectra data,tlfequires X tc
have more rows (samples) than columns (variables$2) the columns variables must

independentif the variables are collinemay result irunstable regressic*” ** These
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limitations require variables to be eliminated Limitlependent set of variables i

obtained.

Principal Component Rgressiol

Principal component Regression (PCR) is the uPCA factorbased techniqu and
regression techniques to develop a moPCR does not have the same limitations ki
to MLR because instead of regressing the conceémtranh to the pectral data, th
properties are regressed onto the principal compgawores of the spectral data, wh
are orthogonal’ This process produces a more stable model do torthegona
principal components. Not ly is PCR more stable it also is less likely totfsen noise

because of the collinearity advant over MLR.

Figure 1.9 Graphical Representation of PCF, Adapted from Martens et al. %8

PCA is used in PCR to determine the optimal amo@iRCs to factor into the mod
but unlike PCA it regresses the data to predictifpaesults. Successful prediction
predicated on the proper selection of PCs and usrossvalidation to get associatt
prediction residual error sum of squares (PRES8g PRESS is a function of the P
used and to choose specifically where the predicioor begins to increase, whi

results in poor predictive properties of the mc *’
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Partial Least Squares

Partial Least Squares (PLS) is related to both MbR PCA in that it captures t
maximum covariance between X anc® PLS differs from MLR by usingll the
spectral data or portions of it, not specific deterwavelengths, to build a model. F
combinesdecompositiorfactor based techniques with regression analyBisS use:
PCs,known as latent variables in P, to explain the variation in the sitra X, while
giving the best fit to the reference c Y. The major difference between PLS and PC
the use of PCA and development of a new coordiseats for the constituent or Y blo
data. The factors for the spectral data are thejegted on tithe factors developed fi
the constituent Y block data on a r-by rank basis. The regression is applied or
rank-byrank basis between the spectral X block and comestitY block data t

maximize the fit see Figure 1.*

Due to the independent noise in the data o
spectral X block and the constituent Y bl, rotation is used to compensate to for

noise and reduce error.

X, 4

/

X\ —s
Xy ————>

X5 ————>

Figure 1.1Q Graphical Representation of PLS Regression, Adapted frorilartens et al*®

PLS is similar to PCR calibration as it will redusggectral data to a set of scores

loadings but also additional set of weighting vesis caculated, with the samr
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dimensionality of the loadings. The addition of the weighting vectors is reqaired t
maintain orthogonal scoré.The weighting vector, W, is used to maximize the
covariance of the spectral scores with the concentrations for each rank obth& luat
weighting vectors are determined in order, once the largest variance is fald s
calculated the spectral data used in calculation pisviemoved. Wwould be
calculated next and its spectral data remove, this would continue until all pdastioirs

are found**

Method Validation

A calibration method may not be relied on to perform as it is intended until is
undergoes a validation procedure. The method is run to determine the models
performance on representative samples. Model validation is completed usirentiffe
statistical diagnostics such as monitoring residuals and loadings. Modetigalidanot
specifically designed to measure the ability of the model to predict datizalssess the
calibration data set used in creating the model. A model may be influence bgrtgo m
statistical outliers in the sample set, which may affect the robustnesseaatullity to

correctly predict.

When models are developed the best fit approach is typically used when choosing
number of components and mathematical pretreatments. This approach may lead to ‘over
fitting’ of the data where noise inherent in the system may be incorporatetient
model. This ‘over fitting’ will affect the robustness of the model and its ability to

successfully predict reliable data. An over fit model will have a high regression
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coefficient and low standard error of calibration, although it will have a léage@rd

error of calibratiorf®

Cross-Validation

Cross-Validation (CV) is an internal validation using a systematic process of
removing individual (leave-one-out method) or groups of data (full cross-validation) t
determine predictability in a calibration model. The leave-one-out approach is done by
taking individual samples out of the calibration step and calculating the sum of errors
between the expected and predicted, the removed sample is used a validation sample
This continues until all samples have been removed and then replaced in order to

calculate the PRESS of the calibration mddel.

The process of cross-validation is to determine how many latent variablé® will
used in the model development. For each latent variable included in the model a PRESS
will be calculated, when these statistical parameters begin to iagteasans there is
potential that noise is being included in the model and a signal to limit the latebtasria
at this point. The use of cross-validation is an essential tool for the development of the
calibration model, although an independent external validation should be completed also

to complete the validation step.

External Validation

External validation is the process of either dividing the samples into aat@libset
and a validation set or specifically preparing a validation set independent of the
calibration set. This independent group of data is used to determine the abligy of t

model to successfully predict desired values. The results of this processdte us
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calculate the SEP which is used to further modify the model or determine if mgthod i
acceptable as is. If the method is deemed acceptable based on satigfatdtioalks
parameters, including SEP, it may be used to predict unknowns with confidence in the

results.

When developing models, statistical parameters are constantly retemeardler to
determine the ideal amounts of components incorporated in to the mode. The prediction
error will demonstrate the predictability of the calibration method. Thersemeral
techniques for validation of a method, each produce interpretable results that nsag be
to further adjust the parameters used in the calibration process. Thegeadtatist
parameters are determined at different stages of the calibration degatofimey include
Standard Error of Calibration (SEC), Standard Error Cross-Validation (SEBtaf)dard

Error of Prediction (SEP), and PRESS.

PRESS
The predicted Residual Error Sum of Squares is the sum of the squares of all the
errors of all the samples in the sample set. The PRESS is typically uséel to the

result from the application of the “leave-one-out” method in cross-valid&tion.

Equation: 1.4

Standard Error of Calibration
The standard error of calibration is the when a calibration is generdted data set
and evaluated for predictive performance with the same data $kts should not be

used alone due to the problems associated with ‘over fitting’ of data.
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" $%& % Equation: 1.5
$
Where, i =1 ... n samples and p = number of wavelengths in MLR or factors in (PCR

and PLS)

Standard Error of Cross Validation

" $%& ' Equation: 1.6

(

Where, i =1 ... n cross validation samples

Standard Error of Prediction
The standard error of prediction is the error determine when evaluating theipeedi

performance of a calibration model using independent validation data set.

M $%& I'H ) Equation: 1.7

Multi-way Analysis

When working with a system such as NIRS, which collects a large amount of multi-
variate data, and applying it to a complex multi-variate process a new way of
decomposing data is required to handle the complexity of the system without loss of
important information. Multi-way Analysis allows for data from a compiestesn with
many variables to be modeled and decomposed into a simpler more interpretapét. data
To define multi-way analysis, an understanding of one-way and two-way must be
established. One-way analysis is monitoring one variable such as ansnglength

and repeating to determine the mean and standard deviation. A two-way analysis
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include the same one-way analysishiut adding a variable of multiple wavelengtis (
developing al(x J) data array. The two-way array may be analyzed by tools such as
Principal Component Analysis (PCA). The multi-way analysis affdtimensions to
this data generating a matdx(J x K), whereJ may be wavelength& may be
absorption af wavelengths. Thecomponent for the three-way array may be time,
temperature, or other variables defined in the experiment or process, gerethtegr
way array of sizé x J x K. This type of three-way array requires special multi-way

processing techniques to decompose and analyze the data.

Multi-way analysis is used to analyze higher order multi-way data seétsoimsist of
multi-variant data set such as fluorescence and NIR spectroscopy. The #noesand
NIR spectroscopy may be dependent on variables such as temperature, time, or for
fluorescence excitation wavelengths. The multi-way data is alandmxes rather than
the two-way matrices. There are several types of multi-way sisdbchniques used to
decompose multi-way data such as N-mode Principal Component Analysis (PX0A) (a

known as Tucker3) and Parallel Factor Analysis (PARAFAE}>*>°

The Multi-way analysis ‘Order Advantage’

With the evolution of first-order instrumentation, such as spectrometers and
chromatographs, into online sensors, the kinetic based data has become second-order or
higher. The use of multi-way analysis allows for the analysis of individugbonents of
a sample that may not be included in the calibration set, this has been termed-“second
order advantage”. This second-order advantage may be used to estimate $ipeqiuae

of each linearly independent component of a safipls order advantage may be used
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to estimate changes that did not appear in the original first-order calibsati by adding

additional variables, such as time, and building a second-order tensor faisanaly

PARAFAC and PARAFAC2

PARAFAC analysis has been used increasingly more in the field of chenomet
processing of pharmaceutical data. With the multi-variant nature from iresitation
such as NIR and fluorescence spectrophotometers and the adaptation of thesetgystem
batch process or online instrumentation the data has become increasingly complex. Thi
complex multi-variant data collected over possibly multiple variables such asnaH, t

location, or temperature, has required new ways of treatment and decomposition.

PARAFAC?2 is similar to PARAFAC but may be applied when the data does not fit
the trilinearity required for PARAFAC. PARAFAC?2 is a less constramethod than
PARAFAC and should be used if PARAFAC is not possible; if both methods can be
applied the PARAFAC method should be used. For example PARAFAC2 may be used
when variables in one mode, such as time, is not exactly fixed for each batch being

compared?® >’

PARAFAC modeling and decomposition has been applied to a variety of
pharmaceutical processes to build predictive models or to determine rangetabfeffe
processing parameters. PARAFAC analysis was applied by Alcalanethal
deconvolution of chemical and physical information in tablet formulations using NIR,
drug concentration levels, and compaction presstirlcala found that models built
with PARAFAC-MLR, when compared to PLS, were less complex and used lower

number of components increasing the predictive ability. Matero et al usedFRAR
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and PARAFAC?2 to separate successful from unsuccessful fluid bed granulation
batches® Matero applied PARAFAC and PARAFAC?2 to processing variables such as
various processing temperatures, air flow rate, and relative humidity oéainali to

better understand the wetting phase of the granulation process. PARAFAC was
determined not to be a good fit for the data, although after application of PARAFAC2,
Matero was able to provide good separation between successful and unsuccessful

batches.

PARAFAC has been used my Alm et al to develop a method of better analyzing IR
and NIR overtones to use the multi-way order advantage to produce more robuest, stabl
and interpretable models than PLS. The method Alm developed is known as Vibrational
overtone combination spectroscopy (VOCSY). The VOCSY method uses the
consecutive overtone regions for NIR spectra and arranging them into slabs to build a
three-way tensor for analysis. Alm showed that the benefit of PARAFAC order
advantage enabled the VOCSY technique to yield accurate predictions in grecpres

unknown interferent<?

N-mode Principal Component Analysis (Tucker) Models

The N-mode Principal Component Anaysis was first developed by Ledyard Tucker in
1966 as multi-way tool for principal component analysig.ucker3 and PARAFAC are
very similar with one major exception the use of a core array in the Tucker3 method, se
Figure 1.13. The Tucker3 core array gives a summary description of theviyee-

information and interactions in the three way d&ta.
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Comparison of PCA, Tucker, and PARAFA

Principal component analy: (PCA) is used to analyze tweay arrays using a matr
decomposed as a sum of vectors and products, geeeE.11 In PCA the horizonte
vecta is known as loadings and the vertical vectomiewn as Scores. The PARAF/
model decomposes a th-way array into vectors, were there three typesedadbadings
see Figure 1.12I'he decomposition by PCA and PARAFAC, of the-way and three-
way arays respectively, into components aids in simpidythe data set into small

more interpretable data s¢°

Figure 1.11Principle Component Analysis, tweway array decomposed into sum of vector product®°

Figure 1.12 PARAFAC , a three-way array is decomposed into a sum of triple produs of vectors®
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Figure 1.13: Tucker3 Model three-way array decomposition®

The PARAFAC is considered to be a more constrausesgion of the -mode PCA
(Tucker3), and the Tucker3 method is consideredta more constrained version
PCA. In PCA an Feomponent solution for | x J x Karray is unfolded tF(l + JK)
parameters. In Tucker3 th-component solution for the same arrag(s+ J + K) + F3
parameters and the PARAFACF(I x J x K)parameterS. The PARAFAC method h:
far less parameters than the PCA or Tucker3 metleadisng to a more interpretable ¢
robust models. The Tucker3 method allowsextraction of different number of factc
in each mode and has rotational freedom, makingtias unique as the PARAF/
model®* Data that can be modeled with PARAFAC can also bdeted with Tucker:
and PCA.PARAFAC will use fewer degrees of freedom decrea#ite model noise ar

systematic variation compared to Tucker3 and [°?
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Chapter 2Hypothesis and Specific Aims

Hypothesis

Near infrared spectroscopy (NIRS) and fluorescence spectroscopy setiobe
developed to monitor extent of curing of Eudr3giblymers coating formulations using
thermal properties of film components, physical-mechanical properties, ansetioé

extrinsic fluorescence probes.

Specific Aim 1

Develop a model using differential scanning calorimetry (DSC) to mioclitanges in
glyceryl monostearate (GMS from PlasACRYY) melting area during the curing
process at various times and temperatures and use the melting endotherm oc€&MS ar

under the curve (AUC) as a reference for NIR model development.

