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ABSTRACT

This dissertation is focused on understandiregabsorption and scattering effects of
solid mderials in the near infrared (NIR) spectral region and their impact oipribaiction
errors observed in NIR calibration models depeld using partial least squares (PLS)
regressiona Four different studies werperformedusingthree experimental detgs with

four levelsof hekerogeneity of the materials

The first study consisted in the use of polypropylene films varying the numiageo$
stacked together which provided a system with reduced heterygediR spectra were
acquired using two experimeh setups with the integrating sphere module of arieo
transform NIR (FINIR) spectrometerThe deph of penetration of the radian into the
polymer layerswas estimated using the-I® stretching modeelated to first and second
overtones of talc, wbh ranged from 2.95 to 3.12 mm. PLS models were dpeel using 30
film layersandbias valuesverenot significantly different fromero at the 95% confidence
level. Seven spectral regions were evaluatsithgu different spectral preprocessirtge
resultsshowed that optical sampling is unbiased and trseam iabsence of systematic error
by the NIR methodA calibration model using 56Im layers was also evaluated aitd
presented high statistical erranmsd bias due the déqof penetration of NIR radien (optical
sampling). This study highlights theclaof systematic error in thdIR methodas long as

the calibration is represemitge of the variation to be modelled by PLS regression.

A second studywas performed using two polymer filmgolypropylene and
polyethylenewith similar thicknesso vary the heterogeneity of the samples and to evaluate
theprediction error®bserved iPLSmodelsdue to light scatteringwo FT-NIR were used

to acquire the spectra of the samples. The sapdobm thefirst instrumentwas used to



develop the calibrain modelsNIR spectra from both instrumentbtained orthreedays
chosen atrandom orde were used agrediction set to evaluate thinearity and
reproducibility of the calibration modelCalibration models were developed based on
polyethylene percent contenarying the placement and composittlow the infinite depth

of the radiation The resultsbased on ANOVA of the precionsshown that PLS models
using seconderivative as preprocessing in the spectral region of 65000 cm' provided
low residual valuewith no statistical differences on battstruments.This study provides a
straightforwardand economic angtical method to test thenearity and reproducibility of

two FT-NIR instruments using low heterogeneous polymer films.

The third study was develagl for real time determination of drug cmentration,
powderdensity and paosity of powder blends at loactive pharmaceutical ingredient (API
concentration (3.00 %w/w) within a feed frame. The feed frame provides the most
representative stage for measurement of API before the final procegsvéipchanges in
th e ma t ghysicah prapérties g g. powde density, particle size, flowabilityand
cohesivity) have a significant effect on NIR spectra. Therefore, this repgasamllenge in
the development of the calibration modé¢IR calibrgion models usingexond derivatie as
spectral preprocessingm@ained the changes in APl concentration, bulk deyesityf porosity

of the powder blends with low error and biadues

Thefourth study shows an applied case in a commercial manufactuengip Puerto
Rico. Tablets witha combination medicinevith two APIs at low concentration were
analyzed by PLS regression models for real time release testing (RTRt) in a continuous
manufacturing (CM) process. This study provides a better understarfdihgrayes irthe

manufacturing preess and theimpact in the pedictions of NIR calibrationfurthermore,



the evaluation serves for the improvement of control strategies in the manufacturing of a drug

product



RESUMEN

Esta diserfacion estad enfocadan la comprensiorde los efectos de absormidy
dispersion de materiales sélidos en la region espectral de infrarrojo cercano y su impacto en
los erroresde prediccion observados en modelos de calibracionimfearrojo cer@ano
desarrtdlados sando regresion de minimos cuays parcialesCuatroestudios diferentes
fueron realizadossando tres montajes experimentalesa@troniveles de heterogeneidad

de los materiales

El primer estudio condi® en el uso deeliculas de polipropileno variandorglmero
de capas apiladguntas lo cual proporcioné un sisteotn heterogeneidad reducidas
espectros de infrarrojo cercano fueron adquiridos usando dos montajes experimentales con
el médulo de dera integradora de un espectrémetro de infrarrojo cemamdéransformada
de Fourier.La profundidad de penetracide la radiacion dentro de laapas de polimeros
fueestimada usando el modo de estiramientd @lacionado al primer y segundo sobretono
de talco, la cual vari6 en un rango de 2.95 a 3.12 mm. Modelos de minimoadosad
parciales fueron desarrolladosangdo 30 capas de peliculas y los valores de sesfy@ron
significativamente diferentes de cero al 95% de nivel de confianza. Sieteaggspectrales
fueron evaluadas usando diferentesprocesamientos espeotigllos resultados mostraron
que el mustreo optico es sin sesgo y hay una ausencia desestematico por el método de
infrarrojo cercano. Un modelo de calibracion utilizaf@ocapas de peliculdise también
evaluado y presento altos errores estadistycsesgo debido a la penetracionadeatliacion
de infrarrojo cercano (muestreo OpticBkte estudio destaca la falta de error sistematico en
el método de infrarrojo cercarglempre y cuando la calibracion es representativa de la

