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Objectives:
The aim of this study was to investigate the application of NIR spectroscopy and
fluorescence spectroscopy to the monitoring of curing of sustained release coating
formulations.

Methods:
Films of coating formulations were prepared by casting method and were
monitored during the curing process using a Thermal Analysis differential scanning
calorimeter, an Instron® System 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-mechanical properties.
The NIR methods were developed using chemometric processing including principal
component analysis (PCA), parallel factor analysis (PARAFAC), and partial least
squares (PLS) regression.

Results:
Three methods were developed for monitoring the curing of coating formulations,
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 method provided
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 Young’s Modulus 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 microenvironment
during the curing process. Monitoring the fluorescence intensity and the fluorescence
anisotropy of DPH and DMA-DPH within the polymer matrix successfully reported
on changes of the physical and chemical state during the curing process.

Conclusion
This study demonstrated that NIR spectroscopy and fluorescence spectroscopy are
methods that can be applied to the monitoring of curing of coating formulations. The
study successfully demonstrated the use of NIR spectroscopy for predicting the state
of GMS within a polymer matrix. Furthermore, to our knowledge, this study is the
first application of NIR spectroscopy for prediction of the physical-mechanical
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 1 Introduction and Background
Film Coating
Polymer coatings in the pharmaceutical industry are used on tablets, capsules, beads,
and granules to achieve specifically engineered release profiles or maintain stability.
There are several types of coatings engineered for different purposes such as taste
masking, moisture protective, to achieve a specific release profile, or to target release to a
specific environment. Some common types of extended release products use slowly
eroding polymer films to delay release and some are engineered with functional groups
with a specific hydrophobic/hydrophilic ratio that can be changed in order to allow water
to permeate at different rates, effectively changing the rate of diffusion of a drug across
the polymer coating. Polymers for enteric coating have been engineered with aqueous
solubilities that are pH dependent. The enteric coatings are used for targeting of the
release of a drug in a specific area of the intestinal track which is dependent on the
environmental pH.
The polymer coatings may be applied using either organic / hydro-alcoholic solvent
based products or aqueous based latex dispersions. Latex polymer dispersions are used
extensively in the industry due to the benefits to the environment, the process safety,
worker exposure and residual solvents in the final product. The benefits of latex polymer
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 issues.1
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Aqueous Coating Formulation
There are three main components to an aqueous coating formulation, the latex
polymer dispersion, the plasticizer and the antiadherent agent; minor components include
coloring agents. The latex polymer dispersion includes the polymer, water, and possibly
includes stabilizing agents such as surfactants. The latex dispersion alone may or may
not make a good film coating on a substrate; therefore, additives are added to ensure a
completely formed functional polymer coating. The polymer characteristics determine
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 glass transition
temperature of the polymer (Tg).
The Tg is the temperature where an amorphous or the amorphous regions of semicrystalline polymer changes from a hard brittle state to a flexible rubbery state. Polymers
above the Tg are very viscous liquids with high freedom of rotation around the carboncarbon 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 susceptible
to Brownian motion.2
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 copolymers consist
of different alternating blocks of chemically different polymers and may exhibit multiple
Tg’s depending on the lengths of the different polymer blocks and the difference of Tg’s
of polymer blocks. Random copolymers are different polymers randomly oriented on a
2

polymer chain. Random copolymers may exhibit a broad Tg depending on the
characteristics of the individual polymers used. 3 Grafted copolymers are typically a
polymer backbone with grafted side chains attached to it. A grafted copolymer may have
multiple Tg’s depending on grafted side chains and how chemical different they are from
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 weight divided by the
number average molecular weight, and is an indication of molecular mass distribution in
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 entanglement and
hydrogen bonding and require more energy to transition resulting in higher Tg’s. A
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 polymers, which
includes hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose (HPMC),
ethylcellulose are aqueous soluble polymer which come in many different molecular
weights for a variety of different uses as coatings. Acrylate polymers, such 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 chosen for a
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formulation based on characteristics such as molecular weight, solubility, permeability,
and Tg. Molecular weight is an important factor to consider in processing; if molecular
weight is too high the viscosity of the solution may cause problems in the spraying and
film formation process. The solubility and permeability are important factors to consider
when developing a controlled release or enteric coating formulation. The Tg, as stated
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 determined by functional groups.
EUDRAGIT® RL and RS are ammonio methacrylate copolymers that are commonly used
for controlled release products. The EUDRAGIT® RL 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 as RS resulting in
higher water permeation in the RL. The QAG’s are present as a chloride salt, which
dissociates when in the physiological environment.4 The RL and RS maybe blended
together to target a specific release profile.
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Figure 1.1 Eudragit RL and Eudragit RS, taken from Csóka et al5

For Eudragit RL and Eudragit RS:
R1=H, CH3, R2=CH3, C2H5, R3=CH3, R4=CH2CH2N(CH3)3+ Cl–

Eudragit RL-30D and RS-30D are dispersions, which are blended together with
additional plasticizer and antiadherents to formulate a coating formulation. Blends of 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 determines the
release profile of a specific drug.

Plasticizers
Plasticizers are liquids with very low Tg’s, typically -50˚C to -150˚C, that will not
crystallize upon cooling. Plasticizers are incorporated into a polymer to lower the Tg of
the polymer to increase flexibility, process ability, and ability to form films. The
plasticizer acts as a lubricant between polymer chains, where it facilitates slippage
between the chains under stress.2 The Tg of a coating formulation is dependent on the
structure of the polymer and the plasticizer that is added. Plasticizers are added to the
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polymer dispersion to lower the Tg of the polymer to ensure film formation and
coalescence as well as decreasing the brittleness of the coating to resist cracking. 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 them. 6 The interaction
between the polymer and plasticizer is governed by the Fox equation.7
1
w1 w2


Tg Tg1 Tg2

Equation: 1.1

Where Tg1 and Tg2 are the respective Tg’s of the individual components, and w1 and w2
are weight fractions of components 1 and 2, respectively.

Antiadherents
Antiadherents are used to reduce the tackiness of the polymer coating reducing the
adhesion between coated substrates. Tackiness of a coated substrate is influenced by
polymer type, type and amount of plasticizer used, coating process temperature, curing
temperature, and moisture level in the process.8 Common antiadherents include talc and
glyceryl monostearate (GMS) are added to the polymer dispersion before coating. GMS
is used at much lower quantities than talc, 5-10% compared to 50-100% weight/weight of
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 dispersed in
the polymer coating than talc. The specific gravity of GMS is about three times less than
talc; therefore, the volume associated with the GMS is three times larger reducing the
amount on a weight basis required to equal the effectiveness of talc. This suggested that
6

the efficiency of materials in reducing the tackiness of a coating is related to reducing the
contact area between the polymers. 9
Some formulations can be prepared using a commercially available ‘value added’
emulsified combination of GMS and TEC (PlasACRYL T20®) to 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 formulations to achieve
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 µm”1. The
pseudolatex dispersion is formulated with the plasticizer and the antiadherent before
coating the substrate. In order for a latex coating to function as it is designed a 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 ordering, particle
deformation, and continuous film formation from inter-diffusion of polymers across
particle –particle boundaries, see Figure 1.2.10 In the first stage, particle ordering, the
dispersed polymer particles come together due the evaporation of aqueous phase which
leads to a face-centered cubic construction. In the second stage, particle deformation,
capillary forces of the interstitial water overcome the repulsive forces in the dispersion
causing the particles to begin to deform. In this stage particle consolidation takes place
were the polymer particle deformation brings the polymer phases closer together and the
aqueous phase becomes fragmented. The Third state, continuous film formation, is
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sometimes divided into two distinct stages coalescence or fusion of particles and polymer
interpenetration.11 In the coalescence stage the boundaries between the particles
disappear and a continuous film is formed. The fourth stage is where the polymer chains
with in the particles interpenetrate between cores forming the continuous film with no
individual polymer particles left remaining
remaining.. The final stage must be done above the Tg of
the polymer to facilitate
acilitate the movement of the polymer chai
chains, this
is stage is referred to as
curing.

Figure 1.2: The Three Stages of Latex Film Formation

Pseudolatex Film Curing
The curing stage of pseudolatex coatings is one of the most important steps to ensure
a consistent coating which performs as designed. Proper curing is essential for the coated
product to have a stable release profile over the entire shelf life of the product. The curing
depends on the Tg of the polymer being cured, the amount and type of plasticizer being
used, residual water with in the film, and the time and temperature the curing process is
completed under. The curing process serves multiple functions, it allows for a complete
8

continuous functional film, a complete homogeneous solution of all the excipients
allowing for complete utilization of the excipeint’s properties, and increasing the stability
by allowing the polymer to enter a state of stable thermodynamic equilibrium. The under
curing or partial coalescence may have different dissolution properties than fully cured
coatings. Carlin et al sums up the importance of this stage of the coating process;

“The properties of partially coalesced films may be radically different from that of the
corresponding fully coalesced films. Partially coalesced films are also inherently
unstable, as coalescence typically continues slowly over time, resulting in decreases in
the drug-release rated. It is essential to ensure complete coalescence for long term
stability. Unfortunately, verification of complete coalescence is not always described in
1
the pseudolatex literature, which complicates interpretation 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 permeability and drug
release.12 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 temperatures have
drug migration through the coating and deposit on the surface when the drug has an
affinity for the polymer coating. The release profile slowed consistently with time until 4
hours was reached, the rate of release then began to steadily increase from 4 to 24
hours.12 This drug migration increases the release profile of a drug by crystallizing in 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 extended curing time
was dependent on temperature and amount of triethyl citrate used as plasticizer. 13
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 samples for samples cured at
40˚C stabilized between 1 and 3 months, 3 and 7 days, and 3 hrs for samples with 10, 20,
9

and 30% triethyl citrate, respectfully. The curing temperature and the Tg of the 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 adjusted until a stable
reproducible release profile is reached. There are many techniques that may be applied to
free polymer films as well as coatings applied to a substrate to aid in characterization
including mechanical assessment, thermal analysis, microscopy, surface analysis, filmstructural analysis, and assessment of mass transfer.14

15, 16

These methods give a good

indication of the polymer coatings interaction with excipients and effect of processing
parameters. Even with the advancement of coating characterization techniques every
substrate is different and empirical techniques must be used to finalize a drug product to
ensure a quality product.
Online techniques using NIR have been investigated to determine amount of coating
applied to a dosage form and coating thickness. 17-20 To date only Tabasi et al have
attempted to use NIR for monitoring extent of curing of controlled release coatings. 21, 22
Tabasi developed models for monitoring of extent of curing using dissolution as a
reference. Tabasi found limitations in the use of tablet dissolution in the calibration
model due to the presence of micro-fractures and coating thickness inhomogeneity.