Specific Aim 2
Develop a model using Instr®system to monitor change in physical-mechanical
properties, such as tensile strength, percent elongation, and Young’s modulusuat var

time and temperatures and use as reference for NIR model development

Specific Aim 3
Develop a fluorescence spectroscopy method by extrinsically labelingdifidr
polymer coating formulation films to monitor physical or chemical changtsei

polymer matrix during the curing process at varied time and tempesatur
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Chapter 3Analysis of Curing of a Sustained Release Coating
Formulation by Application of NIR Spectroscopy to dhitor

Changes Associated with GMS

Abstract

Many solid dosage forms use polymer coatings for masking, moisture protection, and
controlled release. In order for the coating to function as designed, it mustbeat
temperatures above the polymer’s glass transition temperature (Tgprodess of
curing the polymer coatings has been identified as an area that would fsenethe
development of a real time PAT method for monitoring the extent of curing. Thedbcus
the current studies are to further develop an understanding of the curing jaratéss
develop NIRS as a tool for monitoring curing of functional coatings used in
pharmaceutical formulations. Models were developed for NIR to predict the ektent
curing of Eudragit polymer films. Studies using differential scanningioadtry (DSC)
were completed to determine how the thermal properties of glyceryl morastéams)
relate to the extent of Eudragit polymer coating formulation curingaféas of the
GMS melting endotherms obtained from the DSC studies were used as refésences
model development and to predict the extent of curing. The calculated meltingreaak
for the GMS was plotted versus time and found to be dependent on time and temperature
used for curing. The films cured at 40 C showed an initial increase in thiegrattak
area but returned to initial area over 48 hours of curing. The GMS melting peak ar
decreased for the films cured at 50 and 60 C at different rates, although they did not
converge.Principal component analysis (PCA) and parallel factor analysis (PARAF
were performed on the NIR spectra to investigate the effect of curing élmtbe Both
PCA and PARAFAC analysis of the NIR spectra showed that components could be
directly related to the changes associated with the GMS during curinipl Rast
square (PLS) models were developed for the three different formulationd) as we
combined, resulting in good prediction of final state of GMS post curing indicative of
extent of curing of the film. This study demonstrated the ability of NIR sysatipy to
monitor the extent of curing of coating formulations.
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Introduction

The use of process analytical technology (PAT) has become a valuabletto®l |
development of knowledge of processing parameters and the control of manufaafturing
pharmaceutical products. The process of film coating and film curing of potoagngs
has been identified as an area which would benefit from the development of a PAT
method for monitoring for film formation and the extent of curing. Many solid dosage
forms use functional polymer coatings for taste masking, moisture protection, and
controlled release. In order for the coating to function as it designed mdresef t
polymer coatings must be cured at temperatures above the polymers tratesison g
temperature (Tg). This curing process helps ensure the quality of the protibet wi

consistent and the stability will be acceptable.

Coatings and Film Formation

Coatings are used in pharmaceutics to serve as taste masking, moistutmpyotec
and controlled release. Many problems can arise from an improper coatteggsuch
as cracking, splitting, peeling, and flakihgThese problems can lead to dose dumping in
a controlled release formulation, stability problems due to moisture uptake, lanel @i

taste mask a drug.

Latex Film Formation

There are three stages a coating must go through in the process of latex film
formation to form a stable coating on a substrate, water evaporation anct padering,
particle deformation and filling of voids left by water evaporation, andlyina

coalescence to form a continuous film from the inter-diffusion of polymers gquaosse
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—particle boundaries3 The final stage is aided by elevating the temperature above the
glass transition temperature (Tg) of the polymer to increase the free vahthatiow for

the polymer to diffuse into an increased state of thermodynamic equilibrium.

The final stage is also commonly referred to as curing, annealing, orghefl
the polymer film. The extent of curing has been shown to have effect on the physical
properties of the polymer such as Tg and elastic modulWisis is due to the changes of
the internal stress relative to the inter-diffusion of polymer chains and @adedn the
free volume within the polymer. The inter-diffusion of the polymer chains post curing
has been shown to increase the mechanical strength of tite filris important for the
coated pharmaceutical dosage form to be cured at an appropriate time, undesasuring
lead to failure in proper coverage and coalescences. The curing of the pobatieg
affects the dissolution rate of the dosage form due to the incomplete coaleseknce a
complete film formation. Extended curing times may affect drug gtahild has also
has been shown to increase the amount of drug which partitions through film and

recrystallizes on the surfale

NIR Applications

Near Infrared Spectroscopy (NIRS) is a widely used method for qualitasiadl
guantitatively analyzing pharmaceutical processes. Near Infrgextr8scopy is a rapid
nondestructive technique which has been successfully utilized in a variety o§.PAT’
There are many advantages to using NIRS including the ability to provide multi-
constituent analysis, ease of sample preparation, and the prediction of chemical or

physical sample parameters from one spectruxiR spectra are typically broad and
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contain large amounts of physical as well as chemical information andoeieap.
Due to the data being multivariate in nature, the ability to interpret theapparg
collected data requires the use chemometric data processing. Chemdatatric
processing uses mathematical and statistical methods to extracafitélemformation

and reduce “irrelevant information” from a data ‘set

Tabasi et al. completed an in-depth study of the application of NIR spegyosc
in the development of tablet manufacturing. Tabasi developed NIR spectroscopy
methods for monitoring the tablet manufacturing process, including tablet gsigore
coating thickness, and extent of curffii. Tabasi used NIRS to develop a model for
monitoring of curing of Eudragit RS/RL films using dissolution of the tablet as
reference. Tabasi found limitations in the use of tablet dissolution in theatialior
model due to the presence of micro-fractures and coating thickness inhortyogenei
Tabasi also completed a principle component analysis of films cured a¢uliffe
temperatures and determined that the peak at 1908 nm converged to a limiting value.
Tabasi attributed it the C-O and O-H bond overtones and combination bands Al RCO
and RCQR functional groups. Tabasi determined it was not directly related to water
because the changes did not correspond to absorption peaks at 1420 and 970 nm. Tabasi
used Differential Scanning Calorimetry to explain possible relationshipgéetcuring
and changes in the NIR spectrum and suggested the possibility of using trosshlapti

as a reference for model developmeént.

PARAFAC
In processes like coating, that include many different parameters aableatwo-

way modeling approach may not decompose the data in a visual and an interpretable wa
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When multivariate data is measured in a cross fashion with multiple varialgllesy hi

order techniques are required for analysis without having to decompose a cube fashioned
data set into several unfolded matrices. Parallel factor analysisAIPAR®) is a multi-

way technique used for decomposing data with many collinear variableSAFA&Ris

unique in that it does not require the multi-way data to be unfolded like using principal
component analysis (PCA) or partial least squares (PLS) methods. The reasongor
multi-way methods for decomposition of data is not to obtain a better fit but to obtain

more adequate, robust, and interpretable mddels.

PARAFAC has been used successfully in pharmaceutical PAT development to
deconvolute chemical and physical information in tablets, as well as buildidglsfor
drug quantizatiod* PARAFAC has also been shown advantageous in the use of

separating successful from unsuccessful batches in fluidized bed grantfiation.

DSC

Differential Scanning Calorimetry (DSC) is a method used to determirmadhe
properties of a material by measuring the temperature and heat flosagsdavith
physical or chemical transitions. Tabasi et al. identified the conelagtween the
decrease in the AUC of the GMS peak and the curing of casted films at various
temperatures’. Tabasi believed that the heating of the film during the curing process
increased the diffusion of the GMS into the polymer chains and could facilitate the

movement and inter-diffusion of polymer chains during the curing process.

Traditionally, the endpoint for curing is determined empirically during psces

development using dissolution data as an endpoint. The curing endpoint is found when
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the dissolution profile ceases to change after running many experimentsrandiff
temperature and time points. There currently is no documented process dnalytica
technology that can determine curing endpoints online. The relationship betwegn curin
and NIR spectroscopy has been documented and explained using DSC acquired data,
although the use of DSC data as direct references for NIR method development has not
been documented to date. There also currently no analysis of the changetedssdbia

the GMS in the coating over the entire curing process. The development of ateccur
fast low impact PAT with the ability to determine curing endpoints, as welbagenng
significant changes in coating characteristics, has been iddrdgian area of need in the

field of process analytical technology in development of pharmaceutical dosange for

There are two objectives of this paper, 1) to develop a better understanding of the
mechanisms involved in curing of Eudragit RS and RL polymers in relation to GMS in
the coating formulations and 2) the development of a NIR spectroscopy method, using
two-way and multi-way analysis, to determine the endpoint of curing using DSC
thermogram dataThis study uses DSC data obtained from analyzing properties of cured
films as references to investigate the application of rapid non-destridRve
spectroscopy and multivariate analysis in determination of extent of cudsigg the
AUC of the glyceryl monostearate melting peak, at various times and &tomes; as a
reference for NIR it is proposed to develop a robust method for monitoring the curing of
film coatings. This study will focus on testing the feasibility of using RI&@ as
reference data for NIRS model development for determination of polymecuiiimg

endpoints.
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Materials and Methods

Materials

Films were prepared using Eudragit RL-30D (Poly(ethyl acrylateethyl
methacrylate-co-trimethylammonioethyl methacrylate chlorid2)012, Lot #
G060216036 and Eudragit RS-30D (Poly(ethyl acrylate-co-methyl methaecga
trimethylammonioethyl methacrylate chloride) 1:2:0.1, Lot #0400318052 from Evonik
R6hm Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with glyceryl
monostearate (Lot # P080504) from PlasACR¥Amerson Resources, PA, U$And
triethyl citrate from PlasACRY® and additional from TEC (Lot # N91182), Morflex,
Greensboro, NC. The glyceryl monostearate used for analysis and compagson w

provided by Spectrum, Lot#VV0714.

Methods

Film Preparation

Three formulations of the polymer films were prepared by casting method, 40, 50,
and 60% PlasACRYIM based on dry polymer weight. PlasACRYLis a commercially
available value added emulsion of 10% GMS and 10% TEC and is used at 50% weight of
the dry polymer in formulation, additional TEC is typically added to formulations
achieve desired Tg for coating. The additional triethyl citrateadassted to maintain a
constant plasticizer amount in the films. The PlasACR¥Mwas diluted with water and
allowed to stir for 30 min. The triethyl citrate was measure out and dilutbdwater

and stirred for 30 min. The triethyl citrate solution and PlasACK\dolution were
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added together and stirred for additional 30 min. The Eudragit RL and RS were
measured out and added to separate beaker, the triethyl citrate/plagation svas then
added and allowed to stir for NLT 1 hr. The polymer dispersion was then pipetted into a
Teflon mold and allowed to dry in a recirculation desiccator for NLT 1 weekfimtd
appeared dry to touch and relative humidity stabilized in desiccator chambeilmBhe f
were then peeled out turned over and allowed to dry for another week to ensure films

were completely dried.
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Table 3-1: Eudragit Film Formulations

Formulation 1 Formulation 2 Formulation 3
DS DS DS
Ingredients mL (9) % mL (9) % mL (9) %

RL 30-D (mL) | 16.50| 4.95 | 16.47| 16.50 4.95 | 16.63| 16.50| 4.93 16.3]l
RS 30-D (mL) | 67.00| 20.10| 66.89| 67.00 20.10| 67.52| 67.00 20.10 66.23
TEC(mL) | 250 | 250 8.32| 274 272 914 230 280 7.58
Plasacryl (g) | 12.50| 250 | 8.32 | 10.00 2.00 | 6.72 | 1500 3.00 9.88
Total GMS (g) | 1.25 | 1.25 | 4.16 | 1.00] 1.00 | 3.36 | 1.50| 1.50 | 4.94
Total TEC (g) | 3.75| 3.75| 12.48 | 3.72| 3.72| 1250 | 3.80| 3.80| 12.52

Total 98.50| 30.05| 100.0q 96.22| 29.77 | 100.00 100.80| 30.35 100.0p

Oven Curing

A Model 19 Thelco oven (Precision Scientific Compadkicago, Ill) was
preheated at desired temperature for no less than one hour before beginningTthging.
dried films were cut into roughly 1 dmsquares and placed inside a Teflon petri dish for
curing. Six samples were pulled for each time point, allowed to cool to room teanperat
for 10 min before scanning with NIR spectrometer. The films were cured at taarper

of 40, 50, and 60 C for 1, 2, 4, 6, 12, 24, and 48 hours in oven.

NIR Spectroscopy

A FOSS® 6500 rapid content analyzer NIR Spectrometer (Silver spring, MD)
was used for all film analysis. The RCA DS was operated in the diffusetagite
mode. The data collection method was set to full spectral range of 400-2500 nm.
References and samples were an average of 32 scans at 2 nm intervalsis Alkfié

scanned on both sides and the average spectra of both sides were used for analysis.