variacion que va a senodelada por la regresion de minimasdrados parciales.
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Un segundo estudio fue realizadeando dodilmes poliméiicos (polipropileno y
polietilen) con espesor sindl paa variar la heterogeneidad de las muestragayuar los
errores deprediccionobservados emegresion de minimos cuadrados parcidkesido a la
dispersion de la luDosespectrometi®de infrarrojo cercancon transformada de Foari
fueron usados paradquirir los espectros de las muestras. Los espectros del primer
instrumento fuesn usados paraesarrollarlos models de calibracion Espectros de
infrarrojo cercaode ambos instrumentabtenidos en trediasescogidos en ordenealtorio
fueron usados como set geediccionpara evaluar la linealidad y reproducitddd del
modelo @ calibracién Los modelos decalibracionfueron desarrollados basades el
contenido prcentual de polietilen@ariando laposiciény composiciénpor cebajo dela
penetracionnfinita de laradiacion Los resultados basados en ANOVA de las predicciones
muestran que los modelos degresion de minimos cuadrados parcialeando segunda
derivada como pretratamiento enrémion espectral de 6500 5000 cnmi! proveyd bajos
valores de residuales sitiferenga estadistic&n ambos instrumentoEste estudio mvee
unmétodoanaliticoecondmicoy sencillopara probar la linealidad y reproducibilidad de dos
espectrometi®de infrarrojo cercanoon transformadaedFourierusando filmepoliméricos

con baja heterogeneidad.

El tercerestudio fue desarrollado paradaterminacion de concentracion de droga en
tiempo real densidad deolvo y la porosidad de mezclas en polvo a bajaemnacion del
ingrediente activéarmaceéutico (3.00 %w/w) dentro de un marco de alimentaEiomarco
de alimentacién proporciona ldapa mas representativa para la medicion de ingrediente
activo farmaéutico antes del proceso final. Sin embargo, candngzopiedades fisicas de

los materiales debido al proceso (densidad de polvo, tamafio de particula, fluidez, y
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cohesividad) tienen wgfecto significativo en los espectros de infrarrojo cercano. Pamto,t

esto representa un reto en el desarrollo a@eleto de calibracion. Modelos dalibracion de
infrarrojo cercano usando segunda derivada como preprocesamiento espectral explicaron
cambios en ingrediente activo farmacéutico, densidad aparente ydaoras las mezclas

en polvo con bajos valores deary sesgo.

El cuarto estudio mastra un caso aplicagm una planta de manufactura comercial en
Puerto Rico. Tabletas con una combidacde medicinas de dos ingredientes activos
farmacéuticos a baja coentracion fueron analizados por modelos de regresién de minimos
cuadrados parcialepara las pruebas débéracion en tiempo real in un proceso de
manufactura continua. Este estudio mn@ona un mejor entendimiento de los cambios en
los procesos de mafactura y su impacto en las predicciones de calibraciones de infrarrojo
cercano, y d evaluacion sirve parel mejoramiento de estrategias de control en la

manufactura de un producto degda.

vii



Copyright © by
Carlos Alberto Ortega Zuiiiga
2019

viii



ACKNOWLEDGEMENTS
During the development of mi?hD studies in the Unwersity of Puerto Rico at

Mayaguez | want to thank several persons:

First thanks to Goébr theopporunity to contribue for sciencel have thebelief that

the rules of the nata and life were created by a supreme being, and we idref piais work.
My family for their trust in me.

Professor Rodolfo Romafiach for accept me in their group lab and ldangei in

several areas of the PhD and life.
Graduate committee for his time teview and evaluate this dissertation.

Professor Kim H. Esbensen for halpidiscussions on chemometric analysis and the
theory of samplingProfessobDon Dahm for discussionsidhe physics of diffuse reflectipn

and my friend Andres Roman for his helpd advice.
All my friendswho help mein the moment that | needed.

This work was funded by the National Science Foundation Engineering Research
Center on Structured Organic Paniate Systems, through Grant NEEC 0540855The
funding of the Puerto RicBcience Technology Research Trustokps 1659082 and SBIR

1621688 grants gratefully acknowledged.

Graduate Research and Innovation Center (GRIC) and the Graduate Writing

Fadlitators that help me in the drafting of this dissertation.



Table of Contents

ABSTRACTeéeéeéeeéeée. . ééeéceceéee. eceéeecéecéececceil

""""""""""""""""""

CHAPTER 1: | NTRODUCTI.®OB8Bééeééeceée&éeceéel

1.1.
1.2.

MOTI VATI ON AND JUSTEIERIEGATEIONEE . 1
FUNDAMENTAL BACKGROUBPBPeéée.e&ée. .3

23.1. Nearinf r ared Spectrogséépyeeeedeé. 3

///////////

///////////////

1.2.4. Multivariated at a anal ysi € & é&é&éé é.é..... 11

1.24.1 SavitzkyGolay smothingé ¢ € ..é é € € é é .13
1.2.4.2. Standard Normal Variateé ¢ é é € é . .......... 14
1.2.4.3. Derivatives Savitzko | ay é é ¢ é.& & é 16
1.2.4.4. Principal Components Analygisé é é é é é € .19
1.24.5. Multiple Linear Regressiané é é é ¢ ¢ € .. 21
1.2.4.6. Principal Component Bgressiog € é € é .. . 22.
1.2.4.7. Partial Least Squarésé ¢ € ¢ é € € é é .. .23
1.24.8. Statistical Evaluation of the results and valida&o3

CHAPTER 2: STUDY OF NIR CHEMOMETRIC MODELS WITH LOW
HETEROGENEITY FILMS. THE ROLE OF SAMPLING AND SPECTRAL
PREPROCESSING ON PLS ERRORSéeéeéeécececéecéecécéréeée. 2

2.1

2.2.