Thermal Analysis
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Thermal analysis is the study of material properties as they change with temperature,
which includes differential scanning calorimetry (DSC), differential thermal analysis
(DTA), thermo gravimetric analysis (TGA), thermo mechanical analysis (TMA), and
dynamic mechanical analysis (DMA). The thermal analysis technique which will be used
extensively in the process of this study is DSC, which is a method for thermal analysis of
materials to detect physical and chemical changes associated with temperature change.
DSC is a technique which measures differences in the amount of heat required to raise
the temperature of a sample and reference. A specific linear heating rate is applied 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 changes such as
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 at Tg.3 The Tg 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 properties of materials and
their response to stress or environmental changes such as temperature. Stress analysis
performed on films provides an excellent gauge on the final mechanical properties of a
coating formulation. The mechanical properties will allow for determining how robust a
final coating will be and how resistant it will be to cracking over time.23 An example of a
stress strain curve may be seen in Figure 1.3. This relationship is obtained by applying
11

strain to a film by stretching it at a uniform rate until failure occurs and using a load cell
to measure the stress on the film. The four major points of the stress-strain curve which
are used for calculation of physical-mechanical properties are; A) region of elastic
deformation, B) yield point, C) region of plastic deformation, and D) film breaking point.
These variables are used to calculate physical-mechanical properties such as tensile
strength, Young’s Modulus (elastic modulus), strain at failure, work of failure, tensile
strength / Young’s modulus ration.15

Figure 1.3 Example of a Stress Strain Curve, Adapted from Wikimedia24

Fluorescence Spectroscopy
Fluorescence spectroscopy is a technique that is used to study interaction between
fluorescence probes and light at specific wavelengths. Fluorescence probes may be
incorporated intrinsically into polymers or extrinsically in to coating formulations 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, fluidity, order,
molecular mobility, pH, and electric potential, and they can be used for detecting changes
in their microenvironments25, 26 These changes in the microenvironments can affect the
fluorescence intensity of the probes and if the fluorescent characteristics of probe is well
understood the data can be used to interpret the microenvironment changes.
There are four types of fluorescence probes discussed in the literature used to monitor
microenvironmental changes in polymers, the first being using molecular rotor
fluorescence to measure free volume changes26, the second being excimer fluorescence
techniques to measure free volume changes27, the third being use of fluorescence
anisotropy for measuring free volume changes28, and the fourth being use of direct nonradiative energy transfer [DET], which is used to measure diffusion of polymer across the
particle-particle boundary and determine the diffusion coefficient 26, 27, 29-34.

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 causing the bond to
vibrate at its fundamental frequency. Near infra-red spectroscopy exploits the absorption
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 visible light regions.
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.2, 35
The NIR bands are mainly a result of stretching and bending of the C-H, N-H, and OH 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 represents the
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 most common organic
bonds and functional groups with their respective overtone and combination absorption
region. The absorption bands assignment is listed in ranges due to the displacement from
the exact integer multiple affected by possible molecule interaction, hydrogen bonding,
and temperature variation. 36

Figure 1.4: Example of a NIR Correlation Chart, from FOSS NIRSystems37
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Molecular interactions effect NIR band position and intensity involves the properties
of the functional groups which include; atomic mass, bond strength, dipole moment,
symmetry, and anharmonicity. The neighboring functional group may also have an effect
on the band intensity and position based on if they are strongly electron-withdrawing or
electron-donating, which affects the bond strength and dipole moment.36
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 water exists in a
sample; it may be in the form of free or bound water. These different forms of water in a
solid will have different levels of hydrogen bonding and different intermolecular
distances. NIR has the ability to distinguish the multiple forms of water that exist in a
sample, whether it is free, bound in various or crystalline as with the various
pseudopolymorphs.38-41 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 absorbing groups
with increase in temperature. This increase in anharmonicity leads to upward shift in
frequency center and broadening of absorbance band.36
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. Department of
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Agriculture, was the first recognize the potential as an analytical technique for biological
samples.42 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 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 spectrum43. NIR
spectra are typically broad and contain large amounts of physical as well as chemical
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 or reflectance
measurements are used, See Figure 1.5. The light source is typically a tungsten halogen
lamp. Types Detectors may vary depending on the system, early systems used silicon (<
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 diode array
format with excellent sensitivity of the entire NIR range (850 – 2500 nm).36
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Figure 1.5: Basic NIR Spectrometer Configuration

Thee sample to be measure
measured dictates the type of measuring mode used on the NIR
spectrometer. Samples may be measure
measured by transmittance, diffuse reflectance, or
transflectance,, see Figure 1.6. Transparent samples may be measured in transmittance
mode (A), turbid or semi--solids
solids may be measured in diffuse transmittance (B), diffuse
reflectance (C),, or transflectance (D) modes depending on absorption and scattering
characteristics.43
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Figure 1.6: NIR measuring modes, taken from Reich43

Chemometrics
NIR spectra are very complex mixture of chemical and physical factors of the sample
components being analyzed. The spectra are composed
posed of broad overlapping bands that
is multivarient in nature. This type of data requires a process that can decompose the
data into relevant information through mathematical and statistical methods.
Chemometrics is defined by the International Chemome
Chemometric
tric Society as “the Science of
relating measurements made of a chemical system or process to the state of the system
via application of mathematical or statistical analysis.”36 Due to the data being
multivariate in nature, the ability to interpret the overlapping collected data requires the
use chemometric data processing. Chemometric data processing uses mathematical and
statistical methods to extract “relevant” information and reduce “irrelevant information”
from a data set 43.
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There are two types of data analyses in chemometrics, quantitative analysis and
qualitative analysis. Quantitative chemometric analysis involves multivariate calibration
for prediction and estimation of exact amounts. Quantitative analysis includes methods
like Multiple Linear Regressions (MLR) and Partial Least Square (PLS) and aims to
build a calibrated functional relationship between the NIR spectra and the output, referred
to as “supervised learning”. Qualitative analysis is used to explore patterns within a NIR
data set using clustering techniques and sometimes referred to as “unsupervised
learning”. 44 Qualitative analysis would be used for batch discrimination and
classification test where as quantitative analysis would use regression to predict 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 prediction. There are
two major families of chemometric quantitative calibration techniques, MLR techniques
and factor based techniques.44 Krammer defines three uses of chemometrics and two
essential conditions which must be met for the chemometrics techniques to work.
THREE USES OF CHEMOMETRIC TECHNIQUES ARE TO:
1. REMOVE AS MUCH NOISE AS POSSIBLE FROM THE DATA.
2. EXTRACT AS MUCH INFORMATION AS POSSIBLE FROM THE DATA.
3. USE THE INFORMATION TO LEARN HOW TO MAKE ACCURATE PREDICTIONS
44

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 RELATIONSHIP WITH THE
44

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 being measured and the
dependent variables are the variables that are being predicted. The NIR spectra data is
organized in to a matrix containing the absorbance and wavelength for each sample, this
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-block.

44

Multivariate Analysis

Mathematical Pre-treatments
Data collected for NIR spectrometry method development contains both physical and
chemical information, as well as noise associated with the sample properties and the
instrumentation used to collect the data. The variation in the data may be corrected using
mathematical pre-treatments prior to multivariate analysis or modeling in order to build a
more robust model and to simplify data in to a more easily interpretable state. The
mathematical pre-treatments are a form of mathematical bandpass filter used to mitigate
the effects of scatter and instrument baseline variation.44 This mathematical pre-treatment
is done to reduce the data to similar form, eliminate noise, normalize or standardize the
20

variation in the data. Krammer defined three categories for possible ways to pretreat data
before PCA or performing regression; 1) artifact removal and /or linearization, 2)
centering, 3) scaling and weighting.44
An example of artifact removal is a baseline correction of a NIR spectrum and may
be used to adjust for sample variation. Linearization is the conversion of spectral
transmittance into spectral absorption and multiplicative scatter correction for diffuse
reflectance spectra. The use of these pretreatments may improve the robustness and
precision of a model if used to remove data that may not directly impact the model being
developed.44 The mathematical pre-treatments to reduce scattering include multiplicative
scatter correction (MSC), standard normal variate (SNV) transformation, and polynomial
detrending.36, 43, 44
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 system to the center
of the data set. This process prevents the data points furthest from the origin from having
too much leverage on points near the origin.44
Scaling and weighting is done by multiplying all the spectra by a different scaling
factor for each wavelength. The purpose of this treatment is to add or subtract influence
of a certain wavelength on the calibration. There are two noted types of scaling,
normalization and autoscaling. Autoscaling must be carefully applied to spectral data
because in some cases it can actually amplify the noise levels in the data.
Derivatives are applied to improve resolution of overlapping bands as well as
reducing baseline offsets. Derivatives use in spectral data typically applied with
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Savitzky-Golay or Taylor smoothing algorithms to preserve maximums and minimums in
the spectral data.43 Savitzky-Golay derivative function is a very commonly used in the
processing of NIR spectra. It requires proper specification of the polynomial order 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, because each additional
order intensifies higher frequency noise.36 The use of first-derivative will mitigate
baseline shift and the use of second-derivative will mitigate the baseline slope.
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-derivative.

36

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 proper calibration
of NIR system;43
1. SELECTION OF A REPRESENTATIVE CALIBRATION SAMPLE SET,
2. SPECTRA ACQUISITION AND DETERMINATION OF REFERENCE VALUES.
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 spectroscopy
method is extremely important. Improper sample selection can bias a model giving false
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 experiment, which may or
may not exceed the design space or the process.36 Passive sample selection from a
routine analysis may be more appropriate for qualitative analysis of a process due to the
lack of variation in a well controlled process. The experimental design must be include a
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 Analysis states the
constituent values for the samples being used to create a calibration equation must be a
minimum of five times the standard deviation of the reproducibility of the reference
analysis.

Determination of Reference Values
Determining the reference values is especially important in building a robust model
because the variation will be propagated through the NIR method. The laboratory error
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 should be applied to
the same physical sample that was scanned by the NIR when possible. When this is not
possible, every effort should be made to tie the scanning and reference analysis of the
sample as close together as possible.45 All 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 correlation between
the constituents should be minimized in the experimental design. If constituent values
are close and the wavelengths change at the same rate, it would possible to pick the
wrong wavelength associated with each constituents.45

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 data. The
validation set is used as a test set for the built regression model. Both the calibration set
and validation set should cover the entire range of variation in the design space set by the
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 redundancies may
potentially cause the method to be weighted incorrectly and lose some sensitivity or
robustness. The sample selection is performed after mathematical pretreatments if used.
The spectral data of the samples can be analyzed using selection methods such as
Mahalanobis Distance and Maximum distance. These selection algorithms are used to
detect spectral outliers which are considered statistically different from the rest of the
data set, or those that are redundant and bring no new information to the data set.45

Multivariate Modeling
Modeling of the multivariate data may be accomplished using different techniques
such as MLR regression techniques or factor based techniques, such as PLS or PCA.
Forina summarized the use of multivariate calibration as using “many physical quantities
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(predictors) to compute the value of the chemical quantity (response), with two main
objectives;”46
1. TO PREDICT THE RESPONSE WITH THE MINIMUM VARIANCE;
2. TO ELIMINATE (TOTALLY OR PARTIALLY) SAMPLE TREATMENTS: THE STATE OF
THE SYSTEM MUST BE SUCH THAT A BLOCK OF MEASURABLE PHYSICAL
46

QUANTITIES IS CORRELATED UNIVOCALLY WITH THE CHEMICAL 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 to find combinations 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 which can be
transformed or compressed into smaller subsets to be compared to a few uncorrelated
variables containing relevant information.43 PCA provides a way of reducing the
dimensionality of the spectral data without degrading it, while reducing some noise
associated with the data, represented graphically in Figure 1.7.44 Relevant 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 be identified
with PCA.47 The new vectors that are produced are orthogonal and known as Principal
Components (PC), eigenvectors, or factors. The first PC is the variables that correspond
to the largest variance in the spectral data set. Each successive PC, PC2, PC3, PC4.. etc.,
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 Variables in PCA
PCA,, Adapted from Martens et al.48

Identifying the significant factors is a challenge in PCA, if too many PCs are used the
model may not be robust due to including noise into the equation, too few may not
accomplish coverage of all applicable variance in the data. ‘Rule of thumb’ for number of
factor determination is to use on one factor per chemical component and other effects,
such as temperature.49 The use of Predicted Residual Sum of Squares (PRESS) statistic
is also a tool to estimate facto
factors to be included.