Performance testing on the NIR Spectrometer was performed weeklg betor

to ensure consistent results. Performance testing included measuring mies@a
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levels, NIR and visible gain, internal wave length performance, and precisi
Wavelength linearization was performed before every use using an imewelength

standard. A ceramic reference was scanned at the beginning of evecyi@olperiod.

Chemometerics and Data Treatment

The data collected was analyzed both by two-way (PCA and PLS) and three-way
methods (PARAFAC). In the two-way method the data was organized havingsthe fir
dimension (mode) corresponding to the NIR spectra data and the second dimension
(mode) corresponding to the temperature and time of curing. The three-way method,
PARAFAC, was organized having the first mode is assigned to temperature, second
mode is assigned to the spectral data, and the third mode was assigned to theurempera
used for curing. For each method the data was decomposed and analyzed using
PLS_ Toolbox software v6.01 (Eigenvector Research, Inc., Wenatchee, WA) for Matlab
v7.4 (The Math Works, Inc., Natick, MA). Sample selection and outlier identification
were completed by plotting the Q residuals against the Hotelfimgpd removing

samples outside the 95% confidence range.

The two approaches, two-way and three-way analysis, were followed to build

calibration models to predict the amount of crystalline GMS remaining in the film

DSC Method

Curing was analyzed using a Thermal Analysis model 2920 DSC, calibrated with
indium and sapphire standards. The glyceryl monostearate (GMS) meklingmthe
transition glass temperature (Tg) of the films were monitored for charegehe curing

cycle. Samples (10-20mg) were weighed into aluminum pan (TA Instrument, New

58



Castle, DE) and examined at a heating rate of 20 C/min within a range of -50 C @ 100
and cooling 100 to -50 at 20 C/min , two heating cycles were run for each sample.
Analysis was completed with Universal Analysis 2000 (TA Instrument, NestleC®E).
TheDSC thermogram was integrated over the range of 40 to 80 C to detect thelglycery

monostearate melting peak.

Results and Discussions

Curing Films

In order to determine temperatures to use for curing the prepared films, the
formulations were tested using modulated differential scanning calioyfMDSC) and
the reversible heat flow was analyzed. The 1:4 RL:RS Eudragit coatingl&bion
plasticized with 12.5% triethyl citrate had a long broad Tg at 22 C, and rideddrom
0to 40 C, see Figure 3.1. To verify this observed baseline shift, in the MDSC, was the
Tg, samples were also prepared with no triethyl citrate and with tiaécamount at 25%.
The reversible heat flow from the MDSC showed a Tg of 50 C for the neat eojma -
8 C for the films prepared with 25% triethyl citrate, see Figure 3.1. Thesees in Tg
resulting from the three levels of triethyl citrate were consistahtwiat would be

predicted by the Fox Equatiolf:

Equation: 3.1
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which further supports our determination of Tg. In addition these values are consistent
with the Eudragit RL and RS 30 D information sheet provided by Evonik Industries,
which stated the Tg of both polymers was ~ 55, the determined values can be affected b

differences in experimental parameters such as heating rate.

Based upon the Tg measurements, the curing temperatures chosen for this study wer
40, 50, and 60 C, and these temperatures are consistent with the previous studies of
Tabasi et at®and these results confirm that the Tg of the film formulation was below the

chosen curing temperatures.
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Figure 3.1: Tg of Eudragit RL:RS (1:4 ) Formulation with 0.0, 12.5. and 25% TEC
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Temperature Dependence on Curing
The area of the GMS melting curve was observed to be directly related tm¢he ti

and temperature used for curing. The GMS area was found to decrease with higher
curing temperatures and over time, possibly relating to the diffusion of the GMS
throughout the film at temperatures close the melting point of 58-62°C depending on
polymorph type, see Figure 3.2. GMS has two main polymorph forms, the lower melting

-form which is dispersible and foamy and typically used as an emulsifying agent or
preservative, and a higher meltingorm which is denser, more stable, and typically
used as a wax matrix. A metastabléorm polymorph also exist during the conversion
of the -form to the more stableform.!® The extent of GMS melting area appears to
stabilize at each temperature the film was cured at but the rate at idiGIMS melting

area stabilizes is dependent on the temperature, see Figure 3.3.

Figure 3.2: Change in GMS solid state within Eudrgit RL/RS Films during Curing
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Figure 3.3 Example of Change in GMS Endotherm cured2 hours at 40, 50, and 60 C

Three different coating formulations, see Table 3-1, were prepared and ctired wi
40, 50, and 60% wt/wt Plasacryl to polymer weight, Figures 3.4, 3.5, and 3.6. The films
cured at 60°C appear to quickly reach equilibrium within 2 hours, while the 50°C
samples took 6 hrs, and the 40° samples appeared to take 24 hrs. The three formulations
varied only in the area of the endotherm in respect to the amount of GMS in the
formulation. The trends seen in the changes in the area of the GMS endotherms during

curing at different temperatures are consistent throughout the three fibomila
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Plasacryl dried was run on the DSC alone to determine what part of the
formulation’s DSC thermogram could be directly related to its thermal giege On the
initial cycle, it was found to have a broad bimodal peak from 40-75°C with an area of
130.7 J/g, which indicates a blend of thtorm and -form polymorphs. The second
heating cycle has a narrow endotherm from 40-65°C with an area of 70.21 J/g, which
indicates the total conversion to the less stalflam polymorph. See Figure 3.8. The
difference in the change in the GMS area may be attributed to a combination of GMS
polymorphs as well as possible impurities found in the form of glyceryl monopsmit
and glyceryl monomyristate which is common in glyceryl monostearate. & ajfiral
determined that 50 C was the ideal temperature for the conversion ofdha
polymorph to the -form polymorph™>. The observed shape of the endotherm and the
appearance of a bimodal endotherm during the 50 C curing support the data of
polymorphs in the matrix. The plateau observed in the GMS endotherm area from DSC

could possibly be the-form polymorph melting and dispersing within the matrix. The
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complete disappearance of the GMS endotherm after 60 C treatment would cbefirm t

-form melting and dispersing within the matrix.

48.60C

A
49.92C /
81.94J/g//

/
Second Cooling Cycle ,/

\_ Second Héjdting Cycle \
0 S e

50.60C

Heat Flow (W/g)

2] 73.67J/g /

f
4] First Heating Cycle 57.12T

t { S~
64 50.25TC
130.9J/g
-84
60.74C
'10 T T T T T T T
-60 -40 20 0 20 40 60 80 100
ExoUp Temperature (T)

Figure 3.7 Plasacryl DSC thermogram

GMS was analyzed by DSC to determine the related polymorphs and respective
melting points for the polymorph conversion see Figure 3.8. Commercial GMS is
provided in the stable-form and was confirmed by DSC. The melting point of the
form was found to be 59.1 C and thdorm was 61.7 C. However, the conversion was
found to be much slower than reported by Yajima. The transformation offthe to
the -form was not complete after 4 days of treatment at 50 C according to DSC
thermogram. After 96 hours the melting point shifted to 60.28 C, falling short of
converting back to the initiak-form melting point of 61.68 C. There was noticeable
increase in the enthalpy change associated with the melting of the GMS bwdrdglal
not return to the much higher enthalpy related to melting of the more stidila of
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GMS. The cured Eudragit films do not exhibit any increase in enthalpy whikegcuri
suggesting the GMS-form polymorph melts and diffuses into the polymer matrix and

does not convert to theform within the polymer film.
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Figure 3.8: DSC conversion of GMS polymorphs

Near Infrared Spectroscopy Model Development

NIR spectrum

The NIR spectrum of the film and the components of the films may be seen in Figure
3.9. As would be expected each component has a strong absorbance in the 1100-1200,
1350-1500, 1600-1800, and 2200-2400 nm regions associated with CH, CH2, and CH3,

given the structures of each component. The over lapping spectra of the components in
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the films posed a challenge to correctly relate any change in theasfueatspecific

change in a component.

3.0 =—=—=Eudragit film formulation —=TEC
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Figure 3.9: NIR Spectrum of Eudragit Films Pre-cuting

The NIR spectra of the GMS polymorph conversion from the stable commercial
form to the meta stableform may be seen in Figure 3.10. The spectra show clear
changes in several wavelengths, specifically 1500 to 1600 and 1900 to 2400 range.
These changes may or may not be detected within the film matrix do to tisiesagith

other components changing the forms or shifting the spectrum.
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Figure 3.10: NIR spectra of GMS Polymorphs, -form and -from

PCA NIR Spectrum

Principal component analysis was performed on the entire NIR spectra ibinthe f
scanned post curing prior to development of calibration models. Mathematical
preprocessing with Savitzky-Golay antf erivative with a 15 step was used to remove
baseline shifts and physical variation, possibly due to thickness variation or bubble
formation in the films. The PCA shows for the combined temperatures shows etet tr
associated with the temperatures used, See Figure 3.11. A closer exanmatioa i
clustering of the data shows the PC2 trends higher as the curing tempernattneased.
Clustering of the data in relation to PC1 does not appear to have any directioartela

extent of curing of film.
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Figure 3.11 PCA of Formulation 1

The data was examined to determine if specific principal components were iatluenc
by curing temperatures used in the curing process, See Figures 3.12, 3.13, and 3.14. The
PC vs time plot of individual shows the clustering is not well defined with respect to
temperature for PC1, Figure 3.12. PC2 shows clear dependence on the time and
temperature of curing, See Figure 3.13. The Plot of PC3 also shows dependence on the
time and temperature used in curing, Figure 3.14. The loadings associated Witlishe

were not clear based on the visually similar NIR spectra of the raw data.

Examining the scores associated with PC2 it is possible this componerniaigd e
the changes in the state of GMS in the cured films. The scores for PC2 ftmthe fi
cured at 40 C do not change with respect to the initial samples. The scores fionghe fi
cured at 50 and 60 C change rapidly in the first hours of curing. This closetysrtie

changes observed in the endotherms relating to GMS using DSC.
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Figure 3.14: Scores of PC3 Related to Temperatuand Curing Time

PARAFAC Decomposition

Parallel Factor analysis was performed on the NIR Spectral settedlfeom
scanning the films post curing. The analysis allows for better visual anpraitble
decomposition of the NIR spectra as it changes over time at specific tempgratures.
The pre-treated NIR spectra were used to build a multi-way model usingrédunpe
spectra, and time of curing. Three dimensional plots were obtained of the mectexist
data,*, for each temperature. Two components were chosen based on the explained

variance, observation of residuals, and core consistency diagnosis (CORCONDIA).

CORCONDIA is a diagnostic tool developed by Bro and Kfdiar determining the
proper of number of components for multi-way analysis. The diagnostic technique
judges the appropriateness of the PARAFAC model if adding additional components
does not improve the fit considerably. A two component PARAFAC model achieved an

explained variance of 99.67% with a CORCONDIA of 100%. According to Bro and
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Kiers the PARAFAC model is valid with a value as close to 100% as possible. Adding
an additional factor to the application of PARAFAC to this data set adds no significa

amount of explained variance and drops the CORCONDIA to 83%.

60C fit (Abs SNV 2nd Der)

24 hrs
12 hrs
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Figure 3.15: PARAFAC Model, , of Formulation 1 60 C Curing

The PARAFAC analysis resulted in two components required charactezipeain
variation in the spectral data associated with curing the films. Thedingbonent,
which comprised of 99.79% of X block variation, was examined and the loadings of
mode 2 (spectra) was closely associated to the Eudragit polymers. The second
component, which comprised of 0.51% of the X-block spectral variation, was related to
the GMS spectra. The sum of the square of the components may be greater than the

100% due to nonorthogonality of the components, See Table 3-2.
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Table 3-2: PARAFAC Decomposition Component Data

Component Fit Fit (% Unique Fit (% Unique Fit (%
(%X) Model) X) Model)
1 99.79 99.49 99.65 99.34
2 0.51 0.51 0.51 0.51

Examining the loadings associated with the three modes of component 2 confirmed
the assignment to the GMS changes during curing. The loadings of the first mode ar
associated with the variance of the spectral data at each temperatlrdliseesults
clearly show very little variation at 40 C, with a sharp increase at 5@caaontinued
increase of variance at 60 C, see Figure 3.16. When relating the DSC GMS datal the
variation relative to the initial is highly dependent on temperature and the loadings
associated with the temperatures would be expected. The examination of modea? spect
loadings showed the largest variation at wavelengths 1908 and 2312 nm for component 2,
see Figure 3.17. The 1908 nm wavelength was previously assigned to GMS by Tabasi et
al’ and the large variation at 2312 nm was only found when comparing pre and post
melted GMS NIRS spectrum, see Figure 3.18. Finally, the analysis of mode 3, time
cured, clearly shows the highest variation of the spectra during curing weesfirst two

hours before decreasing, this trend also compares to the GMS DSC data, se@ Figure
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Figure 3.18: NIRS wavelength associated with GMS Banorph Changes
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Figure 3.19: Mode 3 Component 2 Loadings

PLS Model Development
The data from the three different formulation where applied to the development of

PLS calibration models. The x-block spectral data was pre-treated with various
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mathematical treatments to build and validate a model that may be used toqunexgct
end point. Combinations of Standard Normal Variate (SNV), Savitzky-Gélapd 2
derivatives were used to improve the predictive power of the developed models. SNV
was applied to normalize the data, Savitzky-Golay derivative was applieddgagem
baseline offsets, and autoscale was applied to scale and center the datavitzke- S
Golay derivative was completed with a filter width of 15, second-order polyhomia
fitting, using £'and 2 derivatives. The cross-validation was performed using the
Venetian Blind technique to aid in the selection of the appropriate amount of latent

variables (LV) for the model using 9 splits in the data.