2.3.

| NTRODUCTI ONéééeéééeecéeéeeéeeéeé. .. B
211. Scientific | iteratéuéréee . @réec éc ®tri but
MATERI ALS AND METHOD&E& & & eééécé é é .30
2.2.1. Polypropylengp ol ymer s é ée é é é e é é.eeeeéée30
222. layer thickness measur ementé3lof i ndi
2.2.3. Acquisition of NI R s pect r.aeéeéeéeéeéeéteR
224. NI R sampling depth into gékgdmner | ay
2.2.5. DevelopmentoMu | t i vari ate Cal i.ébé&a.t35 on Mod e
RESULTSANDDI SCUSS|I ONééééeéececcéeéééeée. 36.



2.3.1. NIR spectraoffilmlayerswithah wi t hout meité&a3d66 pl at eé
2.3.2. NIR spectra of individual film with metal plate and PCA evaluaB88n
2.3.3. Thickness of polypropylene fiimlayetyst ¢ ¢ é €é € ..€ € € .40
2.3.4. Deph of penetration of NIR radiation into polymer layers ... .42
2.3.5. Predction of number offlmg é é e é é ¢ é e éé ..é é é 49
2.3.6. Evaluation of models varying the number of sarmjeC.& é é .56
2.3.7. Evaluation of models at the three different regiontheffims é .58
2.3.8. Comparing the number of film and thickness value¥ aalue.¢ .59
2.3.9. Evaluation of models on two different seasons of thegy@aré é 60
2.4. CONCLUSIONSOFCHAPTER 2 ¢ éé é e ée .éeéeée b2
CHAPTER 3: STUDY OF NIR CHEMOMETRIC MODEL S WITH LOW
HETEROGENEITY FILMS PART Il HETEROGENEITY. THE ROLE OF
SAMPLING A ND SPECTRAL PREPROCESSING ON PLSERROR® ¢é 6 é é .64
3.1. INTRODUCTIONé e éeéeé. .. eéeéeéeéeéecémé
3.2. MATERIALSANDMETHODS é é ¢ é 6 é 6 é e éééé ..é¢é .67
3.3. RESULTSANDDISCUSSION: é ¢ éeéeéeéeée.ée.T12.

,,,,,,,,,,,,,,,,,
rrrrrrr

rrrrr

3.4. CONCLUSIONSOFCHAPTER 3¢ éé e éeéeéeéeé.e A
CHAPTER 4: DEVELOPMENT OF NEAR INFRARED SPECTROSCOPIC
CALIBRATION MODELS FOR IN -LINE DETERMINATION OF LOW DRUG
CONCENTRATION, BULK DENSITY, AND RELATIVE SPEC IFIC VOID

VOLUMEWITHINAFEEDFRAME éééeéeéeéeéceéeeéeéeée. b
41. INTRODUCTIONé eééeéeéeéeéeéeéeceeeee. 5.

Xi



4.2.

4.3.

4.4,

MATERIALSAND METHODS é é é é é 6 é € ééé ..éééé .99
421 Material@ é é 6 é e éeé.eéeéeéecé.eéeé.og
4.2.2. Preparation of calibration and test blendsg é é é é é ...é ..100
4.2.3. Characterization of powder bleréle ¢ ¢ € € € € € é ..€ ...100
4.2.4. Particle size distribution (PSB)é é é € € € € € € é é é é 101
4.2.5. Instrumentation and accgiiion of NIR spectr& é € é é é ..é 101

4.2.6. Development of multivariate caliation modelé € € € é .. .14

,,,,,,,,,,,,,,

4.3.3. Characterization of the physical properties @flthendgé é é é 116
4.3.4. Development of RSVV and powder bulk density moéedsé . 118 .
CONCLUSIONSOFCHAPTER4é e é e éééeéeéeé . .e.l15

CHAPTER 5: NIR SPECTROSCOPY AS A NONDESTRUCTIVE AT LINE
METHOD FOR MONITORING TABLET DRUG CONCENTRATION IN A

5.1.
5.2.

5.3

/////////////////////

52.1. Material@ ¢ 6 é 6 ¢ é e éeéééécécéeéeééeé.1X
5.2.2. Continuous manufacturing systéné ¢ € ¢ ¢ ¢ € é é ..é . 129
5.2.3 Preparation of the calibration and validation setssysteng ...... 131
5.2.4. At-line NIR spectral acquisitigne é é e e ée e é é ..e . 131
5.2.5. Development of multivariate calistion modet € € é é é é ..132
5.2.6. APIUPLCmethod ¢ é ¢ é 6 é e ééééééeééeéeé.lx3
RESULTSANDDISCUSSIONe é ¢ 6 ¢ 6 € e éééé.ééé.133
532. UPLCresulte ¢ é ¢ é e éecéecéecéeééeéé . .eél
5.3.3. Development of calitation modelé é ¢ € é é € € é € .. .135
5.3.4. PCAevaluationbasedon ARE ¢ é 6 é e é e éeéé ... 136
5.3.5. PLS modelsbasedon ARé ¢ é é e e ééeéeéé .eé .140

5.3.6. Calibration croswvalidation and validation analygise € € € é 141

Xii



5.4.