Calibration Model Development

Multiple Linear Regression
egression
Linear regression is the method of modeling the relationship of a scalar unit variable
Y to variables X using linear functions
functions, Equation 1.2.. Multiple linear regression (MLR)
is linear regression but extend
extended to add multiple X variables to the equation to build the
model, Equation 1.3 MLR condenses the data set to reduce rank which allows for the
model to capture the maximum correlation between X and Y as seen in Figure 1.8.
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y i = b 1x i + b 0 + e i

Equation: 1.2

yi = b0 + b1x1i + b2x2i + b3x3i +…+ ei

Equation: 1.3

Where y is the dependent or response variable such as concentration and x is the
independent or explanatory variables such as spectra, bo is the intercept, bn are the
coefficients of the different variables xn, and ei is the error in .50

Figure 1.8:: Graphical Representation of Linear Regression and Multiple Linear Regression,
Regression Adapted from
Martens et al.48

MLR has two known limitation when modeling NIR spectra data, 1) it requires X to
have more rows (samples) than columns (variables) and 2) the columns variables must be
independent,, if the variables are collinear may result in unstable regression.47, 51 These
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limitations require variables to be eliminated until independent set of variables are
obtained.

Principal Component Regression
egression
Principal component Regression (PCR) is the use of PCA factor based techniques and
regression techniques to develop a model. PCR does not have the same limitations know
to MLR because instead of regressing the concentration on to the sspectral
pectral data, the
properties are regressed onto the principal component scores of the spectral data, which
are orthogonal.47 This process produces a more stable model do to the orthogonal
principal components. Not on
only
ly is PCR more stable it also is less likely to factor in noise
because of the collinearity advantage over MLR.

Figure 1.9:: Graphical Representation of PCR
PCR, Adapted from Martens et al. 48

PCA is used in PCR to determine the optimal amount of PCs to factor into the model
but unlike PCA it regresses the data to predict specific results. Successful prediction is
predicated on the proper selection of PCs and use of ccross-validation
validation to get associated
prediction residual error sum of squares (PRESS). The PRESS is a function of the PCs
used and to choose specifically where the prediction error begins to increase, which
results in poor predictive properties of the model.
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Partial Least Squares
Partial Least Squares (PLS) is related to both MLR and PCA in that it captures the
maximum covariance between X and Y.51 PLS differs from MLR by using all
a the
spectral data or portions of it, not specific discrete wavelengths, to build a model. PLS
combines decomposition factor based techniques with regression analysis. PLS uses
PCs, known as latent variables in PLS
PLS,, to explain the variation in the spectra
spec X, while
giving the best fit to the reference data Y. The major difference between PLS and PCR is
the use of PCA and development of a new coordinate axes for the constituent or Y block
data. The factors for the spectral data are then projected on to the factors developed for
the constituent Y block data on a rank
rank-by
by rank basis. The regression is applied on the
rank-by-rank
rank basis between the spectral X block and constituent Y block data to
maximize the fit,, see Figure 1.8
1.8.44 Due to the independent noise in the data of the
spectral X block and the constituent Y block
block, rotation is used to compensate to for the
noise and reduce error.

Figure 1.10:: Graphical Representation of PLS Regression, Adapted from Martens et al.48

PLS is similar to PCR calibration as it will reduce spectral data to a set of scores and
loadings but also additional set of weighting vectors is cal
calculated,
culated, with the same
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dimensionality of the loadings. The addition of the weighting vectors is required to
maintain orthogonal scores.47 The weighting vector, W, is used to maximize the
covariance of the spectral scores with the concentrations for each rank of the data. The
weighting vectors are determined in order, once the largest variance is found and W1 is
calculated the spectral data used in calculation of W1 is removed. W2 would be
calculated next and its spectral data remove, this would continue until all possible factors
are found.44

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 using different
statistical diagnostics such as monitoring residuals and loadings. Model validation is not
specifically designed to measure the ability of the model to predict data but it assess the
calibration data set used in creating the model. A model may be influence by too many
statistical outliers in the sample set, which may affect the robustness and the ability 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 incorporated into the
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 large standard
error of calibration.43

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) to
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 model.44
The process of cross-validation is to determine how many latent variables will be
used in the model development. For each latent variable included in the model a PRESS
will be calculated, when these statistical parameters begin to increase it means there is
potential that noise is being included in the model and a signal to limit the latent variables
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 a calibration set
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 ability of the
model to successfully predict desired values. The results of this process are used to
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calculate the SEP which is used to further modify the model or determine if method is
acceptable as is. If the method is deemed acceptable based on satisfactory statistical
parameters, including SEP, it may be used to predict unknowns with confidence in the
results.
When developing models, statistical parameters are constantly referred to in order to
determine the ideal amounts of components incorporated in to the mode. The prediction
error will demonstrate the predictability of the calibration method. There are several
techniques for validation of a method, each produce interpretable results that may be used
to further adjust the parameters used in the calibration process. These statistical
parameters are determined at different stages of the calibration development, they include
Standard Error of Calibration (SEC), Standard Error Cross-Validation (SECV), Standard
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 used to refer to the
result from the application of the “leave-one-out” method in cross-validation.44






   


Equation: 1.4

Standard Error of Calibration
The standard error of calibration is the when a calibration is generated with a data set
and evaluated for predictive performance with the same data set.44 This 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
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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 the predictive
performance of a calibration model using independent validation data set.
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Equation: 1.7

Multi-way Analysis
When working with a system such as NIRS, which collects a large amount of multivariate 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 complex system with
many variables to be modeled and decomposed into a simpler more interpretable data set.
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 a single wavelength
and repeating to determine the mean and standard deviation. A two-way analysis may
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include the same one-way analysis (I) but adding a variable of multiple wavelengths (J)
developing a (I x J) data array. The two-way array may be analyzed by tools such as
Principal Component Analysis (PCA). The multi-way analysis adds nth dimensions to
this data generating a matrix X (J x K), where J may be wavelengths, K may be
absorption at J wavelengths. The I component for the three-way array may be time,
temperature, or other variables defined in the experiment or process, generating a threeway array of size I x J x K.50 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 sets that consist of
multi-variant data set such as fluorescence and NIR spectroscopy. The fluorescence and
NIR spectroscopy may be dependent on variables such as temperature, time, or for
fluorescence excitation wavelengths. The multi-way data is arranged in boxes rather than
the two-way matrices. There are several types of multi-way analysis techniques used to
decompose multi-way data such as N-mode Principal Component Analysis (PCA) (also
known as Tucker3) and Parallel Factor Analysis (PARAFAC). 52535450

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 individual components of
a sample that may not be included in the calibration set, this has been termed “secondorder advantage”. This second-order advantage may be used to estimate the pure spectra
of each linearly independent component of a sample.55This order advantage may be used
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to estimate changes that did not appear in the original first-order calibration set by adding
additional variables, such as time, and building a second-order tensor for analysis.

PARAFAC and PARAFAC2
PARAFAC analysis has been used increasingly more in the field of chemometric
processing of pharmaceutical data. With the multi-variant nature from instrumentation
such as NIR and fluorescence spectrophotometers and the adaptation of these systems to
batch process or online instrumentation the data has become increasingly complex. This
complex multi-variant data collected over possibly multiple variables such as pH, time,
location, or temperature, has required new ways of treatment and decomposition.
PARAFAC2 is similar to PARAFAC but may be applied when the data does not fit
the trilinearity required for PARAFAC. PARAFAC2 is a less constrained method 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.56, 57
PARAFAC modeling and decomposition has been applied to a variety of
pharmaceutical processes to build predictive models or to determine range of effect of
processing parameters. PARAFAC analysis was applied by Alcalà et al in the
deconvolution of chemical and physical information in tablet formulations using NIR,
drug concentration levels, and compaction pressure. 58 Alcalà 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 used PARAFAC
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and PARAFAC2 to separate successful from unsuccessful fluid bed granulation
batches.59 Matero applied PARAFAC and PARAFAC2 to processing variables such as
various processing temperatures, air flow rate, and relative humidity of ambient air 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 robust, stable,
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 the presence of
unknown interferents. 60

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 analysis.52 Tucker3 and PARAFAC are
very similar with one major exception the use of a core array in the Tucker3 method, see
Figure 1.13. The Tucker3 core array gives a summary description of the three-way
information and interactions in the three way data. 61
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Comparison of PCA, Tucker, and PARAFAC
Principal component analysis (PCA) is used to analyze two-way
way arrays using a matrix
decomposed as a sum of vectors and products, see Figure 11.11.. In PCA the horizontal
vectorr is known as loadings and the vertical vector is known as Scores. The PARAFAC
model decomposes a three
three-way
way array into vectors, were there three types, called loadings,
see Figure 1.12.. The decomposition by PCA and PARAFAC, of the two
two--way and threeway arrays
rays respectively, into components aids in simplifying the data set into smaller
more interpretable data sets.50

Figure 1.11 Principle Component Analysis, two
two-way array
rray decomposed into sum of vector products 50

Figure 1.12:: PARAFAC , a three
three-way
way array is decomposed into a sum of triple products of vectors50
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Figure 1.13: Tucker3 Model three-way array decomposition 50

The PARAFAC is considered to be a more constrained version of the N-mode
N
PCA
(Tucker3),
Tucker3), and the Tucker3 method is considered to be a more constrained version of
PCA. In PCA an F-component
component solution for a I x J x K array is unfolded to F(I + JK)
parameters. In Tucker3 the F
F-component solution for the same array is F(I + J + K) + F3
parameters and the PARAFAC is F(I x J x K) parameters62. The PARAFAC method has
far less parameters than the PCA or Tucker3 methods leading to a more interpretable and
robust models. The Tucker3 method allows for extraction of different number of factors
in each mode and has rotational freedom, making it not as unique as the PARAFAC
model.61 Data that can be modeled with PARAFAC can also be modeled with Tucker3
and PCA. PARAFAC will use fewer degrees of freedom decreasing the model noise and
systematic variation compared to Tucker3 and PCA.62
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Chapter 2 Hypothesis and Specific Aims
Hypothesis
Near infrared spectroscopy (NIRS) and fluorescence spectroscopy methods can be
developed to monitor extent of curing of Eudragit® polymers coating formulations using
thermal properties of film components, physical-mechanical properties, and the use of
extrinsic fluorescence probes.