The statistical parameters were recorded for the models to detemsine b
pretreatments for developing a robust mode. These statistical paramelteted the R
values for the calibration and validation as well as the residual mean surcadibation
(RMSEC), residual mean sum of error cross-validation (RMSECV), and remdaa
sum of error prediction (RMSEP). In each of the formulations the best calrbeatd
predictive ability was found using autoscale and SNV in conjunction with the Savitzky

Golay 2 derivative, See Table 3-2.
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Table 3-3: PLS Mathematical Pretreatments for ModelDevelopment
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The data for each of the three formulation were able to prepare models which were
able to predict the the state of GMS post curing with in the film matrix, FIGU28s
3.21, and 3.22. The plot of the calibration shows clear clustering of the data cured at
different temperatures with little overlap. The initial uncured sampleshanshinples

cured at 40 C did overlap and shows no change associated with the curing process. The
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combined data from all three formulations shows the model has good prediction over

formulations containing different amount of GMS, see Figure 3.23 and 3.23.
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Conclusion

An examination of the curing process of Eudragit RL/RS films used for
pharmaceutical coating was investigated to determine if extent of cundy loe
detected by NIR spectroscopy and predicted using chemometric modelingstulyis
focused on the GMS within the film and changes of the GMS as the film cured. Three
curing temperatures were used for curing of the films and monitored from 1 to 48 hours

then scanned by NIR and run on DSC.

The thermogram of the cured films showed the endothermic peak related to GMS
melting decreased in area as the temperatures used for curing increas&MIh
endothermic peak plateaued at each temperature and was found to relate to the melting

and diffusion of the -form and -form into the polymer matrix at different temperatures.
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The complete diffusion of the GMS into the polymer matrix was indicative of a

homogenous film and completed curing step.

The variation within the NIR spectra from curing was analyzed by both RGA a
PARAFAC to determine the effect of curing. The PCA found the second latesibleari
corresponded to the change in the GMS area. Application of PARAFAC to the data
found the second component which explained 0.51% of the variance in the NIR spectra
during the curing process was related to the changes in the GMS in the films.a$his w
confirmed examining the spectra of the pure components and visually examining the

variance associated with the components compared to the GMS DSC data.

Individual and combined calibrations were developed for the temperatures used in the
curing process. A PLS model was developed and validated using the NIR spactra fr
curing and the GMS DSC data. The spectra used mathematical pretreatments of
Savitzky-Golay ¥ derivative and SNV to get a best predictive ability. The model
developed showed and the ability to predict amount of GMS not completely dispersed in

polymer film matrix, indicative of film homogeneity and extent of curing
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Chapter 4Analysis of Curing of a Sustained Release Coating
Formulation by Application of NIR Spectroscopy to dhitor

Changes Physical-Mechanical Properties

Abstract

This study investigated the use of near infrared spectroscopy (NIRS) asi@apote
process analytical technology for determining the extent of curing obBiigholymer
coating formulations. Latex coatings must be properly cured to function asetbgig
controlled release products. The process of curing the polymer coatings has been
identified as an area which would benefit from the development of a PAT method for
monitoring the extent of curing. The focus of the study was to further develop an
understanding the physical-mechanical properties of curing and identifgratipbt
reference for development of a NIRS method for determining extent of curing. Cas
films were cured at 40, 50, and 60 C from 1 to 48 hours before being scanned on an NIR
spectrometer and analyzed for physical-mechanical properties usingtramt system.

The studies show clear dependence of the physical-mechanical propertiesroe toedt
temperature used for curing. Principal component analysis (PCA) and pacibel

analysis (PARAFAC) were performed to decompose the NIR spectra and tigatees

the effect of curing on the films. Both PCA and PARAFAC analysis of the NI&rspe
showed that spectral features could be directly related to the changes edsuitiathe

TEC, which directly affected the physical-mechanical properties daungg. Partial

least squares (PLS) models were developed that related NIR spectra o6 thach
calculated physical-mechanical properties. The use of the Young’'s Modulus as a
reference for NIRS model development resulted in good prediction and was determined
to be the best reference for model development. This study demonstrated the@MNRS c
be used to predict the Young’'s Modulus of the polymer coating formulations which may
be used to indicate the extent of curing of coating formulations.
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Introduction

Polymer coatings are used on solid dosage forms for aesthetics, contrelese rel
and protective purposes. Controlled release coatings are used to serve &sra tool
engineering sustained and targeted release dosage forms. The coagsg pascmany
variables that may impact the function of the coating and can be sensitive tatapplic
as well as post treatment. Problems associated with improper curing durcog(tine

process are dose dumping, and increasing or slowing of targeted reles$2 rate

The use of Process Analytical Technologies (PATS) is an important tool in the
identification and control of critical process parameters (CPPs) in theogeweht and
manufacturing process. Tablet coating has been identified as a processuldabenefit
from the development of PATs to aid in the understanding of critical parameters and
control the process. Tablet coatings need to be applied under well controlled mtzesse
ensure the product functions as designed and maintain product stability over time.
Typically, the coat curing process parameters are determined aitpiaicd are
typically set based on the dissolution of the final product. The identified CPPs of time
and temperature used for curing are specific to each coating formuladioeed to be

controlled in order to consistently produce a quality product.

Coatings and Formulation

Latex Film Formation

To fully form a continuous coating, latex polymer coatings must go through three
stages to remain stable and function as designed, 1) water evaporationialed part
ordering, 2) particle deformation, and 3) continuous film formatiannter-diffusion of
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polymers across particle —particle bounddri€Ehe final stage is dependent on
temperature and aided by elevating the temperature above the glasetréasiperature
(Tg) of the polymer to increase the free volume which allows for the polymieisdioa

diffuse into the free volume within the matrix.

The final coalescing stage is also commonly referred to as curing, angpeali
healing of the polymer film. It is important for the coated pharmaceuticajedsan to
be cured for an appropriate amount of time, under curing can lead to failure in prope
coverage and coalescences of the latex particles. The curing of the polytimey coa
affects the dissolution rate of the dosage form due to the incomplete coaleseknce a
complete film formation. Extended curing times may affect drug dtahitid has also
has been shown to increase the amount of drug which can patrtition into the film and

recrystallize on the surfaée

The extent of curing has been shown to have effect on the physical properties of
the polymer such as Tg and elastic mod@lughis is due to the changes of the internal
stress relative to the inter-diffusion of polymer chains and a decrease ieeh®iume
within the polymer. The inter-diffusion of the polymer chains during curindgpbas
shown to increase the mechanical strength of the'fildnalysis of the physical-
mechanical properties of polymer films during curing may be used to detezriard of

curing and better understand the curing process.

Physical-mechanical Properties
Physical-mechanical properties provide a fundamental way to qualitatindly

guantitatively monitor changes in a film during processing. Physical-miecha
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properties of polymer films change during the curing process due to the changes in
internal stress and stored energy. This change in the internal streasu#t af the inter-
diffusion of polymer chains and the change in the free volume within the polymer matrix
during the curing process. Wang et al. showed by freeze fracturing and use of
transmission electron microscopy (TEM) that poly(butyl methacrylaaejured cleanly
between the interfaces of the polymer particles and post curing fidttwoeigh the

polymer particle. The study of the mechanical properties of films involves monitoring
the stress-strain relationships in tensloTensile testing of polymer film properties can

be used to gather information on the elasticity, strength, and toughness of the film

These properties include;

-0 11 2/34567
89313/.234: 1; 3<=97>:? 89313/ 234: @30; Equation: 5.1

Tensile Strength=

89<67/>7 39479A1 .2 B34:

Percent elongatlon: 89313/.479A% .2 234: C71@77!A63D: E FF Equation: 52
. _ G67/ 59076 <56H7
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Young’s Modulus =

These properties would be expected to change during curing of the polymer films and
the inter-diffusion of the polymer chains, specifically the Young’'s Modulus. The
Young’'s Modulus is the measure of the stiffness of the film and can give itsitie
change in internal characteristics of the film. Another useful mettheei ratio of the
tensile strength to the Young’s Modulus, which is a measure of crack resjstence
higher the value the lower chances of the coating cracking. Cracking angpliil
occur when the total internal stress or stored energy of the polymer ig ¢ineatéhe

cohesive strength of the polynt8&r
88



. Rowe et al. used this relationship between the cohesive strength, which igddicat
by the tensile strength, and the total internal stress of the polymer, which nslelepen
the Young’s Modulus, for predicting the likely hood of coating cracking. The monitoring
of the change in these properties may allow for an accurate determination of endpoint

the curing stage.

There have been many studies done showing the influence of plasticizers on
mechanical properties and effect of an aqueous environment but there is feery litt
information on the specific changes in the physical-mechanical propstiasas
Young’'s Modulus, tensile strength, and elongation, of coating polymers during curing.
Parikh et al. did a study the affect of temperature on the physical-meahznogerties
on ethylcellulose during the drying process. Parikh dried the ethylcellukzersion
from 30 to 70 C for 24 hours and found the physical mechanical properties were directly
dependent on the temperatures used for drying latex dispersions; it should be noted that
these were single time point measuremé@nBodmeier et al. investigated the dry and wet
strengths of cellulosic and acrylic polymer films. He found that Aqudamshtin
increase in puncture strength post curing, although the increase in elongationlofghe fi
was less than 1%. Bodmeier did not apply the same post curing experiment to Eudragit
RS/RL 30 in this study, even with the expected differences based the lack of strong
interchain interactions through hydrogen bonding in the acrylic polymers, vdsohs

in higher flexibility and elongatioh'

NIR Applications
Near Infrared Spectroscopy (NIRS) is a widely used method for qualitasiadl

guantitatively analyzing pharmaceutical processes. Near Infraretr&mopy is a rapid
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nondestructive technique which has been successfully utilized in a variety of PAT
applications. There are many advantages to using NIRS including the abpigvide
multi-constituent analysis, ease of sample preparation, and the prediction afatftem
physical sample parameters from one spectfuliIR spectra typically contain broad
and overlapping peaks that contain large amounts of physical as well asathemic
information. Due to the data being multivariate in nature, the ability to intehgret
overlapping data requires the use of multivariate chemometric data pngaeeshods.
Chemometric data processing uses mathematical and statistical metkatiadt

“relevant” information and reduce “irrelevant information” from a datad*et.

Tabasi et al. completed an in-depth study of the application of NIR spectroscopy
in the development of tablet manufacturing. Tabasi developed NIR spectroscopy
methods for monitoring the tablet manufacturing process, including tablet gsigore
coating thickness, and extent of curifig® Tabasi found limitations in using dissolution
as a reference for development of a NIR spectroscopy method for extent ofanding
suggested the possibility of using tensile strength measurementfaseace for NIR

calibration model development.

An extensive amount of work has been completed on the changes of the physical-
mechanical properties during the curing process of polymers used for coatidgte T
work has been completed with the application of physical-mechanical prepestie
reference in the development of a NIR spectroscopy method to determine thekxtent
curing. Thus, there are two objectives of this paper, 1) to develop a bettetamdiacs
of the mechanisms involved in curing of Eudragit RS and RL polymers in relation to

physical-mechanical properties and 2) the development of a NIR spegyasethod,
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using two-way and multi-way analysis, to determine physical-mecHhditncgroperties
and the endpoint of curing using physical-mechanical properties. This study uses
physical-mechanical data obtained from analyzing properties of cured rdiadlypaured
films as references to investigate the application of rapid non-destridRve
spectroscopy and multivariate analysis in determination of extent of curings,
physical-mechanical properties such as tensile strength and Young’sudoaliNvarious
curing times and temperatures, will be used, as a reference for NdRatah model
development and the robustness and suitability for monitoring the curing ao@timgs

will be evaluated.