,,,,,,,

,,,,,,,

5.3.10.1. Accuragg é e eeeééeeeeééeéee . bl
5.3.10.2. Precisiore é éeéeéeééeééee. .15
5.3.10.3. Linearity¢ é e é éeééeééeeéeée.e.l1%4
5.3.10.4. Robustnesse é é ¢ éeeéeééeéeee..els

,,,,,,,,,,,,,,,,

5.3.10.5. Srecificity¢ e e e e e ééééééeeeeelsx

/////////////

Xiii



List of Figures

Figure 1. Representation of the harmonic oscillator model. Potearidgy (V) vs

internuclear distance during the vibration. From (Miller, 200L1)............ccccccevivvmmeeennnnd
Figure 2. Representation of the anharmonic oscillator model. Potential energy (V) vs
internuclear distance during vibration. From (Miller, 20Q1)............ccoovvviiiiieeeeeeeeeeee, 8

Figure 3. Representation of two fundamental vibrations of methylene group. Geometry
representation, frequency, overtones, and combination bands. From (Miller,.2001).0
Figure 4. Representation dbur used sample measurements in NIR spectroscopy. a)
Transmission in liquids. b) Diffuse reflectance using a NIR probe. c) Diffuse reflectance
using a integrating sphere module. d) Trarssmoin in solids. Instrument images from
=TT g o] o] (o= TP RTPPPN 11
Figure 5. Representation of the most common variations in NIR spectra. a) Additive
effects, b) multiplicative effects, c) combination of additive and multiplicative effects, d)
sideways shift, e) random ise, and f) response curvature. From (Kohler et al., 20093
Figure 6. Representation of the SNV pretreatment with NIR spectra of sugar fine and
ground sugar. a) NIR spectra without pretreatiyig) SVN sSpectra..............cccvvveeeeeriee 16
Figure 7. Representation of the first derivative pretreatment with NIR spectra of powder
blends at several levetd acetaminophen (APAP), lactose (Lac), and microcrystalline
cellulose (MCC) concentration. a) NIR spectra without pretreatment, b) first derivative

5] 01T o 1 = PSP 18
Figure 8. Graphical description of a PCA, and corresponding scores plots. Left: variable 1,
variable 2, and variable X¢variables). Right: (PC1 and PC2)..............ccceovvvivvieeen... 20

Figure 9. PCA of two datasets for two powder blends of lactose with two particle size
within a compressibility profile in a FT4 powddeometer. a) Lactose 70 (blue triangles)
presents higher particle sithan lactose 140 (orange boxes). b) Compressibility profile at

0,1,2,3,6,9,12, and 15 Kilo PascCal.............coooiiiiiiiemr e 21
Figure 10. Idealized case of organized particle layers; in reality pharmaceutical powders do
not have organized partiCle layerS............oii i e e 27
Figure 11 Sansill® No. S43496 noiglare sheet protectors composed of heavighie
polypropylene top load were used in this Study...........cccooviiiiiieeen e 31
Figure 12 Thickness measurements in three different regions of the layer............. 32

Figure 13 Experimental setup for the acquisition of films spectra. & &tquisition film
spectra using the integrating sphere macrosample setup. b) NIR acquisition film spectra
using the integrating sphere macrosample setup with the metallic plate afrthegilms
working as a reflective surface. In the instrumental sttepnetallic plate and the metallic

cylinder were used to minimize the air between the films............cccovviiiieen 34
Figure 14. Spectral regioffor acquistion without metal plate and spectral region used in
ChemMOMELriC MOEIS.........ueiiiiiiiiiii e 37
Figure 15. Spectral region for acquisition with metal plate and spectral region used in
ChEeMOMELIICS MOUEIS. ... e e e e e e e e e e e e e e s s as 38
Figure 16. NIR spectra of individual polypropylene films (up). Normalized spectra (SNV)
of individual films (DOOM)........uuiiiiiiiei e e 39



Figure 17. Top1 PCA scores plot obtained with NIR spectra of individual polypropylene
films (). BottomPCA scores plot after normalized spectra (SNV) of individual films

(00 1] 0 TSP RRSRRRRPRY |
Figure 18 Thickness meaurement vs number of films...........ccccciiiiicccniiiiiiinnnnn 42
Figure 19. Film spectra with talc powder on top side. a) Second overtong-bsietching

of talc (hydrated magnesium silicate, 3@010(OH).), and b) first ovednes of OH

(=] (e o1 o o i = | oSS PPPPRP 43
Figure 20. Evaluation of the depth of penetration of radiation based on the intensity of the
second overtone of-@ stretching of talc (hydrated magnesium sikcaflgzSisO10(OH)y).

Film spetra with talc powder on the top side on the spectral region of 11150800 cm'.