Specific Aim 1
Develop a model using differential scanning calorimetry (DSC) to monitor changes in
glyceryl monostearate (GMS from PlasACRYLTM) melting area during the curing
process at various times and temperatures and use the melting endotherm of GMS area
under the curve (AUC) as a reference for NIR model development.

Specific Aim 2
Develop a model using Instron® system to monitor change in physical-mechanical
properties, such as tensile strength, percent elongation, and Young’s modulus, at various
time and temperatures and use as reference for NIR model development

Specific Aim 3
Develop a fluorescence spectroscopy method by extrinsically labeling Eudragit®
polymer coating formulation films to monitor physical or chemical changes in the
polymer matrix during the curing process at varied time and temperatures.
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Chapter 3 Analysis of Curing of a Sustained Release Coating
Formulation by Application of NIR Spectroscopy to Monitor
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 must be cured at
temperatures above the polymer’s glass transition temperature (Tg). The process of
curing the polymer coatings has been identified as an area that would benefit from the
development of a real time PAT method for monitoring the extent of curing. The focus of
the current studies are to further develop an understanding of the curing process and to
develop NIRS as a tool for monitoring curing of functional coatings used in
pharmaceutical formulations. Models were developed for NIR to predict the extent of
curing of Eudragit polymer films. Studies using differential scanning calorimetry (DSC)
were completed to determine how the thermal properties of glyceryl monostearate (GMS)
relate to the extent of Eudragit polymer coating formulation curing. The areas of the
GMS melting endotherms obtained from the DSC studies were used as references for
model development and to predict the extent of curing. The calculated melting peak area
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 the melting peak
area but returned to initial area over 48 hours of curing. The GMS melting peak area
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 (PARAFAC)
were performed on the NIR spectra to investigate the effect of curing on the films. Both
PCA and PARAFAC analysis of the NIR spectra showed that components could be
directly related to the changes associated with the GMS during curing. Partial least
square (PLS) models were developed for the three different formulations, as well as
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 spectroscopy to
monitor the extent of curing of coating formulations.
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Introduction
The use of process analytical technology (PAT) has become a valuable tool in the
development of knowledge of processing parameters and the control of manufacturing of
pharmaceutical products. The process of film coating and film curing of polymer coatings
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 many of these
polymer coatings must be cured at temperatures above the polymers transition glass
temperature (Tg). This curing process helps ensure the quality of the product will be
consistent and the stability will be acceptable.

Coatings and Film Formation
Coatings are used in pharmaceutics to serve as taste masking, moisture protection,
and controlled release. Many problems can arise from an improper coating process such
as cracking, splitting, peeling, and flaking 1. These problems can lead to dose dumping in
a controlled release formulation, stability problems due to moisture uptake, and failure to
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 and particle ordering,
particle deformation and filling of voids left by water evaporation, and finally
coalescence to form a continuous film from the inter-diffusion of polymers across particle
50

–particle boundaries.2, 3 The final stage is aided by elevating the temperature above the
glass transition temperature (Tg) of the polymer to increase the free volume and allow for
the polymer to diffuse into an increased state of thermodynamic equilibrium.
The final stage is also commonly referred to as curing, annealing, or healing of
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 modulus 4. This is due to the changes of
the internal stress relative to the inter-diffusion of polymer chains and a decrease in the
free volume within the polymer. The inter-diffusion of the polymer chains post curing
has been shown to increase the mechanical strength of the film 5. It is important for the
coated pharmaceutical dosage form to be cured at an appropriate time, under curing can
lead to failure in proper coverage and coalescences. The curing of the polymer coating
affects the dissolution rate of the dosage form due to the incomplete coalescence and
complete film formation. Extended curing times may affect drug stability and has also
has been shown to increase the amount of drug which partitions through film and
recrystallizes on the surface 6.

NIR Applications
Near Infrared Spectroscopy (NIRS) is a widely used method for qualitatively and
quantitatively analyzing pharmaceutical processes. Near Infrared Spectroscopy is a rapid
nondestructive technique which has been successfully utilized in a variety of PAT’s.
There are many advantages to using NIRS including the ability to provide multiconstituent analysis, ease of sample preparation, and the prediction of chemical or
physical sample parameters from one spectrum7. NIR spectra are typically broad and
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contain large amounts of physical as well as chemical information and often overlap.
Due to the data being multivariate in nature, the ability to interpret the overlapping
collected data requires the use chemometric data processing. Chemometric data
processing uses mathematical and statistical methods to extract “relevant” information
and reduce “irrelevant information” from a data set 7.
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 compression,
coating thickness, and extent of curing.8-10 Tabasi used NIRS to develop a model for
monitoring of curing of Eudragit RS/RL films using dissolution of the tablet as a
reference. Tabasi found limitations in the use of tablet dissolution in the calibration
model due to the presence of micro-fractures and coating thickness inhomogeneity.
Tabasi also completed a principle component analysis of films cured at different
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 in RCO2H
and RCO2R 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 relationships between curing
and changes in the NIR spectrum and suggested the possibility of using this relationship
as a reference for model development.10.

PARAFAC
In processes like coating, that include many different parameters and variable, twoway modeling approach may not decompose the data in a visual and an interpretable way.
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When multivariate data is measured in a cross fashion with multiple variables, higher
order techniques are required for analysis without having to decompose a cube fashioned
data set into several unfolded matrices. Parallel factor analysis (PARAFAC) is a multiway technique used for decomposing data with many collinear variables. PARAFAC is
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 reason for using
multi-way methods for decomposition of data is not to obtain a better fit but to obtain
more adequate, robust, and interpretable models.11
PARAFAC has been used successfully in pharmaceutical PAT development to
deconvolute chemical and physical information in tablets, as well as building models for
drug quantization.12 PARAFAC has also been shown advantageous in the use of
separating successful from unsuccessful batches in fluidized bed granulation.13

DSC
Differential Scanning Calorimetry (DSC) is a method used to determine thermal
properties of a material by measuring the temperature and heat flow associated with
physical or chemical transitions. Tabasi et al. identified the correlation between the
decrease in the AUC of the GMS peak and the curing of casted films at various
temperatures 10. 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 process
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 experiments at different
temperature and time points. There currently is no documented process analytical
technology that can determine curing endpoints online. The relationship between curing
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 changes associated with
the GMS in the coating over the entire curing process. The development of an accurate
fast low impact PAT with the ability to determine curing endpoints, as well as monitoring
significant changes in coating characteristics, has been identified as an area of need in the
field of process analytical technology in development of pharmaceutical dosage forms.
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 data. This study uses DSC data obtained from analyzing properties of cured
films as references to investigate the application of rapid non-destructive NIR
spectroscopy and multivariate analysis in determination of extent of curing. Using the
AUC of the glyceryl monostearate melting peak, at various times and temperatures, 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 DSC data as
reference data for NIRS model development for determination of polymer film curing
endpoints.
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Materials and Methods

Materials
Films were prepared using Eudragit RL-30D (Poly(ethyl acrylate-co-methyl
methacrylate-co-trimethylammonioethyl methacrylate chloride) 1:2:0.2, Lot #
G060216036 and Eudragit RS-30D (Poly(ethyl acrylate-co-methyl methacrylate-cotrimethylammonioethyl methacrylate chloride) 1:2:0.1, Lot #0400318052 from Evonik
Röhm Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with glyceryl
monostearate (Lot # P080504) from PlasACRYL® Emerson Resources, PA, USA ) and
triethyl citrate from PlasACRYL® and additional from TEC (Lot # N91182), Morflex,
Greensboro, NC. The glyceryl monostearate used for analysis and comparison was
provided by Spectrum, Lot#VV0714.

Methods
Film Preparation
Three formulations of the polymer films were prepared by casting method, 40, 50,
and 60% PlasACRYLTM based on dry polymer weight. PlasACRYLTM is 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 to
achieve desired Tg for coating. The additional triethyl citrate was adjusted to maintain a
constant plasticizer amount in the films. The PlasACRYLTM was diluted with water and
allowed to stir for 30 min. The triethyl citrate was measure out and diluted with water
and stirred for 30 min. The triethyl citrate solution and PlasACRYLTM solution 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/plasacryl solution was 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 week until films
appeared dry to touch and relative humidity stabilized in desiccator chamber. The films
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

Ingredients

Formulation 1
DS
mL
(g)
%

Formulation 2
DS
mL
(g)
%

Formulation 3
DS
mL
(g)
%

RL 30-D (mL)

16.50

4.95

16.47

16.50

4.95

16.63

16.50

4.95

16.31

RS 30-D (mL)

67.00

20.10

66.89

67.00

20.10

67.52

67.00

20.10

66.23

TEC (mL)

2.50

2.50

8.32

2.72

2.72

9.14

2.30

2.30

7.58

Plasacryl (g )

12.50

2.50

8.32

10.00

2.00

6.72

15.00

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

12.50

3.80

3.80

12.52

Total

98.50

30.05

100.00

96.22

29.77

100.00

100.80

30.35

100.00

Oven Curing
A Model 19 Thelco oven (Precision Scientific Company, Chicago, Ill) was
preheated at desired temperature for no less than one hour before beginning curing. The
dried films were cut into roughly 1 cm2 squares and placed inside a Teflon petri dish for
curing. Six samples were pulled for each time point, allowed to cool to room temperature
for 10 min before scanning with NIR spectrometer. The films were cured at temperatures
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 diffuse reflectance
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 intervals. All films were
scanned on both sides and the average spectra of both sides were used for analysis.
Performance testing on the NIR Spectrometer was performed weekly before use
to ensure consistent results. Performance testing included measuring internal noise
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levels, NIR and visible gain, internal wave length performance, and precision.
Wavelength linearization was performed before every use using an internal wavelength
standard. A ceramic reference was scanned at the beginning of every collection period.

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 having the first
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 the temperature
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 Hotelling T2 and 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) melting peak and the
transition glass temperature (Tg) of the films were monitored for change over the curing
cycle. Samples (10-20mg) were weighed into aluminum pan (TA Instrument, New
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Castle, DE) and examined at a heating rate of 20˚C/min within a range of -50˚C to 100˚C
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, New Castle, DE).
The DSC thermogram was integrated over the range of 40 to 80˚C to detect the glyceryl
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 calorimetry (MDSC) and
the reversible heat flow was analyzed. The 1:4 RL:RS Eudragit coating formulation
plasticized with 12.5% triethyl citrate had a long broad Tg at 22˚C, and it extended from
0 to 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 twice the amount at 25%.
The reversible heat flow from the MDSC showed a Tg of 50˚C for the neat polymer and 8˚C for the films prepared with 25% triethyl citrate, see Figure 3.1. These changes in Tg
resulting from the three levels of triethyl citrate were consistent with what would be
predicted by the Fox Equation: 14
1
w1 w2


Tg Tg1 Tg2
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Equation: 3.1

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 by
differences in experimental parameters such as heating rate.
Based upon the Tg measurements, the curing temperatures chosen for this study were
40, 50, and 60˚C, and these temperatures are consistent with the previous studies of
Tabasi et al 10and these results confirm that the Tg of the film formulation was below the
chosen curing temperatures.
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Rev Heat Flow (W/g)
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Eudragit RL:RS 1:4 12.5 % TEC
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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 to the time
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
α-form which is dispersible and foamy and typically used as an emulsifying agent or
preservative, and a higher melting β-form which is denser, more stable, and typically
used as a wax matrix. A metastable β’-form polymorph also exist during the conversion
of the α-form to the more stable β-form.15 The extent of GMS melting area appears to
stabilize at each temperature the film was cured at but the rate at which the GMS melting
area stabilizes is dependent on the temperature, see Figure 3.3.