Materials and Methods

Materials

Films were prepared using Eudragit RL-30D (Poly(ethyl acrylaterethyl
methacrylate-co-trimethylammonioethyl methacrylate chlorid&)012, Lot #
G060216036 and Eudragit RS-30D (Poly(ethyl acrylate-co-methyl methi@ecga
trimethylammonioethyl methacrylate chloride) 1:2:0.1, Lot #0400318052 from Evonik
Rohm Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with glyceryl
monostearate (Lot # P080504) from PlasACRYAmerson Resources, PA, U$And
triethyl citrate from PlasACRY® and additional from TEC (Lot # N91182), Morflex,

Greensboro, NC.

Polymer Films Preparation
Films were prepared using Eudr&gRL-30D and EudraditRS-30D (Evonik R6hm

Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with 50% wt/wtEGRsIE®
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Emerson Resources, PA, USAlative to dry polymer weight and 12.5 % triethyl citrate
(from PlasACRY!® and additional from TEC, Morflex, Greensboro, NC). The films
were prepared by casting the mixture into Tetlamlds and allowing the films to dry in

a desiccator (< 20% RH) for at least 1 week. Film samples were run onfdS© a
detectable water content was seen on the thermogram. The filmsuivastng a ASTM
D-638-V “dogbone” punch, See Figure 4.1. The films were cured at temperatures of 40,

50, and 60 C for 1, 2, 4, 6, 12, 24, and 48 hours in oven.

Figure 4.1: Dog Bone Dimensions borrowed from ASTMD-638'°

Tensile Testing

The Young's Modulus was determined using a In§ti@621 System with a
Tension/Compression 100 N Load Cell # 2530-427 (In&trbilorwood, MA). Sample
held between G227 Lightweight Screw Vise Grip and J227 Jaws for FilnmJ e
ASTM D882 (Test Resources,Shakopee, MN). The tensile strength method used a

constant strain rate of 15 mm/min for all samples.

NIR method and Calibration Development
A FOSS® 6500 rapid content analyzer NIR Spectrometer (Silver spring, M®) w

used for all film analysis. The RCA DS was operated in the diffuse reftectaode.
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The data collection method was set to full spectral range of 400-2500 nm. Reference
and samples were an average of 32 scans at 2 nm intervals. All films weredsoa
both sides of the narrow center part of the dog bone after placing a®reiion top

and the average spectra of both sides were used for analysis.

Performance testing on the NIR Spectrometer was performed weeklg bstor
to ensure consistent results. Performance testing included measuring imies®a
levels, NIR and visible gain, internal wave length performance, and precision.
Wavelength linearization was performed before every use using an imewelength

standard. A ceramic reference was scanned at the beginning of evecyi@olperiod.

Chemometerics and Data Treatment

The data collected was analyzed both by two-way (PCA) and three-way methods
(PARAFAC) for decomposition and PLS for regression and method development. In the
two-way method the data was organized having the first dimension (mode) corragpondi
to the NIR spectra data and the second dimension (mode) corresponds to the tegnperatu
and time of curing. The three-way method, PARAFAC, was organized having the first
mode is assigned to temperature used for curing, second mode is assigned tordie spect
wavelength, and the third mode was assigned to the curing time. For each method the
data was decomposed and analyzed using PLS_Toolbox software v6.01 (Eigenvector

Research, Inc., Wenatchee, WA) for Matlab v7.4 (The Math Works, Inc., Natick, MA).

The two approaches, two-way and three-way analysis, were used to decompose
the NIR spectra and to build calibration models used to predict physical-medhanic

properties. PCA and PARAFAC were completed on the NIR spectrum and PLS
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regression models were built to study the correlation between spetirandithe tensile
strength, percent elongation, and Young’s Modulus. The partial least square (PLS)
calibration was developed using Savitzky-Golay mathegid 2° derivative), and SNV
pre-treatment and statistical parameters likeFEC, SECV, SEP values were recorded

and used to assess model fit.

Instron® Method Development

The method for testing the mechanical properties was developed on the®Instron
system using a 100 N load cell. The method used was a modified version of the ASTM-
D882'" and ASTM-D638&° due to the large mechanical property changes over the curing
time and difficulty in sample preparation. The ASTM-D882 is recommended forcplasti
sheeting less than 1.0 mm and films are defined by ASTM as 0.25 mm and less. The
prepared film thickness was 0.25 — 0.35 mm so the method development focused on
ASTM-D882, although sample preparation was found to be difficult due to the manual
cutting of samples using a knife caused nicks on edges which created aveakrodss
negatively affecting the data. The ‘DogBone’ cutter for ASTM-D638-¢ feand to
produce reproducible defect free samples. The ASTM recommended straiof Eatasl
25 mm/min were experimented with during the development process. The sensitivity in
the initial uncured samples was poor when using the recommended 25 mm/min rate. The
5 mm/min maintained sensitivity for the uncured samples but the cured samples would
not break in the range limited by the system. In order to maintain the sameaie for
the entire experiment and still have the desired sensitivity at the maxamadiminimum

values, the rates between 5 and 25 mm/min were tested. The rate of 15 mm/min was
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found to have the best reproducibility based on the nature of the samples and the

variability inherent in the experiment.

Using the data recorded from using the Instreystem was used to calculate the
tensile strength, elongation and Young’s Modulus. The ratio of the tensile strength to
young’s modulus was also calculated for each condition. Six replicasesézd for
each time and temperature used during the curing of films. The calculasdgbhy

mechanical properties were used as references to build calibration riood¢lR.

Results and Discussion

Mechanical Properties of Cured Films

Raw data

From the stress strain profile shown in Figure 4.2, the tensile strengtlalcasied
from the point on the curve and using Eq. 4.1, and the percent elongation was calculated
using the region indicated by the arrows and Eq. 4.2. The work of failure is shown by the
area under the curve to the point of failure using Eqg. 4.3, and Young’s modulus was

calculated from the slope of the initial linear portion of the curve using Eq. 4.4,
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Figure 4.2: Example of Stress-Strain Curve for Curd Eudragit Film

Tensile Strength

The tensile strength of the cured Eudragiims observed to be dependent on time
and temperature used for curing, See Figure 4.3. The initial observationmsasuiled
at 60 C had the tensile strength increase sharply in the first 6 hrs, reaching @42 MP
then decrease to 4.0 MPa. The tensile strengths for films cured at 50 Gsddabarply
and reached a tensile strength minimum in 2 hrs, at 2.60 MPa, before increasing and
reaching a maximum of 4.49 MPa at 12 hrs. Tensile strengths of films cured at 40 C
slowly decreased until reaching a minimum of 2.48 at 12 to 24 hrs before increasing to
4.23MPa at 48 hrs. The tensile strength of films cured at all temperatures for 48 hrs

converged together around 4 MPa.
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Figure 4.3: Tensile Strength of films post curing @, 50, and 60 C
Elongation

Change in elongation of the sample was directly related to the time and tengeratur
used for curing, see Figure 4.4. The largest change was found in the filmstet0dd, a
reaching a maximum elongation of 2.5 times the initial length at 24 hrs befoeasiagr
to 1 time the initial length at 48 hrs. Films cured at 50 C reached a maximumtelonga
at 6 hrs to 1.85 times the initial length before decreasing to 0.78 times initial &r2th
hrs. The film samples cured at 60 C quickly reached their maximum elongationrito
1.53 times the initial sample length. The 60 C cured sample then decreased and plate

in the 1 times initial length range.
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Figure 4.4: Elongation at Break of Films Cured at 4, 50, and 60 C

Young’'s Modulus

The Young’s Modulus of the cured Eudr&dilms observed to be directly related to
the time cured and temperature used for curing, Figure 4.5. The Young’s Modulus was
found to decrease when cured at 40 and 50 C until reaching their respective minimums of
29.3 and 39.7 MPa at 24 and 6 hrs. The Young’s Modulus of the films cured at 40 and
50 C increased and reached their respective maximums of 98.4 and 109.6 MPa at 48 and
24 hrs, respectively. The films cured at 60 C showed an increase of the Young's
Modulus after just 2 hrs, reaching a maximum of 129.9 at 6 hrs and never reached the
notable minimums of the films cured at the lower temperature before imyeamin.
Once the samples reached their respective maximums the Young’s Modulus ofahe thre
temperatures appeared to converge at 48 hrs (Figure 4.5). This phenomenon @ taelieve

be related to the volatility of the triethyl citrate plasticizer usetthé coating
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formulation. The films also exhibited change in physical appearance due to bubble

formation at extended curing times at higher temperatures.
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Figure 4.5: Young's Modulus of films post curing 4050, and 60 C

Tensile Strength / Young’s Modulus Ratio

The ratio of the tensile strength to Young’'s Modulus was calculated to determine
what conditions would produce films that would be most resistant to cracking. Film
samples cured at both 40 and 50 C have similar ratios up until 6 hrs of curing, F&ure 4.
The tensile strength to Young’s Modulus ratio of the samples cured at 40 C continues to
increase until reaching a maximum at 24 hrs. This data suggest there is ntodbenefi
curing at 50 C over samples cured at 40 C due to the very similar results up to 6 hrs. The
drop off of the ratio at the elevated temperature at 50 and 60 C is possibly codttidute

volatility of the triethyl citrate plasticizer.
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Figure 4.7: Raw Data of Samples cured at 60 C
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Figure 4.8: Example of Pre-treated Partial Spectraf Samples Cured at 40, 50, and 60 C for 2 hrs
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Figure 4.9: NIR Spectra of Eudragit Films and PureComponents
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PCA: Temperature influence on NIR Spectrum

The spectral data was initially examined using PCA to reveal any cHamica
physical information associated with curing. The data was examinedtasdedata set
including all three curing temperatures together as well as individual cunipgtatures.
When initially examined without mathematical pretreatments the majoresotithe
variation (PC1) contains little chemical information and may be assoevited
physical property such as variation in film thickness, see Figure 4.10. The winseofs
the cut dogbone films changed during curing, especially at higher teomestahe films
became thicker and the width decreased slightly. The wavelengths assoctatPC2
and PC3 may be attributed to variations in the regions associated with CH, CH2, and
CH3. These groups are prevalent in the film formulation components, including the
polymer, triethyl citrate, and GMS. Each of the PC loadings have high loadirngs in t
visible light region of 400-700 nm, this variation may be attributed to the films becoming
clear as they cure. When the films cure they become more homogeneous and become
transparent over time. When the data was divided into subsets based on curing
temperatures the PC1 had different scores for each temperature. PClilndeditrth
85% of variance in the 40 C group but only 77% and 81% of spectral variance for 50 C
and 60 C curing, respectfully. The increase in the explained variance s8¢0 and
PC3, which are related the components of the formulation, would suggest these loadings
potentially have a higher sensitivity to curing temperature than PC1. fiicsiitito
visually assign the loadings to a specific component within the formulation without

pretreatment and further processing.
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Figure 4.10: Loadings for Principal Components of Sectra from Film Curing

The NIR spectra were decomposed into temperatures used for curing arehjse-tr

with SNV and Savitzky-Golay™ derivative, see Figure 4.11. PCA of the pre-treated

data required five PC’s to explain 73% of the variance. Plotting PC1 (43%) and PC2

(13%) allowed distinctions to be made between temperatures used for curing. Hre high

curing temperatures clearly have lower PC2 scores with respect to theadfpgles and

initial samples. The temperature also appears to have some affect on PC1, with the

majority of the 60 C samples being in the negative and the 40 C and initial sarepigs

on the positive side of the scale.
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Figure 4.11: PCA of NIR Spectra Pretreated

The data was broken up into individual curing temperatures and plotted using
three principal components. Clear distinctions may be seen when using the piGts of
PC2, and PC3 for each temperature which explained 70% of the variance in the NIR
spectra, See Figures 4.12, 4.13, 4.14. When using the pretreatments on the data the
loadings are not easily visually interpretable and difficult to make aecasaignments
when compared to pure spectra. Figures 4.12, 4.13 and 4.14 do show there is a process
trajectory, which can be used to track a process and be used to help determinesa proces

endpoint.
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Figure 4.14: PCA of Films Cured at 60C

PARAFAC

The NIR Spectra of the cured films were analyzed using parallel factysisna
order to achieve a better visual and interpretable decomposition of the data. The
pretreated NIR spectra was used to build a multi-way model using tempernadatea s
and, time of curing. The spectra were mathematically pre-treated wittaBS
Savitzky-Golay 2 derivative. The pre-treated NIR spectra were used to build a multi-
way model using temperature, spectra, and time of curing. Three dimensiosalgriet
obtained from the reconstructed dataat each temperature, see Figure 4.15. Fhg
the reconstructed dataset, or fitted data, obtained from PARAFAC, whenaisgigg
data is estimated based on an alternating least squares (ALS) algoritgrntasation
and convergence Two components were chosen based on the explained variance,

observation of residuals, and core consistency diagnosis (CORCONDIA).
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Figure 4.15: PARAFAC Model, » , 60 C Curing