Box zone is the zoom in the second overtone-6f Siretching of talc......................... 44
Figure 21 PCA performed using SNV on the spectral region 1658810 crl. Box zone
is the zoom of PCA from twendfpur to fifty film layers...........cccoorrriiiicee s 45
Figure 22 Zoom of the PCA from twentfour to fifty film layers performed using SNV on
the spectral region 10560510 CIME. .......c.eeivureiueeieeeieeeeeeeeeeereeeeeeesreeeeaeeereemnsessaeeans 45

Figure 23. Evaluation of the depth of penetration of radiation on the first overtong-bf O
stretching of talc (hydrated magnes silicate, MgSisO10(OH).). Film spectra with talc
powder on the top side on the spectral region 908800 cmt. Zoom in the first overtones
of O-H stretching Of talC POWOEL..........ooiiiiiiii e 46
Figure 24. Evaluation of the depth of penetration of radiation on the first overtoned-bf O
stretching of talc (hydrated magnesium silicate 38gD10(OH)2). Zoom in the first

overtoneof O-H stretching of talC.............uuuiiiiiiiii e, a7
Figure 25. PCA performed using SNV on the spectral region 727000 cm'.............. a7
Figure 26. Zoom of the PCA from twentfour to fifty film layers on the spectral region
T270T 7100 CIML. oot eeeme ettt et emee et esaeeae et e teeteeaeeemnseeneeneeans 48

Figure 27. Calibration designs used in the study. a) Design using a total number of thirty
film layers, excluding each fifth layers up until twedfitye film layers, and b) design using
atotal nunber of fifty film layers, excluding each fifth layers up until feftye film layers.
Number of films used for calibration set (left) and validation set (right).................. 50
Figure 28. Loading weight lnes and first derivative spectigp) Loading line plot w*c
performed on the spectral region 968800 cm' using F' derivative (25 points) as
preprocessing, and bottonili spectra on the spectral region 96@500 cm' using F

derivative (25 pPOoINtSRAS PreProCESSING.....cuuuuiiieiiiiiiit e e e ieeereee e e e e e eea e aeaereeeaeeanes 55
Figure 29. Single channel sp&a of the background acquired at two different seasons of
LL QTSI Y= | PSSP 62

Figure 30. Sample arrangementBolypropylene films in blackrie and polyethylene films
in gray dashed line. The total number of spectra acquired were 180 (6 schemes, 10 sample

arrangements, 3 spectra for each sample).............oooovviiccciiiiiivvviiee e eeeevvieeeeeennn L0
Figure 31 SNV spectra of polymer layers. Solid line for polypropylene and double line for
POIYEINYIENE. ... e e 73
Figure 32 Polyethylene spectral changes as film number increasessnhbmes 1 and 6.
Black colour for scheme 1, gray colour for scheme 6, PE: polyethylene................. 76
Figure 33. Percentage of polyethylene films vs number of polyethylene films......... 79

XV



Figure 34. PCA scores plot of the NIR spectra for calibration samples (six schemes)
acquired with the first instrumerBpectral region 95006500 cm' using the
preprocessings: aj2derivatve (25-point window) and bBNV+15 derivative (25point
window). Percentage of polyethylene increasing from white to black colour.......... 81
Figure 35. PLS scores of calibration and test sets with NIR1 and NIR2 in the spectral
region 9500i 6500 cm* using the spectral preprocessing. B)drivative (25point
window) and b) SNV+% derivative (25point window). Direction of the increasingmber
of polyethylene films in middle layer (dashed arrow). Dotted arrow shows the lifas of
scores for test samples acquired using the NIRZ..............coiiiiiceceviviiiiiiiei e 85
Figure 36. PCA scores of calibration and test sets with NIR1 and NIR2 in the spectral
region 6500° 5000 cm' using the spectral preprocess a) 29 derivative (25point
window) and b) SNV+% derivative (25point window). Direction of the imeasing number

of polyethylene films in middle layer (dashed arrow)..............ccooovivvieeeeei e, 88
Figure 37. PLS loaling-weights line plot performed on the 656000 cm' spectral region
using the SNV + 1st derivative (25 points) for preprocessing...........ccccvvvvvvveemeeennn.. 89
Figure 38. PLS loadingweights line plot performed on the@®5000 cm' spectral region
using the second derivative (25 points) for preprocessing.......cccceeeeeeeiiieeeiiciieeeennn. 90
Figure 39. Residuals plot: normal probability, versus fit, histogram, and versus order
performed on thepectral regions: a) 9566500 cm' and b) 6506000 cmt. .................. 91

Figure 40. Fette 3090 feed frame assembly with the die disk and NIR prabe........ 102
Figure 41 NIR spectra obtained during a full experimental run. Black line for the NIR
spectra obtained during the first 90 secoay line for the NIR spectra during the steady
state process. Light gray dashed line for the NIR spectra obtainethafteady state
PIOCESS...... e eeeett e e et et seree e e et e e et e e e e e ean e e e e et e e e e e e e e e en e et e e n e e eeenn 105
Figure 42 Second derivative (25 points) NIR spectra for calibration blends with 1.50 and
4.50 (%w/w) of APl (Acetaminophen) in the spectral region 768200 cm' (close up
regions 7207 7125 cm and 5580 5220 CMY). ...ccvecveeieeieiiecie e, 106
Figure 43 PCA score plots of the NIR spectra for calibration blends with 1.50, 2.50, 3.50,
and4.50 (%w/w) of API (acetaminopheim) the spectral region 76004200 cm® without
SPECTIAl PrEPIOCESSING- . uuu i eeeieiitie e et eeee ettt e e e ettt e e e aeeee e e e e e st e e e e e eata e e ananreeas 108
Figure 44. PCA score plat of the NIR spectra for calibration blends with 1.50, 2.50, 3.50,
and 4.50 (%ow/w) of API (acetdnophen) in the spectral region 760@200 cm' with