Figure 3.2: Change in GMS solid state within Eudragit RL/RS Films during Curing
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Figure 3.3 Example of Change in GMS Endotherm cured 12 hours at 40, 50, and 60˚C

Three different coating formulations, see Table 3-1, were prepared and cured with
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 formulations.
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Figure 3.4 GMS Melting Endotherm Area vs. time cured Formulation 1, 50% wt/wt Plasacryl
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Figure 3.5: GMS Melting Endotherm Area vs. Time Cured Formulation 2, 40% wt/wt Plasacryl
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Figure 3.6: GMS Melting Endotherm Area vs. Time Cured formulation3, 60% wt/wt Plasacryl

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 properties. 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 the α-form and β-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 stable α-form 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 monopalmitate
and glyceryl monomyristate which is common in glyceryl monostearate. Yajima et al
determined that 50˚C was the ideal temperature for the conversion of the α-form
polymorph to the β-form polymorph 15. 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 α-form polymorph melting and dispersing within the matrix. The
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complete disappearance of the GMS endotherm after 60˚C treatment would confirm the
β-form melting and dispersing within the matrix.
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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 β-form and was confirmed by DSC. The melting point of the αform was found to be 59.1˚C and the β-form was 61.7˚C. However, the conversion was
found to be much slower than reported by Yajima. The transformation of the α-form to
the β-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 initial β-form melting point of 61.68˚C. There was noticeable
increase in the enthalpy change associated with the melting of the GMS but this also did
not return to the much higher enthalpy related to melting of the more stable β-form of
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GMS. The cured Eudragit films do not exhibit any increase in enthalpy while curing
suggesting the GMS α-form polymorph melts and diffuses into the polymer matrix and
does not convert to the β-form 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 the spectra to a specific
change in a component.
3.0
2.5

Eudragit film formulation

TEC

GMS
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1.0
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2400.0
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Figure 3.9: NIR Spectrum of Eudragit Films Pre-curing

The NIR spectra of the GMS polymorph conversion from the stable commercial βform to the meta stable α-form 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 interactions with
other components changing the forms or shifting the spectrum.
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Figure 3.10: NIR spectra of GMS Polymorphs, α-form and β-from

PCA NIR Spectrum
Principal component analysis was performed on the entire NIR spectra of the films
scanned post curing prior to development of calibration models. Mathematical
preprocessing with Savitzky-Golay and 2nd derivative 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 clear trends
associated with the temperatures used, See Figure 3.11. A closer examination into the
clustering of the data shows the PC2 trends higher as the curing temperature is increased.
Clustering of the data in relation to PC1 does not appear to have any direct correlation to
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 influenced
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 with the PC’s
were not clear based on the visually similar NIR spectra of the raw data.
Examining the scores associated with PC2 it is possible this component is a related to
the changes in the state of GMS in the cured films. The scores for PC2 for the films
cured at 40˚C do not change with respect to the initial samples. The scores for the films
cured at 50 and 60˚C change rapidly in the first hours of curing. This closely mirrors the
changes observed in the endotherms relating to GMS using DSC.
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Figure 3.12: Scores of PC1 Related to Temperature and Curing Time
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Figure 3.13: Scores of PC2 Related to Temperature and Curing Time
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Figure 3.14: Scores of PC3 Related to Temperature and Curing Time

PARAFAC Decomposition
Parallel Factor analysis was performed on the NIR Spectral set collected from
scanning the films post curing. The analysis allows for better visual and interpretable
decomposition of the NIR spectra as it changes over time at specific curing temperatures.
The pre-treated NIR spectra were used to build a multi-way model using temperature,
spectra, and time of curing. Three dimensional plots were obtained of the reconstructed
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 Kiers16 for 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
71

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 83%.
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Figure 3.15: PARAFAC Model,

The PARAFAC analysis resulted in two components required characterize the main
variation in the spectral data associated with curing the films. The first component,
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
(%X)

Fit (%
Model)

Unique Fit (%
X)

Unique Fit (%
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 are
associated with the variance of the spectral data at each temperature used. The results
clearly show very little variation at 40˚C, with a sharp increase at 50˚C, and a continued
increase of variance at 60˚C, see Figure 3.16. When relating the DSC GMS data the total
variation relative to the initial is highly dependent on temperature and the loadings
associated with the temperatures would be expected. The examination of mode 2 spectral
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.10 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 was in the first two
hours before decreasing, this trend also compares to the GMS DSC data, see Figure 3.19.
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Figure 3.17: Mode 2 Loadings
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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 to predict curing
end point. Combinations of Standard Normal Variate (SNV), Savitzky-Golay 1st and 2nd
derivatives were used to improve the predictive power of the developed models. SNV
was applied to normalize the data, Savitzky-Golay derivative was applied to remove
baseline offsets, and autoscale was applied to scale and center the data. The SavitzkyGolay derivative was completed with a filter width of 15, second-order polynomial
fitting, using 1st and 2nd 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 determine best
pretreatments for developing a robust mode. These statistical parameters included the R2
values for the calibration and validation as well as the residual mean sum error calibration
(RMSEC), residual mean sum of error cross-validation (RMSECV), and residual mean
sum of error prediction (RMSEP). In each of the formulations the best calibration and
predictive ability was found using autoscale and SNV in conjunction with the SavitzkyGolay 2nd derivative, See Table 3-2.
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Table 3-3: PLS Mathematical Pretreatments for Model Development

Formulation 1
R Cal R2 Val RMSEC
0.820 0.801 0.890
0.873 0.833 0.728
2

Auto Scale
SNV-AS

LV's
8
7

SG-1st-AS

6

0.907

0.882

0.625

0.755

0.833

nd

SG-2 -AS

RMSECV
0.993
0.856

RMSEP
1.069
0.899

4

0.928

0.933

0.593

0.733
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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, Figures 3.20,
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 samples and the samples
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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Figure 3.20: PLS Calibration Model Formulation 1, solid lines indicate 95% confidence interval for a given
curing level.
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Figure 3.21: PLS Calibration Model Formulation 2, solid lines indicate 95% confidence interval for a given
curing level.
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Figure 3.22: PLS Calibration Model Formulation 3, solid lines indicate 95% confidence interval for a given
curing level.
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Figure 3.23: PLS Calibration Model Combined Formulations, solid lines indicate 95% confidence interval for a
given curing level.
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Figure 3.24: PLS Prediction Combined Formulations, solid lines indicate 95% confidence interval for a given
curing level.

Conclusion
An examination of the curing process of Eudragit RL/RS films used for
pharmaceutical coating was investigated to determine if extent of curing could be
detected by NIR spectroscopy and predicted using chemometric modeling. This study
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 increased. The GMS
endothermic peak plateaued at each temperature and was found to relate to the melting
and diffusion of the α-form and β-form into the polymer matrix at different temperatures.

80

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 PCA and
PARAFAC to determine the effect of curing. The PCA found the second latent variable
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. This was
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 spectra from
curing and the GMS DSC data. The spectra used mathematical pretreatments of
Savitzky-Golay 2nd 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 4 Analysis of Curing of a Sustained Release Coating
Formulation by Application of NIR Spectroscopy to Monitor
Changes Physical-Mechanical Properties
Abstract
This study investigated the use of near infrared spectroscopy (NIRS) as a potential
process analytical technology for determining the extent of curing of Eudragit polymer
coating formulations. Latex coatings must be properly cured to function as designed in
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 identify a potential
reference for development of a NIRS method for determining extent of curing. Cast
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 using an Instron® system.
The studies show clear dependence of the physical-mechanical properties on the time and
temperature used for curing. Principal component analysis (PCA) and parallel factor
analysis (PARAFAC) were performed to decompose the NIR spectra and to investigate
the effect of curing on the films. Both PCA and PARAFAC analysis of the NIR spectra
showed that spectral features could be directly related to the changes associated with the
TEC, which directly affected the physical-mechanical properties during curing. Partial
least squares (PLS) models were developed that related NIR spectra to each of the
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 NIRS could
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, controlled release,
and protective purposes. Controlled release coatings are used to serve as a tool for
engineering sustained and targeted release dosage forms. The coating process has many
variables that may impact the function of the coating and can be sensitive to application
as well as post treatment. Problems associated with improper curing during the coating
process are dose dumping, and increasing or slowing of targeted release rates.1-3
The use of Process Analytical Technologies (PATs) is an important tool in the
identification and control of critical process parameters (CPPs) in the development and
manufacturing process. Tablet coating has been identified as a process that would benefit
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 processes to
ensure the product functions as designed and maintain product stability over time.
Typically, the coat curing process parameters are determined empirically and 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 formulation and need 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 evaporation and particle
ordering, 2) particle deformation, and 3) continuous film formation via inter-diffusion of
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polymers across particle –particle boundaries4. The final stage is dependent on
temperature and aided by elevating the temperature above the glass transition temperature
(Tg) of the polymer to increase the free volume which allows for the polymer chains to
diffuse into the free volume within the matrix. 5
The final coalescing stage is also commonly referred to as curing, annealing, or
healing of the polymer film. It is important for the coated pharmaceutical dosage form to
be cured for an appropriate amount of time, under curing can lead to failure in proper
coverage and coalescences of the latex particles. The curing of the polymer coating
affects the dissolution rate of the dosage form due to the incomplete coalescence and
complete film formation. Extended curing times may affect drug stability and has also
has been shown to increase the amount of drug which can partition into the film and
recrystallize on the surface 2.
The extent of curing has been shown to have effect on the physical properties of
the polymer such as Tg and elastic modulus 6. This is due to the changes of the internal
stress relative to the inter-diffusion of polymer chains and a decrease in the free volume
within the polymer. The inter-diffusion of the polymer chains during curing has been
shown to increase the mechanical strength of the film 7. Analysis of the physicalmechanical properties of polymer films during curing may be used to determine extent of
curing and better understand the curing process.