CORCONDIA is a diagnostic tool developed by Bro and Kfdier determining the

proper of number of components for multi-way analysis. The diagnostic technique

judges the appropriateness of the PARAFAC model if adding additional components

does not improve the fit considerably. Two components achieve an explained variance of

98.969% with a CORCONDIA of 98%. According to Bro and Kiers the PARAFAC

model is valid with a value as close to 100% as possible. Adding an additional factor to

the application of PARAFAC to this data set adds no significant amount of explained

variance and drops the CORCONDIA to < 0%. The sum of the square of the components

may be greater than the 100% due to nonorthogonality of the components, SeelIlable 4-

The original data in the PARAFAC matrix in represented by X and the model is the

reconstructed data including any estimated missing data.
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Table 4-1: PARAFAC Parameters

Component Fit Fit (% Unique Fit (% Unique Fit (%
(%X) Model) X) Model)
1 101.08 99.27 98.34 96.58
2 0.74 0.73 0.72 0.71

The loadings associated with the second mode, NIR spectra, may be seen in
Figure 4.16. The loadings associated with component one have larger loading peaks that
can be associated with both TEC and Eudragit RL/RS, see Figure 4.17 and 4.18. The
volatility of TEC would affect both the spectra associated with TEC and Eu&iaiS
and changes should be inversely proportional. TEC has the strongest absorbance in the
NIR spectra between 1600 and 1800 nm, see Figure 4.17. To confirm the variation can
be attributed to the volatility of TEC during curing films were prepared using 7, 9, 11,
12.5, and 15% TEC. The films were scanned and examined to determine wavelengths
that would be sensitive to changes in TEC, Figure 4.18. Several wavelengths were
identified as variables associated with TEC loss, including 1678 and 1728 nm. These

wavelengths corresponded to peak of loadings in component 1 in Figure 4.17.
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Figure 4.18: NIR absorbance with varying levels of EC in the Formulations

The scores of mode 1 associated with component 1 of the PARAFAC model may
be seen in Figure 4.19. The PARAFAC model revealed some differences bdteveen t
temperatures used for curing when relating to the first component, identifléCas
The loadings of mode one show that the higher the curing temperature theliegher t
influence on the component 1. This would be expected as higher temperatures should

increase the volatility of TEC.
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Loadings associated with extent of time cured may be seen in Figure 4.20. The
loadings when observed in relation to time are shown to decrease and platean lBetwe
to 48 hrs. When using the observed correlation between component 1 and TEC it
suggests the volatility of TEC in the film is time dependent with rapid deergom 1
hour to 6 hrs. The high influence of the initial uncured time points is possibly due to the

initial inhomogeneous state of the film before curing.
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The PARAFAC decomposition of the NIR spectra with respect to time and
temperature allowed for proper assignment of the components and loadings ukatafl
the NIR spectra during the curing process. This process provided a means daf a vis
interpretation of the data and a diagnosis of the important variables reldtedctoing
process. The PARAFAC decomposition process increases understanding of the NIR
spectra related to the process and aids in selection of references forlopment of

regression models.

Regression Models

PLS regression models were prepared using the entire NIR spectrum.IRfThe N
spectra were regressed with the mechanical properties determineddificgquring
conditions. The mechanical properties were each run through preliminary modgla usi
common mathematical combination of standard normal variate (SNV), Sa@tdky

2" derivative, and auto scale which was determined to be best fit in previous stuglies ,se
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Chapter 3. The calibration and prediction statistics for the built models magrbase
Table 4-2. The four mechanical properties were used as reference for ball&ing
model and it was determined based on the model FjtttRt the Young’'s Modulus

would have the best chance of success for further development.

Table 4-2: Comparison of Mechanical Properties in BS Models

) A +
-) $ $ $ #
- & # $# # $#
- /0 $ $ $#
1 $ $

In order to specifically address the chemical changes associatediviritty,
mathematical pretreatments are use to filter out ‘irrelevant’ data. t€émiuee best
combinations of pretreatments for this specific data set a variety of mattbaim
pretreatments such as SNV, Savitzky-Golay derivatives (first and secoddy scale
were experimented with to determine which combination had the best predictitye abil
The Young’'s Modulus was used in PLS calibrations with combinations of mathematical
pretreatments to further optimize the method. The statistical resultsuditigethe

Young’'s Modulus may be seen in Table 4-2 and Table 4-3.
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Table 4-3: PLS Model Statistics for Young's ModuluReference

# $ $ # #
I ' ' St '# $ '$
%" " # #' #$ # $ $$ $
%" & $ ' ' # '
R $ # $
Imopn  &n # $# # $#

It was determined that PLS regression using the Young’'s Modulus as a refgitnce

SNV, Savitzky-Golay 2 derivative and autoscale was the best combination of

mathematical pretreatments for modeling the NIR Spectra using the Rulspectrum.

As seen in Figure 4.21 and 4.22, the developed method was calibrated and validated

producing a good fit for the prediction of the Young’s Modulus during the curing

process. To the best of the authors knowledge these are the first studies tdudlyccess

develop a model to predict the Young’s Modulus using NIR spectroscopy.
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Figure 4.21 PLS Model Young's Modulus Calibration
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Conclusions

The curing process of polymer formulations used for coating of pharmaceutical
products was investigated through change in mechanical properties and used tmeetermi
if a NIRS method could be developed to determine extent of curing. The coating
formulations consisted of Eudragit RL/RS polymers with triethyl citratelasticizer and
glyceryl monostearate antiadherent. The studies focused on the physicathicecha
properties of free films and change of mechanical properties related toitige maicess.

The films were cured at 40, 50, and 60 C from 1 to 48 hours before being scanned on an
NIR spectrometer and analyzed for physical-mechanical propertiesarsiinstrofi

system.

The physical-mechanical properties that were calculated using thanfhst
system were Young's Modulus, tensile strength, elongation at break, and rationlef tensi

strength to Young’s modulus. Each physical-mechanical property showed some
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dependence on the time and temperature used for curing. The Young’s Modulus and
elongation were found to have the greatest dependence on the time and temperature of
curing. The data suggested that extended curing at higher temperatures enay hav

negative effect due to volatility of TEC and loss of plasticization.

The variation within the NIR spectra from curing was analyzed by bothd@A

PARAFAC to determine the effect of curing. The PCA of spectra ptetteath SNV

and Savitky-Golay ¥ was found to have the first latent variable corresponded to
temperature used for curing. Application of PARAFAC to the data found the first
component, which explained 99% of the variance in the NIR spectra during the curing
process, was directly related to the changes in the TEC in the films. Thiemfamed

by examining the spectra of the pure components, films prepared with differennts

of TEC, and visually examination of the loadings associated with the components and

each mode (variables) in the PARAFAC model.

Individual calibrations were developed using the NIR spectra and each of the
physical-mechanical properties calculated from the cured filmgadtdetermined that
the Young’s Modulus of the cured films was the best constituent value to be used for
further model development based on the lowest RMSEP and highesiug of
validation. PLS models were developed and validated using the NIR spectra fiiogn cur
and the Young’s Modulus. The spectra used mathematical pretreatments zfysavit
Golay 2" derivative and SNV to get a best predictive ability. The model developed
shows the ability of NIRS to predict the Young’s Modulus during the curing process,

which may be used to select ranges to indicate complete coalescence and hitynogene
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(lower values) as well as over curing with loss of TEC (higher values}. study further

expands the use of NIRS as a PAT in the field of pharmaceutical development.
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Chapter 5Analysis of Curing of a Sustained Release Coating

Formulation using Fluorescence Spectroscopy

Abstract

This study employs fluorescence spectroscopy to investigate the cufilmgsof
prepared from pharmaceutical coating formulations. Fluorescence prohéseséms
changes in their environment were used to examine the mechanisms assatliatiee
curing process. Films were prepared using 1,6-diphenylhexatriene (DipH),
dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH), and 1,3-bis-({®ipyl)propane
(BPP) as extrinsic probes. Cast films were cured at 40, 50, and 60 C and monitored for
changes in fluorescence over time. Under the conditions used, BPP was found not to be
sensitive to curing based on the absence of excimer development during the curing
process. DMA-DPH and DPH were found to be sensitive to the temperature and time
used in the curing of the films. The fluorescence intensity and fluorescenceagyisot
were found to change inversely proportional to each other, which was associated with
melting of glyceryl monostearate (GMS), a component of the film, and itssaliff into
the polymer matrix. DMA-DPH and DPH, which are known to be sensitive to polarity
changes in their environment, underwent a decrease in florescence intemsgytior
curing process. The fluorescence anisotropy of DMA-DPH was found to ia@eas
GMS melted and diffused into the film. Films prepared without GMS showed a smaller
increase in anisotropy during curing and fluorescence was not as sensitive to
temperatures used for curing. These studies demonstrated that fluorescetmoscsymsy
techniques were able to detect changes associated with the curing pracegsgf
formulations and are helpful in elucidating molecular processes in the polymer film
during curing.
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Introduction

Pharmaceutical coatings are an instrumental part of controlling how @&sdelgased
into the body. Coating processes are largely empirically developed, |eakarge
number of possible unknowns that could affect the design space. A pseudo-latex polymer
must go through three stages to form a continuous film: 1) agueous phase evaporation
and latex particle ordering, 2) latex particle deformation and filling of voftibyevater
evaporation, and 3) the interpenetration of the polymer chains between the latdx part
cores forming a continuous polymer matrixThe final stage is known as curing or
aging of the film and important in the final functionality of the coating. Ustdading
the process of curing and the interaction between the polymer and the additives is

essential to the proper development of a coated pharmaceutical product.

The mechanism of curing involves elevating the temperature of the film ao¥et
of the polymer coating formulation. During this process, the polymer chains édmen
to move crossing the particle-particle boundaries until no individual partiakes this
step is known as coalescence. Coalescence is dependent on the free volume within the
polymer lattice, which is considered to be the volume not occupied by the molecules
making up the material. The free volume drastically increases in an amorpéteusim
as it passes through the Tg of the polymer. The molecular scale holes or puriedeatss
with the free volume are considered to be transient as they open and close due to the
polymer chains moving within the lattice during the curing process. The moventhat of
polymer chains can only take place if there is sufficient free volume or holes in t

polymer lattice for the polymer chains to enteFhe coalescence is achieved through
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random Brownian motion of the polymer chains entering and filling the free volume

holes throughout the amorphous film.

The process of curing also involves the creation of a continuous homogeneous film
where the polymer, plasticizer, and anti-adherent blend together compB&dtye
curing, the plasticizer is outside of the individual polymer spheres in thedig@arsion.
Some types of antiadherents, such as glyceryl monostearate, will coowe# fr
crystalline form to an amorphous form and disperse within the polymer matrix, as
described in Chapter 3. The curing process has also been shown to have an diféect on t
Tg of the polymers. Felton et al. found that curing will cause the Tg to incrgase w
increasing storage time, with the extent of the change in Tg being dependentgn cur

temperature, possibly due to decrease in residual fvater.

There are many well documented techniques to characterize the polymergsrand m
specifically films of the polymers used for coating pharmaceutical predddtese
techniques focus on mechanical properties, microscopy analytical techniqtsese sur
assessment techniques, film —structural analysis, and mass transfefianm3 ® but to
date no in depth look at the use of environmentally sensitive fluorescence probes to study

the curing of polymers used in pharmaceutical coatings has been carried out.

Fluorescence probes have been successfully used in polymers to detect chemical
reactions, ageing and degradation, transport of small molecules such as additivees, the
transitions (relaxations, Tg), change in morphology (mirophases separation,
crystallization, orientation), self-assembly, gelation, and gel swélli@iven the amount

of information obtained from the use of fluorescence probes in polymer films,
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fluorescence spectroscopy is an ideal tool for exploring the mechanisved as

additive interactions involved with curing of polymers used in pharmaceutical g®atin

Fluorescence Spectroscopy Methods

Fluorescence Spectroscopy is the study of the interactions between tight an
compounds with fluorescent properties as a function of the light's wavelength. in orde
to study materials with very little or no fluorescent properties, fluoregrebes are
sometimes incorporated into the systems either intrinsically or exallysio provide

information about the system being studied.

Fluorescent probes have been shown to be sensitive to changes of polymer properties,
such as polarity, fluidity, order, molecular mobility, pH, and electric poteatial they
can be used for detecting changes in their microenvironménlsis a goal of this paper
to see if fluorescence probes can be used to monitor physical changes thdtigogur
the curing of films. There are four types of approaches discussed in thelddhat
could be used to monitor the curing; the first uses molecular rotor fluoresienc
measure free volume chandesfie second uses excimer fluorescence to measure free
volume changes:the third uses fluorescence anisotropy for measuring free volume
changes!® and the fourth being use of direct non-radiative energy transfer [DET], which
is used to measure diffusion of polymer across the particle-particle boumdary a
determine the diffusion coefficiefit? ***° This paper will focus on the use of extrinsic
probes to determine physical and chemical changes in the polymer films during the

curing process. The study will also include the use of the extrinsic fluoresoebes to
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further increase our understanding of the curing mechanisms of a multi-component

coating formulation.