spectral PreproCeSSING SNV ...t erne e e e 108
Figure 45. PCA score plots of the NIR spectra for calibration blends with 1.50, 2.50, 3.50,
and 4.50 (%ow/w) ofAPI (acetaminophen) in the spectral region 76@200 cm' with

spectral preprocessing' flerivaive 25point WINAOW.............ccceevcveeecrieeiceereee e 109
Figure 46. PCA score plots of the NIR spectra for calibration blendls W50, 2.50, 3.50,
and 4.50 (%w/w) of API (acetaminophen) in the spectral region 7@200 cm' with

spectral preprocessing®@lerivative 25p0int WiNAOW..............c.ccveeveireereeieesreereeeennnns 109
Figure 47. PCA score plots of thNIR spectra for calibration blends with 1.50, 2.50, 3.50,
and 4.50 (%w/w) of API (acetaminophen) in the spectral region 7@@00 en* with

spectral preprocessing SNVHderivative 25p0int WiNAOW..............ccoveeeevveeievieeennee. 110

XVi



Figure 48 PCA score plots of the NIR spectra for calibratiombtewith 1.50, 2.50, 3.50,
and 4.50 (%w/w) of API (acetaminophen) in the spectral region 78200 cm1 with
spectral preprocessing SNV¥2lerivative 25p0int WindoW...............ccccceeveevevrieenenn.. 110
Figure 49. PLS score projections for calibration blends with 1.50, 2.50, 3.50, and 4.50
(Yow/w) APAP and 3.00 (%w/w) APAP test set blends predictions. Calibration mtidel 2
derivative (25point window) i the spectral gion 76001 4177 cmb. .......cccevveuvennnne., 115
Figure 50. Linear relationship between: lactose (%ow/w) and D50 particle size distribution
(top), and lactos@bow/w) and bulk density (g/cth(bottom) fo' calibration and test set

(TS) DIENAS. ... e e ereer e e e e e e e e e e e et e et eea s st nnneeeeaeeeeeeennnnnes 118
Figure 51 NIR predicted values vs reference relative specific void volume (RSVV) of the
test set (TS) blend&" derivative model (left graphs). SNV¥tlerivative model (right
graph3. 1 latent variable (upper graphs). 2 latent variables (bottom graphs). Gray columns
for NIR predicted values and checker board columns for reference RSVV valuesl122
Figure 52 Diagram of the continuous manufacturing line including the volumetric (V1,
V2, V3, and V4) and gravimetric feeders (G1, G2, G3, G4, and G5), the continuous
blender, and the interface for NIR spectra acquisitiod the tablet press for thb

(00 4] 0T (=51 [ o TSR 130
Figure 53. Raw spectra overlay of pure AR] APF2, and one excipient tablet......... 134
Figure 54. Overlay of the firstlerivative spectra of pure ARl APF2, and one excipient
tablet. Blue box: 11998 10753 cm' spectral regionBlack box: 10522 10005 cmt

] o[To (= U (=T [[o] o TR PP PP PP PP PUPPPPPPPR 136
Figure 55. PCA based on the AR, spectral region: 1200510152 cmt, and spectral
preprocessing: SNV +MeriVatiVe. ..........c.eciiiiiiiciic e seeere e, 137
Figure 56. PCA basd on the AP{1, spectral region: 1052210005 cmt, and spectral
PrEPrOCESSING: S ...t e e e 138
Figure 57. PCA based on the AR, spectral reign: 10522 10005 cmt, and spectral
preprocessing: SNV +MeriVatiVe. ..........c.eciviiiiiiii e, 138
Figure 58 PCA based on the AR, spectral region: 1052210129 cmt, and spectral
preprocessing: SNV +MeriVatiVe. ..........c.eciiiiiiiiiic e seeere e, 139
Figure 59. PCA based on the AAI, spectral region: 1198810754 en’!, and spectral
preprocessing: SNV +U0eriVatiVe. ..........cveoiuee i cceeeee e emee e 139
Figure 60. PCA based on the AR, spectral region: 1199810754 + 10522 10129 cn,

and spectral preprocessing: SNVSHIENVALIVE. ...........cceecviiieiee e, 140
Figure 61 PLS score plots of the calibration set. a) 1 PLS Score Plot and b) 2 PLS Score
0 PR UU P RRRTPORII 144
Figure 62 Fisher LSD results at 95%onfidence Interval for center, left and, right sides of
the validation tablets at 70% LC..........ouuuiiiiiii e 147
Figure 63. PLS score plots of the validation set. a) 1 PLS Score Plot and b) 2 PLS Score
0 PR PP TRRRPORI 150
Figure 64. Normal probability plot of residuals for the validation set...................... 151