Physical-mechanical Properties
Physical-mechanical properties provide a fundamental way to qualitatively and
quantitatively monitor changes in a film during processing. Physical-mechanical
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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 stress is a result of the interdiffusion 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 methacrylate) fractured cleanly
between the interfaces of the polymer particles and post curing fractured through the
polymer particles 7. The study of the mechanical properties of films involves monitoring
the stress-strain relationships in tension 8. Tensile testing of polymer film properties can
be used to gather information on the elasticity, strength, and toughness of the film.9
These properties include;

Tensile Strength =
Percent elongation =
Work Failure =
Young’s Modulus =
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5.1

Equation:

5.2

Equation:

5.3

Equation:

5.4

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 insight to the
change in internal characteristics of the film. Another useful metric is the ratio of the
tensile strength to the Young’s Modulus, which is a measure of crack resistance, the
higher the value the lower chances of the coating cracking. Cracking or splitting will
occur when the total internal stress or stored energy of the polymer is greater than the
cohesive strength of the polymer 10
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. Rowe et al. used this relationship between the cohesive strength, which is indicated
by the tensile strength, and the total internal stress of the polymer, which is dependent on
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 endpoints of
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 very little
information on the specific changes in the physical-mechanical properties, such as
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-mechanical properties
on ethylcellulose during the drying process. Parikh dried the ethylcellulose dispersion
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 measurements.9 Bodmeier et al. investigated the dry and wet
strengths of cellulosic and acrylic polymer films. He found that Aquacoat had an
increase in puncture strength post curing, although the increase in elongation of the films
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, which results
in higher flexibility and elongation 11

NIR Applications
Near Infrared Spectroscopy (NIRS) is a widely used method for qualitatively and
quantitatively analyzing pharmaceutical processes. Near Infrared Spectroscopy 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 ability to provide
multi-constituent analysis, ease of sample preparation, and the prediction of chemical or
physical sample parameters from one spectrum.12 NIR spectra typically contain broad
and overlapping peaks that contain large amounts of physical as well as chemical
information. Due to the data being multivariate in nature, the ability to interpret the
overlapping data requires the use of multivariate chemometric data processing methods.
Chemometric data processing uses mathematical and statistical methods to extract
“relevant” information and reduce “irrelevant information” from a data set.12
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 compression,
coating thickness, and extent of curing.13-15 Tabasi found limitations in using dissolution
as a reference for development of a NIR spectroscopy method for extent of curing and
suggested the possibility of using tensile strength measurement as a reference for NIR
calibration model development.
An extensive amount of work has been completed on the changes of the physicalmechanical properties during the curing process of polymers used for coating. To date no
work has been completed with the application of physical-mechanical properties as a
reference in the development of a NIR spectroscopy method to determine the extent of
curing. Thus, 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
physical-mechanical properties and 2) the development of a NIR spectroscopy method,
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using two-way and multi-way analysis, to determine physical-mechanical film properties
and the endpoint of curing using physical-mechanical properties. This study uses
physical-mechanical data obtained from analyzing properties of cured and partially cured
films as references to investigate the application of rapid non-destructive NIR
spectroscopy and multivariate analysis in determination of extent of curing. Thus,
physical-mechanical properties such as tensile strength and Young’s Modulus, at various
curing times and temperatures, will be used, as a reference for NIR calibration model
development and the robustness and suitability for monitoring the curing of film coatings
will be evaluated.

Materials and Methods

Materials
Films were prepared using Eudragit RL-30D (Poly(ethyl acrylate-co-methyl
methacrylate-co-trimethylammonioethyl methacrylate chloride) 1:2:0.2, Lot #
G060216036 and Eudragit RS-30D (Poly(ethyl acrylate-co-methyl methacrylate-cotrimethylammonioethyl methacrylate chloride) 1:2:0.1, Lot #0400318052 from Evonik
Röhm Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with glyceryl
monostearate (Lot # P080504) from PlasACRYL® Emerson Resources, PA, USA ) and
triethyl citrate from PlasACRYL® and additional from TEC (Lot # N91182), Morflex,
Greensboro, NC.

Polymer Films Preparation
Films were prepared using Eudragit® RL-30D and Eudragit® RS-30D (Evonik Röhm
Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with 50% wt/wt PlasACRYL®
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Emerson Resources, PA, USA relative to dry polymer weight and 12.5 % triethyl citrate
(from PlasACRYL® and additional from TEC, Morflex, Greensboro, NC). The films
were prepared by casting the mixture into Teflon® molds and allowing the films to dry in
a desiccator (< 20% RH) for at least 1 week. Film samples were run on DSC and no
detectable water content was seen on the thermogram. The films were cut using 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 ASTM D-63816

Tensile Testing
The Young’s Modulus was determined using a Instron® 8521 System with a
Tension/Compression 100 N Load Cell # 2530-427 (Instron®, Norwood, MA). Sample
held between G227 Lightweight Screw Vise Grip and J227 Jaws for Film Testing per
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, MD) was
used for all film analysis. The RCA DS was operated in the diffuse reflectance mode.
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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 intervals. All films were scanned on
both sides of the narrow center part of the dog bone after placing a Teflon® disk on top
and the average spectra of both sides were used for analysis.
Performance testing on the NIR Spectrometer was performed weekly before use
to ensure consistent results. Performance testing included measuring internal noise
levels, NIR and visible gain, internal wave length performance, and precision.
Wavelength linearization was performed before every use using an internal wavelength
standard. A ceramic reference was scanned at the beginning of every collection period.

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) corresponding
to the NIR spectra data and the second dimension (mode) corresponds to the temperature
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 to the spectral
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-mechanical
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 spectral data and the tensile
strength, percent elongation, and Young’s Modulus. The partial least square (PLS)
calibration was developed using Savitzky-Golay math (1st and 2nd derivative), and SNV
pre-treatment and statistical parameters like R2, SEC, 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 ASTMD88217 and ASTM-D63816 due to the large mechanical property changes over the curing
time and difficulty in sample preparation. The ASTM-D882 is recommended for plastic
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 areas of weakness
negatively affecting the data. The ‘DogBone’ cutter for ASTM-D638-V was found to
produce reproducible defect free samples. The ASTM recommended strain rates of 5 and
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 same strain rate for
the entire experiment and still have the desired sensitivity at the maximum and minimum
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 Instron® system 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 replicas were tested for
each time and temperature used during the curing of films. The calculated physicalmechanical properties were used as references to build calibration models for NIR.

Results and Discussion

Mechanical Properties of Cured Films
Raw data
From the stress strain profile shown in Figure 4.2, the tensile strength was calculated
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 Eq. 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 Cured Eudragit Film

Tensile Strength
The tensile strength of the cured Eudragit® films observed to be dependent on time
and temperature used for curing, See Figure 4.3. The initial observation was films cured
at 60˚C had the tensile strength increase sharply in the first 6 hrs, reaching 6.42 MPa,
then decrease to 4.0 MPa. The tensile strengths for films cured at 50˚C decreased sharply
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 40, 50, and 60˚C

Elongation
Change in elongation of the sample was directly related to the time and temperature
used for curing, see Figure 4.4. The largest change was found in the films cured at 40˚C,
reaching a maximum elongation of 2.5 times the initial length at 24 hrs before decreasing
to 1 time the initial length at 48 hrs. Films cured at 50˚C reached a maximum elongation
at 6 hrs to 1.85 times the initial length before decreasing to 0.78 times initial length at 24
hrs. The film samples cured at 60˚C quickly reached their maximum elongation in 1 hr to
1.53 times the initial sample length. The 60˚C cured sample then decreased and plateau
in the 1 times initial length range.
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Figure 4.4: Elongation at Break of Films Cured at 40, 50, and 60˚C

Young’s Modulus
The Young’s Modulus of the cured Eudragit® films 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 increasing again.
Once the samples reached their respective maximums the Young’s Modulus of the three
temperatures appeared to converge at 48 hrs (Figure 4.5). This phenomenon is believed to
be related to the volatility of the triethyl citrate plasticizer used in the 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 40, 50, 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, Figure 4.6.
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 no benefit of
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 contributed to
volatility of the triethyl citrate plasticizer.
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Figure 4.6: Tensile Strength/Young's Modulus Ratio of films post curing 40, 50, and 60˚C
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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 Spectra of Samples Cured at 40, 50, and 60˚C for 2 hrs

3.0
Eudragit film formulation

TEC

GMS

Eudragit RS

2.5

Absorbance

2.0

Eudragit RL

1.5
1.0
0.5
0.0
400.0
-0.5

900.0

1400.0

1900.0

Wavelength (nm)

Figure 4.9: NIR Spectra of Eudragit Films and Pure Components
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PCA: Temperature influence on NIR Spectrum
The spectral data was initially examined using PCA to reveal any chemical or
physical information associated with curing. The data was examined as a whole data set
including all three curing temperatures together as well as individual curing temperatures.
When initially examined without mathematical pretreatments the major source of the
variation (PC1) contains little chemical information and may be associated with a
physical property such as variation in film thickness, see Figure 4.10. The dimensions of
the cut dogbone films changed during curing, especially at higher temperatures, the films
became thicker and the width decreased slightly. The wavelengths associated with PC2
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 loadings in the
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. PC1 was attributed with
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 associated PC2 and
PC3, which are related the components of the formulation, would suggest these loadings
potentially have a higher sensitivity to curing temperature than PC1. It is difficult to
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 Spectra from Film Curing

The NIR spectra were decomposed into temperatures used for curing and pre-treated
with SNV and Savitzky-Golay 2nd 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. The higher
curing temperatures clearly have lower PC2 scores with respect to the 40˚C samples 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 samples being
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 plots of PC1,
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 accurate assignments
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 determine a process
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 factor analysis in
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 temperature, spectra,
and, time of curing. The spectra were mathematically pre-treated with SNV and
Savitzky-Golay 2nd derivative. The pre-treated NIR spectra were used to build a multiway model using temperature, spectra, and time of curing. Three dimensional plots were
obtained from the reconstructed data, *+, at each temperature, see Figure 4.15. The *+ is
the reconstructed dataset, or fitted data, obtained from PARAFAC, where any missing
data is estimated based on an alternating least squares (ALS) algorithm using iteration
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, 

CORCONDIA is a diagnostic tool developed by Bro and Kiers18 for 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, See Table 4-1.
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
(%X)

Fit (%
Model)

Unique Fit (%
X)

Unique Fit (%
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 Eudragit RL/RS
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 TEC 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 between the
temperatures used for curing when relating to the first component, identified as TEC.
The loadings of mode one show that the higher the curing temperature the higher the
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 plateau between 6
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 decrease from 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 that influence
the NIR spectra during the curing process. This process provided a means for a visual
interpretation of the data and a diagnosis of the important variables related to the curing
process. The PARAFAC decomposition process increases understanding of the NIR
spectra related to the process and aids in selection of references for the development of
regression models.