The extrinsic probes that have been used extensively for monitoring
microenvironment changes are 1,6-diphenylhexatriene (DPH), 1-(4-
dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH), and 1,3-bis-({®imyl)propane
(BPP), Figure £:% "' These probes each have different functions with respect to
fluorescence and understanding environmental changes; DPH is a commonly used probe
in cellular membranes and is sensitive to polarity of microenvironment, DIMA-is

similar to DPH but is also a molecular rotor probe, and BPP is an excimer probe.

With molecular rotor probes, such as DMA-DPH, the emitted fluorescenceitintens
is dependent on the viscosity of the local environment. When excited by a specific
wavelength, the molecule can return to its ground state through non-radiative decay. The
non-radiative decay occurs in DMA-DRkh the rotation of the dimethyl amine (DMA)
group. The greater the restriction of the DMA group the greater the fheoes

emission.

Excimer probes, such as BPP, will emit a monomer emission when excited by a
specific wavelength. BPP contains two pyrene molecules connected by a pitognane ¢
There are two pathways for fluorescence emission; monomer emission at 400 nm and a
broad excimer emission from 450 to 550 nm. The excimer formation only occurs when

the pyrene groups are free to rotate in local proximity to one another.

Fluorescence anisotropy is used to measure the rotation of the molecular probes
within an environment. To measure anisotropy the probe is excited by a polayzed |
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source and, consequently, the emission is also polarized. If the probe can ro&ate whil
excited, the emission photon will be polarized in a different plane, and so the plarizat
in the original direction will decrease. Anisotropy is the ratio of the pelddight to the
total light intensity, and its dependence on viscosity is expressed by the Baative,

Equation 5.%°

J
J K Equation: 5.1

L
Wherer is anisotropyr, is the fundamental anisotropyis the fluorescent life time,

and is the rotational correlation time. The rotational correlation time is dependent on

temperature, volume and viscosity, see Equatiof’s.2.

MI
L OF Equation: 5.2

Where is the viscosity, V is the volume of rotating molecule, R is gas constant, and T is

temperature in K.

The mechanisms of curing maybe better understood by using these probestto dete
changes in the polymer matrix associated with curing. The sensitivity DiMideDPH
and BPP to free volume and micro-viscosity changes can give insight into theskofeti
curing as it relates to temperature. DMA-DPH and DPH can be used to theteges in
the polymer matrix structure by reporting changes in anisotropy and tgtassociated
with polarity of the polymer matrix during curing. The experiments in this paper are
designed to study the rate and extent of the curing process and to exploreanteract

with the coating additives.
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Figure 5.1: A) 1,6-diphenylhexatriene (DPH) B) 1-(4dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH)

C) 1,3-bis-(1-pyrenyl)propane (BPP)

Materials and Methods

Materials

Films were prepared using Eudragit RL-30D (Poly(ethyl acrylateiethyl
methacrylate-co-trimethylammonioethyl methacrylate chlorid2)012, Lot #
G060216036 and Eudragit RS-30D (Poly(ethyl acrylate-co-methyl meth@aecgda
trimethylammonioethyl methacrylate chloride) 1:2:0.1, Lot #0400318052 from Evonik
R6hm Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with glyceryl
monostearate (Lot # P080504) from PlasACR¥Amerson Resources, PA, U$And
triethyl citrate from PlasACRY® and additional from TEC (Lot # N91182), Morflex,
Greensboro, NC. Fluorescent Probes used were 1,6-diphenylhexatrieneMBiREl)
Gene Technology , Lot#, 1-(4-dimethylaminophenyl)-6-phenylhexatrieNA(DPH),
Lot # 091JIN083 Marker Gene Technology, and 1,3-bis-(1-pyrenyl)propane (BEP)

454194 Invitrogen
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Fluorescence Labeling of Films

The process of labeling the Eudragit films extrinsically with the fliaaneisprobes
requires several steps due to the extreme hydrophobic nature of the probes and the
agueous environment of the latex dispersion. Initial steps of adding the probe dissolved
in ethanol directly to the dispersion resulted in visible signs of phase separakien in t
film, due to rapid evaporation of the ethanol carrying the more hydrophobic components
to the top of the drying films. Adding the probe directly to the dispersion was not
acceptable as it would not dissolve. Micronization of the probe was used to inbeease t

surface area and aid in the dissolving of the hydrophobic probe in the aqueous dispersion.

The films were finally labeled by first dissolving the specific prabethanol, the
ethanol was then evaporated so that a thin film of micronized probe residue remained on
the glass beaker. The prepared polymer dispersion was added to the beaker and allowed
to stir for 48 hours until the residue was no longer visible and the dispersion had a yellow
appearance. Films were labeled with 10 ppm wt/wt for each probe and analyzea usin
fluorescence spectrometer with excitation of 400 nm and emission scan from 420-600 nm
for DMP-DPH; for BPP the excitation was 350 nm and the emission was 370 to 650 nm;

for DPH the excitation was 350 and emission 375 to 600 nm.

The anisotropy measurements were recorded at 400 excitation and 470 emission
using two 408 nm and one 450 nm filters to reduce light scattering resulting from the
holder set up. The holder used for the films was a variable angle cover slip ha®ler (IS
Inc. Champaign, IL). Films were placed between two cover slips and insededant
holder. The holder was then inserted into a cuvette for analyzing in the flumesce

spectrometer, (K?!, Multifrequency Cross-Correlation Phase and Modulation
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Fluorometer, ISS Inc. Champaign, IL) fitted with temperature controésysiThe angle
for the holder was determined by multiple runs and then choosing the position of
minimum anisotropy. This position would be the point of minimum light scatteriag as
result of the presence of multiple reflective planes within the holder and dipgei=m
samples were cured in the fluorescence spectrometer at specific temgseaad
measurements were recorded at specific time points until no further chahege i
anisotropy was detected. Selected samples were chilled back down to 26tBeafte
curing process and run to determine if the change in intensity and/or anisotopy wa

sustained or changed with return to initial temperature.

Results and Discussion

Fluorescence Labeled Films

Fluorescence probes were used extrinsically to explore the physicaéshang
during curing of the Eudragit films. The first step in developing a method using
fluorescent dyes was to identify a dye that would respond to changes in polymer
properties during curing. Initial studies examined BPP excimer fluemesc Films
labeled with BPP were analyzed using the fluorescence spectrometer, egglittse
showed no excimer peak at any range of temperature, see Figure 5.2. Itctesuibad
the free volume within in the Eudragit films was too small for the excimer to &br

temperatures above the Tg, BPP requiring free volume of 0%3nm
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Figure 5.2: BPP Probe in Eudragit Films comparisorto BPP in Ethanol Solution (50ppm)

A smaller probe, DMA-DPH, was found, which requires a free volume of 2.5 x 10
nm® ¥, and uses changes in the molecular rotor quenching to indicate changes in free
volume. Films were labeled with 10 ppm wt/wt DMA-DPH and analyzed using a
fluorescence spectrometer with excitation of 400 nm and emission scan fra30@20-
nm, see Figure 5.3. The films labeled with the molecular rotor probe DMA-DP& wer
expected to exhibit an increase in fluorescence intensity based upon the dedrease i
volume within the polymer films during curing. The intensity of the fluorescease w
found to decrease with increase of the curing temperature and decrdasérae tured

increased.
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Figure 5.3: DMA-DPH Labeled Films 10 ppm 560C Curing Study

DPH, a molecule with the similar structure but devoid of the rotor moiety, was
employed to explain the unexpected decrease in fluorescence with increasgd cur
temperatures. A similar result obtained with DPH-labeled films would iredtbat
presence of other environmental interactions with the probes during the curingsproce
which possibly overcome and mask smaller changes in the rotor's motion. Indeed, the
DPH-labeled films also exhibited a decrease in intensity during curiggré>.4); thus,
the decrease was attributed to other types of quenching or possibly envirdnmenta
changes and not a result of constriction of the molecular rotor on the DMA-DPH probe.
Changes in polarity as a result of the increase in film homogeneity coultitafec

fluorescence intensity of both DMA and DMA-DPH.
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Figure 5.4: DPH Labeled Eudragit Films 10 ppm 58C Curing

Fluorescence Anisotropy

The probes in the films during the curing process showed an intensity decithase w
time and temperature; the cause of this is still not completely understoade,He
fluorescence anisotropy was utilized to help develop an understanding of tlge curin
process and possibly explain the decrease of intensity observed in prior expgrim
Fluorescence anisotropy was chosen as it can report on the state of the environment
immediately surrounding the probe. The anisotropy will change if the free volume
around the probe changes or if the physical state changes, such as from merg&itd!

to an amorphous state.

The DMP-DPH labeled films were examined during curing at different tands
temperatures using fluorescence anisotropy, see Figure 5.5. The method was found to be

sensitive to light scattering associated with the sample holder, quartiecavet the two
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cover slips which hold a film. The initial anisotropy of each sample was sertsiti
placement in the sample holder, or any movement of the sample holder thereafter, due to
the light scattering effect. Therefore, great care was taken toopdsié sample in a way

that reduces the light scattering and achieves a minimum initial anigogaging. To

mitigate the scattering in the data the initial anisotropy readingwidisasted to

normalize the overall change in anisotropy to a zero starting point.

The change in anisotropy was found to be dependent on the time and temperature
used for curing the films, see Figure 5.6. The change in anisotropy for eachticneng
reached a plateau at different times and the total change had different magnitude. The
samples cured at 60 C quickly reached a maximum change in anisotropy in 60 iman wit
total change of 0.36. The films cured at 50 C reached a maximum plateau in 120 min
with a change in anisotropy of 0.25. The 40 C curing was monitored up to 24 hrs to see
if the slight changes would continue over time. It was found that the films cu4@dCat
did not reach a maximum in the first few hours, in contrast with the films cured ati50 a
60 C. The films cured at 40 C continued to show change in anisotropy untfl' theus;
the films were then sampled at 24 hrs to see if change in anisotropy continueédusee
5.7. Samples were found to have minor increase in anisotropy between 8 and 24 hrs,
from 0.079 to 0.095. Additional samples were run after 24 hrs with no further change in
anisotropy recorded. The increase in fluorescence anisotropy shows tfeatasrig
progresses the probe rotation is being restricted and this restriction is depsnthent

temperature and time used for curing.
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Figure 5.5: Anisotropy of Films Cured 40, 50, and®C
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Figure 5.6: Change in Anisotropy during Curing
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Figure 5.7: Extended Curing Time for Films Cured at40°C

The curing plateaus dependent on temperature are similar to the change in the
glyceryl monostearate (GMS) melting endotherm using DSC, see Chapter Ghdnge
in anisotropy was found to plateau at different times for 40, 50, and 60 C; these kinetics
are similar to those observed in the diffusion of GMS into the polymer film matex, se
overlay Figure 5.9. The data thus may be describing the process of DMA-DPH probe
partitioning into the GMS during preparation of the film. When the specific polymorph
of the GMS melts and diffuses into the polymer matrix it carries the fluoregozbe.
The curing temperature of 40 C is well below the melting point of both-foem and -
form of GMS, which is 59.1 and 61.7 C, Figure 5.8. The 50 C curing temperature is an
important temperature for the conversion of tHerm to -form. The -form will begin
to melt as a slightly lower temperature than that of them. The curing of the films at
50 C allows the -form to melt and diffuse into the matrix carrying a portion of the

DMA-DPH probe. The samples cured at 60 C will cause both-floem and -form of
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GMS to melt and diffuse into the matrix forming a homogenous and largely amorphous
film. This melting and diffusion of the GMS will cause the local environment around the

probe to change. The anisotropy of the probe in the GMS and the homogeneous polymer

matrix are very different.
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Figure 5.8: DSC Thermogram of the -form and -form polymorphs of GMS
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Figure 5.9: Overlay of GMS DSC Curing and Anisotroy Curing Data

To test this hypothesis, Eudragit films that were prepared without GMS were
extrinsically labeled with DMA-DPH. There is a clear differencevieen the
fluorescence resulting from the curing of films with and without the poesehGMS in
the formulation. The change in anisotropy in the films without the GMS was much
smaller than that in the films with GMS in the formulation, see Figure 5.10. There
appears to be a small difference between the temperatures cured which corddutie a
of the decrease in free volume resulting in restriction of probe rotation. The result
suggest that the fluorescence probes are actually reporting on their diffismwwéh
GMS, into the polymer matrix with small changes in fluorescence due to othansfa

such as free volume.