Figure 65. Plot of the center NIR predictions vs UPLC resaftthe validation set......154
Figure 66. Overlay spectra of AP1 at target concentrations at 70%, 100%, 130% LC
tablets, pure ARL, pure AP{2, and one pure excipient tablets...............ccccevvvvieeen... 157

Xvil



Figure 67. Overlay spectra of the regression vector, pure BRiure AP12 and one pure
EXCIPIENT tADIETS. ... .. 158
Figure 68. NIR predictions of the tablefeom the DoE of manufacturing process runs. a)

NIR concentration (%LC) and b) NIR content (%LC)............oovviiiviiiriccnieeeeeeiiiienns 162
Figure 69. Relationship between process variables by PCA from the DoE of manufacturing
PIOCESSUNS......eeeitiiieeiieett e e e irere e e ee e e et e e aaa s e e s ameee e et eena e e e et eessa e e e smnns s e e eennna e neeees 163
Figure 70. PCA score plots of the DoE of manufacturing process runs. a) Color according
to NIR predictions (content values). b) Color according to main compression force. c)
Color accoding to tablet weight. Blue: lovevel, green: middle level, and red: high level.

XVili



List of Tables

Table 1 Principles of Raman, MIR, and NIR spectroscdpypm (Siesler, 2007)........... 5
Table 2 Summary of studies using NIR spectroscopy dremometrics for quantification
purposes. T: transmission, R: diffuse reflection, and TF: transflection. * RSE#svalu

presented iN PEICENT (FB).....cciii e e et eeee e e e ettt mmmr e e e e eeaaa e e e e e emenres 28
Table 3. Average and standard deviation for the thickness measurements on the different of
fifty films. Values are in MMe.........cccccoiiiiiiiiiiiiiceeeeccee e eeeeeeeeeeevveene e AL

Table 4 RMSEP, RSEP (%), bias for the PLS models performed with and without metallic
plate on top for models using thirty film layers on the spectral regioni©96600 cmt. ”

units: nuMber of filMS lAYEIS........ooo i 51
Table 5. RMSEP, RSEP (%), and bias for the PLS models performed without metallic plate
for models using fifty film layers on the spectral region 90@%00 cm. * units: number

OF FIIMS JAYEIS ...t 53
Table 6. RSEP(%)/bias values for the PLS models performed without metallic plate using
thirty film layers on the sgctral region (S.R.)S.R.1: 90066500 cm?, S.R.2: 90084500

cml, S.R.3: 115084500 cm', S.R.4: 680-4500 cm?, S.R.5: 11508500 cm', S.R.6:
1150610300 cm', and S.R.7: 12568600 cm’. NP: no spectral preprocessing, SNV:
Standard Normal Variatefirst derivative (25 points), SN\t SNV + first derivative

(25 points), 2 second derivative26 points), and SN\2"%: SNV + second derivative (25

Table 7. RSEP(%) and bias values obtained by the different calibration set ¢Zauated
for the PLS models performed without tadic plate on top for models using a total of
thirty film layers in the spectral region of 900500 cm'. 1: no spectral preprocessing, 2:
SNV, 3: first derivative (25 points), 4: SNV + first derivai{25 points), 5: second
derivative (25 points),ral 6: SNV + second derivative (25 pointgdannumber of samples
for calibration set, vui: number of samples for validation set. *: the confidence interval

dOES NOL INCIUAE ZEIOD.......coeeeeee ettt re e e e e e e e e s seeeeeeees 57
Table 8 RMSEP values for the PLS models performed with and without metallic plate on
top for models using thirty film layers at three different regiondefilm layers.......... 59

Table 9. RSEP (%) values for ¢hPLS models performed with and without metallic plate
on top for models using thirfyim layers at three different regions of the film layers using

Y -value the thickness and the number of film layerS..........ccccooviiiiieeciii, 60
Table 10 RMSEPvalues at two different seasons of the year using the metallic.plaé.
Table 11 Assignment of the NIR bands of polypropylene matsti..............cccceeeeeeee.. 74
Table 12 Assignment of the NIR bands of polyethylene materials.......................... 75

Table 13 Correlation coefficient values for polyethylene and polypropylene in five spectral
regons.NP: no spectral preprocessing; SNV: standard normal varfatéirst derivative

(25 points); SNV1®: SNV + first derivative (25 points);"? seconl derivative (25 points);
SNV-2"% SNV + second derivative (25 POINES).........ccveeurirrireiieeeeeeeeeeeeeesesseeeees 77

Table 14 Description of polyethylene (PE) in each schehese variations were done for
each of the six schemes. Seven polypropylene films were used in each scheme. Thickness

XixX



for one polyethylene film: 0.083 £ 0.002 mthickness for one polypropylene film: 0.086

el O 010 /2 1 0 0 TP 78
Table 15 Results of three validations acquired with the first and second instrument until
three PLS factors using the spectral re@600i 6500 cm!. The RMSEP, RSEP(%&nd

bias values are calculated for the six schemes used in this study. The cells marked with "'
indicate that zero is included within the 95% confidence interval of the.bias.......... 82
Table 16 Statistical results by scheme of the three validations acquired with the first and
second instrument using two PLS factors with the spectral regioni %00 cm'. The

RMSEP, RSEP (%), and bias values were calculated faixtechemes used in this dju

Table 17. Global results of three validations acquired with the first and second instrument
until three PLS factors using the spal region 6500 5000 cm1. The RMSEP,

RSEP(%), and bias values are calculated for the six schemes used in this study. Bias in
cells marked with *' indicate that zero is in the 95% confidence interval................. 87
Table 18 Statistcal results by scheme of the three validations acquired with the first and
second instrument using two PLS factors with the spectral regioni 65000 cm'. The
RMSEP, RSEP (%), and bias values are calculated for the six schemes used in th&study.