Regression Models
PLS regression models were prepared using the entire NIR spectrum. The NIR
spectra were regressed with the mechanical properties determined for specific curing
conditions. The mechanical properties were each run through preliminary models using a
common mathematical combination of standard normal variate (SNV), Savitzky-Golay
2nd derivative, and auto scale which was determined to be best fit in previous studies ,see
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Chapter 3. The calibration and prediction statistics for the built models may be seen in
Table 4-2. The four mechanical properties were used as reference for building PLS
model and it was determined based on the model fit (R2) that the Young’s Modulus
would have the best chance of success for further development.
Table 4-2: Comparison of Mechanical Properties in PLS Models

Mechanical Properties for Calibration Reference
LV's R2 Cal R2 Val RMSEC RMSECV
Tensile Strength
4
0.633 0.529
0.656
0.925
Young's Modulus
6
0.876 0.857 10.617
20.169
Elongation at Break
4
0.698 0.510
0.305
0.431
TS/YM Ratio
5
0.661 0.540
0.009
0.012

RMSEP
0.827
12.570
0.507
0.013

In order to specifically address the chemical changes associated with curing,
mathematical pretreatments are use to filter out ‘irrelevant’ data. To determine best
combinations of pretreatments for this specific data set a variety of mathematical
pretreatments such as SNV, Savitzky-Golay derivatives (first and second), and auto scale
were experimented with to determine which combination had the best predictive ability.
The Young’s Modulus was used in PLS calibrations with combinations of mathematical
pretreatments to further optimize the method. The statistical results of the using the
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 Modulus Reference

Auto Scale
SNV-AS
SG-1st-AS
SG-2nd-AS
SNV-SG-1st-AS
SNV-SG-2nd-AS

LV's
3
4
7
5
6
6

PLS Mathematical Pretreatments
R2 Cal
R2 Val
RMSEC
0.397
0.594
25.637
0.431
0.577
24.781
0.714
0.725
17.135
0.841
0.814
11.787
0.652
0.621
17.933
0.876
0.857
10.617

RMSECV
26.970
26.533
25.056
19.413
23.542
20.169

RMSEP
19.028
19.456
16.539
13.828
19.900
12.570

It was determined that PLS regression using the Young’s Modulus as a reference with
SNV, Savitzky-Golay 2nd derivative and autoscale was the best combination of
mathematical pretreatments for modeling the NIR Spectra using the full NIR Spectrum.
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 to successfully
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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Figure 4.22 PLS Model Young's Moduls Validation

Conclusions
The curing process of polymer formulations used for coating of pharmaceutical
products was investigated through change in mechanical properties and used to determine
if a NIRS method could be developed to determine extent of curing. The coating
formulations consisted of Eudragit RL/RS polymers with triethyl citrate as plasticizer and
glyceryl monostearate antiadherent. The studies focused on the physical-mechanical
properties of free films and change of mechanical properties related to the curing process.
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 properties using an Instron®
system.
The physical-mechanical properties that were calculated using the Instron®
system were Young’s Modulus, tensile strength, elongation at break, and ration of tensile
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 may have a
negative effect due to volatility of TEC and loss of plasticization.
The variation within the NIR spectra from curing was analyzed by both PCA and
PARAFAC to determine the effect of curing. The PCA of spectra pretreated with SNV
and Savitky-Golay 2nd 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. This was confirmed
by examining the spectra of the pure components, films prepared with different amounts
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 films. It was determined 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 highest R2 value of
validation. PLS models were developed and validated using the NIR spectra from curing
and the Young’s Modulus. The spectra used mathematical pretreatments of SavitzkyGolay 2nd 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 homogeneity
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(lower values) as well as over curing with loss of TEC (higher values). This study further
expands the use of NIRS as a PAT in the field of pharmaceutical development.
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Chapter 5 Analysis of Curing of a Sustained Release Coating
Formulation using Fluorescence Spectroscopy
Abstract
This study employs fluorescence spectroscopy to investigate the curing of films
prepared from pharmaceutical coating formulations. Fluorescence probes sensitive to
changes in their environment were used to examine the mechanisms associated with the
curing process. Films were prepared using 1,6-diphenylhexatriene (DPH), 1-(4dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH), and 1,3-bis-(1-pyrenyl)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 fluorescence anisotropy
were found to change inversely proportional to each other, which was associated with
melting of glyceryl monostearate (GMS), a component of the film, and its diffusion 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 intensity during the
curing process. The fluorescence anisotropy of DMA-DPH was found to increase as
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 fluorescence spectroscopy
techniques were able to detect changes associated with the curing process of coating
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 a drug is released
into the body. Coating processes are largely empirically developed, leaving a large
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) aqueous phase evaporation
and latex particle ordering, 2) latex particle deformation and filling of voids left by water
evaporation, and 3) the interpenetration of the polymer chains between the latex particle
cores forming a continuous polymer matrix.1, 2 The final stage is known as curing or
aging of the film and important in the final functionality of the coating. Understanding
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 above the Tg
of the polymer coating formulation. During this process, the polymer chains become free
to move crossing the particle-particle boundaries until no individual particles exist; 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 amorphous material
as it passes through the Tg of the polymer. The molecular scale holes or pores associated
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 movement of the
polymer chains can only take place if there is sufficient free volume or holes in the
polymer lattice for the polymer chains to enter.3 The 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 completely. Before
curing, the plasticizer is outside of the individual polymer spheres in the latex dispersion.
Some types of antiadherents, such as glyceryl monostearate, will convert from a
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 effect on the
Tg of the polymers. Felton et al. found that curing will cause the Tg to increase with
increasing storage time, with the extent of the change in Tg being dependent on curing
temperature, possibly due to decrease in residual water.4
There are many well documented techniques to characterize the polymers and more
specifically films of the polymers used for coating pharmaceutical products. These
techniques focus on mechanical properties, microscopy analytical techniques, surface
assessment techniques, film –structural analysis, and mass transfer across films, 5, 6 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 additives, thermal
transitions (relaxations, Tg), change in morphology (mirophases separation,
crystallization, orientation), self-assembly, gelation, and gel swelling.7 Given the amount
of information obtained from the use of fluorescence probes in polymer films,
122

fluorescence spectroscopy is an ideal tool for exploring the mechanisms as well as
additive interactions involved with curing of polymers used in pharmaceutical coatings.

Fluorescence Spectroscopy Methods
Fluorescence Spectroscopy is the study of the interactions between light and
compounds with fluorescent properties as a function of the light’s wavelength. In order
to study materials with very little or no fluorescent properties, fluorescent probes are
sometimes incorporated into the systems either intrinsically or extrinsically to 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 potential, and they
can be used for detecting changes in their microenvironments.7, 8 It is a goal of this paper
to see if fluorescence probes can be used to monitor physical changes that occur during
the curing of films. There are four types of approaches discussed in the literature that
could be used to monitor the curing; the first uses molecular rotor fluorescence to
measure free volume changes;8 the second uses excimer fluorescence to measure free
volume changes; 9 the third uses fluorescence anisotropy for measuring free volume
changes; 10 and the fourth being use of direct non-radiative energy transfer [DET], which
is used to measure diffusion of polymer across the particle-particle boundary and
determine the diffusion coefficient.8, 9, 11-16 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 fluorescence probes 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-(4dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH), and 1,3-bis-(1-pyrenyl)propane
(BPP), Figure 1.8, 9, 17-19 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, DMA-DPH 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 fluorescence intensity
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-DPH via the rotation of the dimethyl amine (DMA)
group. The greater the restriction of the DMA group the greater the fluorescence
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 propane chain.
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 polarized light
124

source and, consequently, the emission is also polarized. If the probe can rotate while
excited, the emission photon will be polarized in a different plane, and so the polarization
in the original direction will decrease. Anisotropy is the ratio of the polarized light to the
total light intensity, and its dependence on viscosity is expressed by the Perrin equation,
Equation 5.1.20
J

J.

K
1L

Equation: 5.1

Where r is anisotropy, ro is the fundamental anisotropy, τ is the fluorescent life time,
and θ is the rotational correlation time. The rotational correlation time is dependent on
temperature, volume and viscosity, see Equation 5.2.20
L

MN
OP

Equation: 5.2

Where η 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 probes to detect
changes in the polymer matrix associated with curing. The sensitivity of the DMA-DPH
and BPP to free volume and micro-viscosity changes can give insight into the kinetics of
curing as it relates to temperature. DMA-DPH and DPH can be used to detect changes in
the polymer matrix structure by reporting changes in anisotropy and intensity associated
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 explore interactions
with the coating additives.
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Figure 5.1: A) 1,6-diphenylhexatriene (DPH) B) 1-(4-dimethylaminophenyl)-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 acrylate-co-methyl
methacrylate-co-trimethylammonioethyl methacrylate chloride) 1:2:0.2, Lot #
G060216036 and Eudragit RS-30D (Poly(ethyl acrylate-co-methyl methacrylate-cotrimethylammonioethyl methacrylate chloride) 1:2:0.1, Lot #0400318052 from Evonik
Röhm Pharma Polymers, Darmstadt, Germany) in a 1 to 4 ratio with glyceryl
monostearate (Lot # P080504) from PlasACRYL® Emerson Resources, PA, USA ) and
triethyl citrate from PlasACRYL® and additional from TEC (Lot # N91182), Morflex,
Greensboro, NC. Fluorescent Probes used were 1,6-diphenylhexatriene (DPH) Marker
Gene Technology , Lot#, 1-(4-dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH),
Lot # 091JJN083 Marker Gene Technology, and 1,3-bis-(1-pyrenyl)propane (BPP) Lot#
454194 Invitrogen
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Fluorescence Labeling of Films
The process of labeling the Eudragit films extrinsically with the fluorescent probes
requires several steps due to the extreme hydrophobic nature of the probes and the
aqueous environment of the latex dispersion. Initial steps of adding the probe dissolved
in ethanol directly to the dispersion resulted in visible signs of phase separation in the
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 increase the
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 probe in ethanol, 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 analyzed using a
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 holder (ISS
Inc. Champaign, IL). Films were placed between two cover slips and inserted into the
holder. The holder was then inserted into a cuvette for analyzing in the fluorescence
spectrometer, (K2TM, Multifrequency Cross-Correlation Phase and Modulation
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Fluorometer, ISS Inc. Champaign, IL) fitted with temperature control system. The 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 scattering as a
result of the presence of multiple reflective planes within the holder and cover slips. Film
samples were cured in the fluorescence spectrometer at specific temperatures and
measurements were recorded at specific time points until no further change in the
anisotropy was detected. Selected samples were chilled back down to 25˚C after the
curing process and run to determine if the change in intensity and/or anisotropy was
sustained or changed with return to initial temperature.

Results and Discussion

Fluorescence Labeled Films
Fluorescence probes were used extrinsically to explore the physical changes
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 fluorescence. Films
labeled with BPP were analyzed using the fluorescence spectrometer, and the results
showed no excimer peak at any range of temperature, see Figure 5.2. It is suspected that
the free volume within in the Eudragit films was too small for the excimer to form at
temperatures above the Tg, BPP requiring free volume of 0.43nm3.19
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Figure 5.2: BPP Probe in Eudragit Films comparison to BPP in Ethanol Solution (50ppm)

A smaller probe, DMA-DPH, was found, which requires a free volume of 2.5 x 10-2
nm3 19, 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 from 420-600
nm, see Figure 5.3. The films labeled with the molecular rotor probe DMA-DPH were
expected to exhibit an increase in fluorescence intensity based upon the decrease in free
volume within the polymer films during curing. The intensity of the fluorescence was
found to decrease with increase of the curing temperature and decrease as the time cured
increased.