The anisotropy values of the films cured at 60 C without the GMS exhibitedadyste

decrease after 45 min of curing. This decrease may be attributed to otigescha
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occurring in the film at the higher curing times. The plasticizerhiettrate (TEC), is
known to be volatile at higher temperatures, which affect the mechanical gepéthe
films, see Chapter 4. The decrease in anisotropy may be a result of |03 iof fhEé
matrix which could change the environment around the probes allowing for increased

rotation, thus decrease in anisotropy.
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Figure 5.10: Change in Anisotropy of films with noPlasacryl Cured at 40, 50, and 60 C

Given the initial observation of the intensity decrease with curing, the deg¢a we
examined for possible relationships between the anisotropy and intensity values as
films cured. The change in anisotropy was plotted with the change in intendity
clear relationship was found, see Figures 5.11, 5.12, and 5.13. Fluorescence anisotropy is
independent of fluorescent intensity, so the relationship is likely a result of one
mechanism exacting change in two different forms on the fluorescent probe.iafisgoc

the anisotropy data with the DSC thermogram of the GMS polymorphic changes
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suggested that the probes patrtition into the GMS phase of the film. The DMA-DPH and
DPH probes are known to be polarity-sensitive; therefore, when the probe is in@itporat
within the GMS crystal lattice the fluorescence will be higher tham iaftidfuses into

the homogeneous amorphous cured films. The polarity of the environment within GMS

crystal lattice will likely be much lower than that of the predominatelgrahous

polymer film, resulting in the fluorescence intensity decrease.
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Figure 5.11: Change in Anisotropy of DMA-DPH to Chage in Intensity during 40C Curing
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Figure 5.12: Change in Anisotropy of DMA-DPH to Chage in Intensity during 50C Curing
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Figure 5.13: Change in Anisotropy of DMA-DPH to Chage in Intensity during 60C Curing

There is also a similar response when chilling the films to 25 C afterggisee
Figure 5.12. The intensity increases slightly along with a slight anigotiegease. The

thermogram of GMS within the film post curing shows a small amount of
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recrystallization when chilling the film. This partial recrystadtion likely is a result of
the miscibility and saturation of the GMS within the polymer matrix. This phenomenon
would affect the environment around the probe, resulting in a small ‘rebound’ in

intensity, and possibly anisotropy, of the probe remaining in the re-cizatilorm.

Conclusions

Fluorescence spectroscopy techniques were used to study the curing process of
formulations used for coating pharmaceutical dosage forms. The coating favnsulat
which consisted of Eudragit RL/RS polymers with triethyl citrate asstipltzer and
glyceryl monostearate as an antiadherent were labeled with BPP, DMiAdDiE DPH.

The probes were chosen based on sensitivity to environmental changes and allowed f
exploration of different techniques which exploited their specific charsiits such as
excimer formation, molecular rotor restriction, and fluorescence ampgotiThe films

were cured at 40, 50, and 60 C and monitored for intensity and/or anisotropy changes

over time cured.

At least in our conditions, BPP was found not to be sensitive to changes within the
polymer film, as no excimer peak was observed under any curing conditions. No
measurable increase in fluorescence intensity was found that assodihtdeew
restriction of the molecular rotor group on the DMA-DPH probe. Films cured with both
DPH and DMA-DPH exhibited a decrease in intensity with increase in tiche a
temperature used in the curing process. Fluorescence anisotropy was founcse incre
with time and temperature used for curing. It was determined by comparing the

anisotropy data to changes in the physical state of glyceryl monosté&zké®e that the
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DMA-DPH initially partitioned in the crystalline GMS and as each polymorpheaiel

and diffused into the polymer matrix the environmental state around the probe change
drastically. The probe’s anisotropy was lower in the crystalline GMS ahehafter
diffusing into the amorphous polymer film. This phenomenon was confirmed by
preparing the films without GMS resulting in the changes in anisotropy beingdigst
different. The anisotropy data without GMS suggest that it may be possible to
discriminate by curing time and temperature in the early stages nfctire 1 hr) before
convergence of curves. The films cured at 60 C showed a steady decraaisetropy
after 30 min which may be attributed to loss of plasticizer affecting theoemvent

around the probe, but this may be an area for future study.

The decrease in intensity and increase in anisotropy were found to changdyinverse
to each other. Since anisotropy is independent of intensity it was concluded that the t
technigues were measuring the same physical phenomenon occurring in the cured film
but affects the probe’s fluorescence intensity and anisotropy in differememaThe
diffusion of the non-polar GMS and polarity-sensitive probes into the amorphous
polymer films would change the local polarity around the probes which would digect t
two fluorescence parameters in the manner observed. These studies have shown that
fluorescent probes are able to detect changes in the polymer films duringusingghe
probes’ sensitivity to both molecular physical changes (fluorescence apigais well

as polarity changes (fluorescence intensity).
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Chapter 60verall Summary and Conclusion

Curing of coatings used for pharmaceutical dosage is an important factor in the
stability and performance. Typically the extent of curing is determimgurieally
during formulation and process development. It has been determined that development
of a technique to analyze the extent of curing would benefit the field of phartcate
formulation and process development. These studies focused on developing a better
understanding of the curing of sustained release coating formulations and further
investigate near infrared spectroscopy (NIRS) as a method for detegrainiuring
endpoint. This thesis project evolved based on previous studies by Tabasi et al. and
recommendations for future work to develop relationships that were found t& &xist.
The project was divided into three parts, two of which focused on thermal analysis and
physical-mechanical property characterization for NIRS method develdmand the
third focused on a novel method using fluorescence spectroscopy and extrinsic

fluorescent probes to monitor micro-environmental changes during the curinggroce

Summary of Chapter 3: Analysis of Curing of a Sustad Release
Coating Formulation by Application of NIR Spectrospy to Monitor

Changes Associated with GMS

The first part of the project examined the curing process of Eudragit RL/RS
coating formulations with focus on changes of glyceryl monostearate (GMS)o&he
was to develop a better understanding of the changes in GMS associated wiitfinipe

process and use to NIRS to predict an endpoint with reference to the state of GMS withi
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the formulation. Three formulations with different concentrations of GMS wepaped

and casted into films which were analyzed by both DSC and NIRS.

DSC was used to monitor endothermic changes resulting from GMS during the
curing process at different temperatures and curing times. The change&s
endotherms were dependent on the temperature and the time used for curindno$the f
It was determined that the curing process was being performed at temgevrehere
GMS is sensitive to polymorphic changes. The two main GMS polymorphsfdine

and -forms, melt and diffuse into the film at different processing temperatures.

Diffuse reflectance NIRS was applied to the films during the curing ppaoes
the spectral changes were decomposed and interpreted using principal component
analysis (PCA) and parallel factor analysis (PARAFAC). Using R@Adata obtained
from the DSC studies, it was determined the PC2 was clearly sensitive eantterature
used during the curing process and clearly followed the trends associated wiMiShe G
polymorph changes. PARAFAC, a multi-way modeling technique, was used to further
decompose the data applying time and temperature to the NIRS spectral chahges. A
component model was developed that explained 99.67% of the variation during the
curing process. The second component was assigned to the GMS changes, although it

only explained 0.51% of the NIRS spectral variation.

NIRS models were developed using partial least squares (PLS) for the three
different formulations and with the data from the formulations combined. The best fit
and most predictive models for each formulations used mathematical pneetnésabf

Autoscale, Savitzky-Golay'2derivative, and standard normal variate (SNV). The PLS
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models demonstrated the state of GMS within the polymer film could be sucgessfull
predicted during the curing process and indicate film homogeneity and exteringf cur
The results of this study further expand the use of NIRS as a process analytica

technology in the field of pharmaceutics.

Summary of Chapter 4: Analysis of Curing of a Sustad Release
Coating Formulation by Application of NIR Spectrospy to Monitor

Changes Physical-Mechanical Properties

The curing of Eudragit RL/RS film formulations was investigated with rtgpe
changes in the physical-mechanical properties of the films. Curingliknegn to
change the physical-mechanical properties of films based on the coatesttatex
particles as well as changes associated with chemical changes in thiafioms. The
goal of the study was to characterize the films during curing based on thegbhysi
mechanical properties such as Young’s Modulus, tensile strength, and elongution, a

apply them to development of a NIRS method for determining a curing endpoint.

Films of the coating formulation were prepared and cut into ‘dog bone’ shapes
based on the ASTMD-638-V standard and tested on an Ifishystem. As expected the
physical-mechanical properties were sensitive to the time and teompewaed during
the process of curing the films. The Young’s Modulus and elongation at break were
found to have the greatest dependence on the time and temperature used during the
process. The data suggested that the extended curing times at higher teegperayur
have a negative effect on the coating most likely due to the volatility ofi¢tieyt citrate

(TEC) plasticizer used in the formulation.
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Diffuse reflectance NIRS was applied to the cured ‘dog bone’ films dthing
curing process and analyzed by PCA and PARAFA for spectral variation thaelatey
to changes in physical-mechanical properties. PCA was performed usimgnmasital
pre-treatments of autoscale, Savitzky-Gol4dderivative, and SNV to find that PC1,
PC2 and PC3 combined described 70% of the spectral variation and was related to
processing temperatures. Accurate and specific assignments of timgsofadiPCA
were not possible when examining the pre-treated spectral loadings. PARA&R
applied to decompose the NIRS spectra into more interpretable components of the
variation. PARAFAC found that two components could be used in the model to include
98.97% of the variation. The first component of the PARAFAC model was found to fit
99.27% of the explained variance in the spectra. The loadings of the first component for
each mode of temperature, spectra, and time, suggested the variance wasckttrilogs
of TEC in the film formulation. Films prepared with a range of TEC in the forronlat

confirmed the loadings were associated with loss of TEC.

NIRS models were developed using partial least squares (PLS) for the
‘dog bone’ films with each of the physical-mechanical properties. The bastfimost
predictive model was found using the Young’s modulus with mathematical pre-
treatments of Autoscale, Savitzky-GoIa{S‘? @erivative, and standard normal variate
(SNV). The PLS models demonstrated the Young’s Modulus of the films could be
predicted for polymer films made from coating formulations. The prediction of the
Young’'s Modulus could be used to set temperatures and corresponding curing times to be
used in process development. The use of NIRS in the curing process may allow

formulators to predict the point where the film becomes completely homogenous and the
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point where loss of plasticizer may begin to negatively impact film propettie

Young’s Modulus minimums and maximums respectively.

Summary of Chapter 5: Analysis of Curing of a Sustad Release

Coating Formulation using Fluorescence Spectroscopy

The previous studies have shown there is a large amount of physical and chemical
changes during the curing of films prepared from coating formulationgasit
determined that a fluorescence spectroscopy method should be developed and would be a
valuable tool to analyze the internal or micro-environmental changes assodtated w
curing. Fluorescence spectroscopy using extrinsic probes was applietstprigpared
from coating formulations in order to fully characterize and understand timg cur
process. Three different probes were tested, 1,6-diphenylhexatriene, (D@H)
dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH), and 1,3-bis-({®imyl)propane

(BPP), each having different properties and maybe used for different techniques

BPP, an excimer probe, was found not to be sensitive to any changes within the
polymer film during the curing process, possibly due to free volume within the polyme
matrix being too small to allow dimer formation. The intensity of the fluerese from
DMA-DPH labeled film was found to decrease with curing time and temperathre. T
decrease in intensity was counter to the expected increase based on ma&mula
restrictions. Films labeled with DPH reported the same decrease in elacesntensity
during the curing process confirming the molecular rotor on DMA-DPH was not

contributing to the change of intensity.
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Fluorescence anisotropy was used for DMA-DPH and reported changes in
temperature and curing time. The change in anisotropy was found to be inversely
proportional to GMS melting data from previous DSC studies. It was determinedehat
fluorescence probes preferentially partitioned into the crystalline GiMigwhe films
during the film formation process. As the GMS melts and diffuses into the polymer
matrix the microenvironment around the probe changes in physical and chemécal stat
This phenomenon was confirmed when films without GMS were prepared and analyzed,
only minor changes in anisotropy were found. The anisotropy data from films without
GMS showed differentiated with temperature only in the early stages of ¢usirighr)
before convergence of curves. The anisotropy at films cured at 60 C also began to
decrease steadily after 30 min of curing which may be attributed to thef lplssticizer

changing the free volume or microenvironment.

It was observed that the anisotropy and intensity data change in an inverse
relationship to each other. This data suggested that the techniques were measuring the
same phenomenon by different mechanisms. The DMA-DPH and DPH are highly
sensitive to environmental polarity and as they diffuse from a highly non-polar GMS
crystalline state into a potentially more polar amorphous homogenous film thetyntens

would likely decrease as observed.

These studies demonstrated different fluorescence spectroscopy techmgues
be applied to analysis of the changes during curing of films prepared froimgcoa
formulations. The fluorescent techniques were found to be sensitive to time and

temperature used during the curing process. These novel methods for coatisig analy
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maybe used to further develop and understanding of physical changes such as free

volume or chemical changes such as polarity within the coatings.
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