129

Normalized Intensity

1.2
Uncured
50˚C 60 min
50˚C 90 min
50˚C 120 min
Chilled to 25˚C

1
0.8
0.6
0.4
0.2
0
420

470

520

570

620

Wavelength (nm)
Figure 5.3: DMA-DPH Labeled Films 10 ppm 50oC 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 increased curing
temperatures. A similar result obtained with DPH-labeled films would indicate the
presence of other environmental interactions with the probes during the curing process,
which possibly overcome and mask smaller changes in the rotor’s motion. Indeed, the
DPH-labeled films also exhibited a decrease in intensity during curing (Figure 5.4); thus,
the decrease was attributed to other types of quenching or possibly environmental
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 could affect the
fluorescence intensity of both DMA and DMA-DPH.
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Figure 5.4: DPH Labeled Eudragit Films 10 ppm 50oC Curing

Fluorescence Anisotropy
The probes in the films during the curing process showed an intensity decrease with
time and temperature; the cause of this is still not completely understood. Hence,
fluorescence anisotropy was utilized to help develop an understanding of the curing
process and possibly explain the decrease of intensity observed in prior experiments.
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 a crystalline state
to an amorphous state.
The DMP-DPH labeled films were examined during curing at different times and
temperatures using fluorescence anisotropy, see Figure 5.5. The method was found to be
sensitive to light scattering associated with the sample holder, quartz cuvette, and the two
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cover slips which hold a film. The initial anisotropy of each sample was sensitive to
placement in the sample holder, or any movement of the sample holder thereafter, due to
the light scattering effect. Therefore, great care was taken to position the sample in a way
that reduces the light scattering and achieves a minimum initial anisotropy reading. To
mitigate the scattering in the data the initial anisotropy reading was subtracted 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 each curing time
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 min with a
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 cured at 40˚C
did not reach a maximum in the first few hours, in contrast with the films cured at 50 and
60˚C. The films cured at 40˚C continued to show change in anisotropy until the 8th hour;
the films were then sampled at 24 hrs to see if change in anisotropy continued, see Figure
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 that as the curing
progresses the probe rotation is being restricted and this restriction is dependent on the
temperature and time used for curing.
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Figure 5.5: Anisotropy of Films Cured 40, 50, and 60˚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 at 40oC

The curing plateaus dependent on temperature are similar to the change in the
glyceryl monostearate (GMS) melting endotherm using DSC, see Chapter 3. The change
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 matrix, see
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 fluorescent probe.
The curing temperature of 40˚C is well below the melting point of both the α-form and βform 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 the α-form to β-form. The α-form will begin
to melt as a slightly lower temperature than that of the β-form. The curing of the films at
50˚C allows the α-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 the α-form and β-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 α-form and β-form polymorphs of GMS
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Figure 5.9: Overlay of GMS DSC Curing and Anisotropy Curing Data

To test this hypothesis, Eudragit films that were prepared without GMS were
extrinsically labeled with DMA-DPH. There is a clear difference between the
fluorescence resulting from the curing of films with and without the presence of GMS 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 could be a result
of the decrease in free volume resulting in restriction of probe rotation. The results
suggest that the fluorescence probes are actually reporting on their diffusion, along with
GMS, into the polymer matrix with small changes in fluorescence due to other factors,
such as free volume.
The anisotropy values of the films cured at 60˚C without the GMS exhibited a steady
decrease after 45 min of curing. This decrease may be attributed to other changes
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occurring in the film at the higher curing times. The plasticizer, triethyl citrate (TEC), is
known to be volatile at higher temperatures, which affect the mechanical properties of the
films, see Chapter 4. The decrease in anisotropy may be a result of loss of TEC in the
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 no Plasacryl Cured at 40, 50, and 60˚C

Given the initial observation of the intensity decrease with curing, the data were
examined for possible relationships between the anisotropy and intensity values as the
films cured. The change in anisotropy was plotted with the change in intensity and a
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. Associating
the anisotropy data with the DSC thermogram of the GMS polymorphic changes
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suggested that the probes partition into the GMS phase of the film. The DMA-DPH and
DPH probes are known to be polarity-sensitive; therefore, when the probe is incorporated
within the GMS crystal lattice the fluorescence will be higher than after it diffuses into
the homogeneous amorphous cured films. The polarity of the environment within GMS
crystal lattice will likely be much lower than that of the predominately amorphous
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Figure 5.11: Change in Anisotropy of DMA-DPH to Change in Intensity during 40C Curing
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Figure 5.13: Change in Anisotropy of DMA-DPH to Change in Intensity during 60C Curing

There is also a similar response when chilling the films to 25˚C after curing, see
Figure 5.12. The intensity increases slightly along with a slight anisotropy decrease. 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 recrystallization 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-crystallized form.

Conclusions
Fluorescence spectroscopy techniques were used to study the curing process of
formulations used for coating pharmaceutical dosage forms. The coating formulations
which consisted of Eudragit RL/RS polymers with triethyl citrate as a plasticizer and
glyceryl monostearate as an antiadherent were labeled with BPP, DMA-DPH, and DPH.
The probes were chosen based on sensitivity to environmental changes and allowed for
exploration of different techniques which exploited their specific characteristics such as
excimer formation, molecular rotor restriction, and fluorescence anisotropy. The 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 associated with the
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 time and
temperature used in the curing process. Fluorescence anisotropy was found to increase
with time and temperature used for curing. It was determined by comparing the
anisotropy data to changes in the physical state of glyceryl monostearate (GMS) that the
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DMA-DPH initially partitioned in the crystalline GMS and as each polymorph melted
and diffused into the polymer matrix the environmental state around the probe change
drastically. The probe’s anisotropy was lower in the crystalline GMS and higher after
diffusing into the amorphous polymer film. This phenomenon was confirmed by
preparing the films without GMS resulting in the changes in anisotropy being drastically
different. The anisotropy data without GMS suggest that it may be possible to
discriminate by curing time and temperature in the early stages of curing (t < 1 hr) before
convergence of curves. The films cured at 60˚C showed a steady decrease in anisotropy
after 30 min which may be attributed to loss of plasticizer affecting the environment
around the probe, but this may be an area for future study.
The decrease in intensity and increase in anisotropy were found to change inversely
to each other. Since anisotropy is independent of intensity it was concluded that the two
techniques were measuring the same physical phenomenon occurring in the cured film,
but affects the probe’s fluorescence intensity and anisotropy in different manner. The
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 affect the
two fluorescence parameters in the manner observed. These studies have shown that
fluorescent probes are able to detect changes in the polymer films during curing using the
probes’ sensitivity to both molecular physical changes (fluorescence anisotropy) as well
as polarity changes (fluorescence intensity).
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Chapter 6 Overall 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 determined empirically
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 pharmaceutical
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 determining a curing
endpoint. This thesis project evolved based on previous studies by Tabasi et al. and
recommendations for future work to develop relationships that were found to exist.1-3
The project was divided into three parts, two of which focused on thermal analysis and
physical-mechanical property characterization for NIRS method development and the
third focused on a novel method using fluorescence spectroscopy and extrinsic
fluorescent probes to monitor micro-environmental changes during the curing process.

Summary of Chapter 3: Analysis of Curing of a Sustained Release
Coating Formulation by Application of NIR Spectroscopy 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). The goal
was to develop a better understanding of the changes in GMS associated with the curing
process and use to NIRS to predict an endpoint with reference to the state of GMS within
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the formulation. Three formulations with different concentrations of GMS were prepared
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 changes in the GMS
endotherms were dependent on the temperature and the time used for curing of the films.
It was determined that the curing process was being performed at temperatures where
GMS is sensitive to polymorphic changes. The two main GMS polymorphs, the α-form
and β-forms, melt and diffuse into the film at different processing temperatures.
Diffuse reflectance NIRS was applied to the films during the curing process and
the spectral changes were decomposed and interpreted using principal component
analysis (PCA) and parallel factor analysis (PARAFAC). Using PCA and data obtained
from the DSC studies, it was determined the PC2 was clearly sensitive to the temperature
used during the curing process and clearly followed the trends associated with the GMS
polymorph changes. PARAFAC, a multi-way modeling technique, was used to further
decompose the data applying time and temperature to the NIRS spectral changes. A twocomponent 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 pre-treatments of
Autoscale, Savitzky-Golay 2nd derivative, and standard normal variate (SNV). The PLS
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models demonstrated the state of GMS within the polymer film could be successfully
predicted during the curing process and indicate film homogeneity and extent of curing.
The results of this study further expand the use of NIRS as a process analytical
technology in the field of pharmaceutics.

Summary of Chapter 4: Analysis of Curing of a Sustained Release
Coating Formulation by Application of NIR Spectroscopy to Monitor
Changes Physical-Mechanical Properties
The curing of Eudragit RL/RS film formulations was investigated with respect to
changes in the physical-mechanical properties of the films. Curing is well known to
change the physical-mechanical properties of films based on the coalescence of latex
particles as well as changes associated with chemical changes in the formulations. The
goal of the study was to characterize the films during curing based on the physicalmechanical properties such as Young’s Modulus, tensile strength, and elongation, and
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 Instron® System. As expected the
physical-mechanical properties were sensitive to the time and temperature used 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 temperatures may
have a negative effect on the coating most likely due to the volatility of the triethyl citrate
(TEC) plasticizer used in the formulation.
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Diffuse reflectance NIRS was applied to the cured ‘dog bone’ films during the
curing process and analyzed by PCA and PARAFA for spectral variation that may relate
to changes in physical-mechanical properties. PCA was performed using mathematical
pre-treatments of autoscale, Savitzky-Golay 2nd derivative, 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 the loadings for PCA
were not possible when examining the pre-treated spectral loadings. PARAFAC was
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 was attributed to loss
of TEC in the film formulation. Films prepared with a range of TEC in the formulation
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 best fit and most
predictive model was found using the Young’s modulus with mathematical pretreatments of Autoscale, Savitzky-Golay 2nd derivative, 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 properties, the
Young’s Modulus minimums and maximums respectively.

Summary of Chapter 5: Analysis of Curing of a Sustained 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 formulations. It was
determined that a fluorescence spectroscopy method should be developed and would be a
valuable tool to analyze the internal or micro-environmental changes associated with
curing. Fluorescence spectroscopy using extrinsic probes was applied to films prepared
from coating formulations in order to fully characterize and understand the curing
process. Three different probes were tested, 1,6-diphenylhexatriene (DPH), 1-(4dimethylaminophenyl)-6-phenylhexatriene (DMA-DPH), and 1,3-bis-(1-pyrenyl)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 polymer
matrix being too small to allow dimer formation. The intensity of the fluorescence from
DMA-DPH labeled film was found to decrease with curing time and temperature. This
decrease in intensity was counter to the expected increase based on molecular rotor
restrictions. Films labeled with DPH reported the same decrease in fluorescence intensity
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 determined that the
fluorescence probes preferentially partitioned into the crystalline GMS within the 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 chemical state.
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 curing (t < 1 hr)
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 the loss of plasticizer
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 the intensity
would likely decrease as observed.
These studies demonstrated different fluorescence spectroscopy techniques may
be applied to analysis of the changes during curing of films prepared from coating
formulations. The fluorescent techniques were found to be sensitive to time and
temperature used during the curing process. These novel methods for coating analysis
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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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