Table 19 ANOVA results for the spectral region of 9508500 cmt............c..ccvveeneen! 92
Table 20 ANOVA results for the spectral region of 6506000 cmt............................ 93
Table 21 Studies using spectroscopy and chemometrics for quantification purposes within
= (= T=T0 =T o = SO Q8
Table 22 Composition of alibration blends and test set blends..............cccovvveeeee.. 100

Table 23 Summary of the predictions of an independent 3.00 (%w/w) test set (TS) blend
with the developed cal..br.at.i.on. . modellsxd. nO38
Table 24 Determination of bulk and tap densities for calibration and test set blentis6

Table 25 Particle size distribution for calibration atest set (TS) blends as determined by

the Insitec Dry particle Size analyzer............coooiiiiiioeeri e 117
Table 26. Relative specific volume and true density values for calibration and test set (TS)
(0] = 0 £ 119

Table 27. Summary of the predictiorier test set (TS) blends-#4 based on relative
specific void vol ume..(RSVY.MV)....n038..s.d2lctr a
Table 28 Summary of the predictions fdest set (TS) blends-14 based on bulk density.

IR R TR T o =00 o 0 - N TR U TP UR TR 124
Table 29 UPLC results of the calibration tablets.............ccooii 135
Table 30 UPLC results of the validation tablets...............cooooii il 135
Table 31 R2X and Q2 values from the PCA in the spectral regions and spectral

preprocessing selected based on the AfAbraional bands..............cccccooeiiiiiieeenn, 136
Table 32 Description of the PLS factors for the NIR calibration models................ 141

Table 33 Resultdor each preliminary mael assessment for the calibration set......142
Table 34 Summary oANOVA single factor analysis for each concentration level,
evaluated at the center, left, and right NIR predictions of the validséb................... 147
Table 35 Summary of ANOVA single factor analysis of each concentration level
evaluated with the average, center, and UPLC measurement of the validation.set48

XX



Table 36 Accuracy results of the validation Set............ccccooeiiiiieme i, 152
Table 37. Repeatability results of the validationt..............ccccceeieiiiiieeeeiie 153
Table 38 Intermediate precision results of the validation set for the analyst.1......153
Table 39 Intermediate precision results of the validation set for the analyst 2......154
Table 4Q t-test statistic on the top vs bottom debossed side comparison of the validation

162 18] 1= 3PP 156
Table 41 Design of experiment of the mdaaturing process variables. Relative to target
V2= LT (TS () T PSP 160

XXi



APAP
API

CM
DoE
FT-NIR
GMP
ICH

LC
MCC
MgSt
MIR
MLR
MPA
NIR
PAT

PC
PCA
PCR
PLS
PSD
QbD
RMSEC
RMSECV
RMSEP
RPM
RSD
RSEP
RSwV

List of Abbreviatio ns and Symbols

Acetyl-paraaminophenol (acetaminophen)
Active pharmaceutical ingredient
Continuousnanufacturing

Design of experiment

Fourier transform near infrared

Good manufacturing practice
International Conference dtharmonisation
Label claim

Microcrystalline cellulose

Magnesium stearat

Mid infrared

Multiple linear regression
Multi-purpose analyzer

Near infrared

Proess analytical technology

Principal components

Principal component analysis

Principal components regson

Partial least squares

Particle size distribution

Quality by design

Root mean squarerer of calibration
Root mean square error of crasdidation
Root mean squarerer of prediction
Revolutions per minute

Relative standard deviation

Relative standard error of prediction

Relativespecific void volume

XXii



RTRt
SiO;
SNV
TOS
US-FDA

Real time release testing
Colloidal silicon dioxide
Standard normal variate
Theory of sampling

United States Food and Drug Administration

XXili



CHAPTER 1: INTRODUCTION

1.1.MOTIVATION AND JUSTIFICATION

Near infrared (NIR)spectroscopys considered one of the most suitable and fast
method for sensing abrganic materials in areas such as pharmaceutical manufacturing,
agricultural science, medical diagnostianaterial science, astronomical spectroscopy,
among others, becaugteis a nondestructive techniqudn NIR spectroscopynod of the
absorption phenomenon involves vibrations from the stretching and bending of hydrogen
atorrsassociated with carbon, ragen and oxygen atom3he progress in NIRpectroscopy
is dueto thefast evolutiorof instrumentation for diffuse reflectamandts combination with
chemometric methodslowever, there are factors that have an impact in NIR calibrations as
source of error and need to be minimized by the experimental meffioel knowledge of
the sourcsof errorin a NIR calibration and howhey can be controlledor minimized is
important to facilitate the evaluation of the matefalsoperties, procesyy, or anaytical

method without undesired disturbances that affect the analysis.

The purpose of this research is the evaluatiggredicion erroisin near infrared (NIR)
calibration models byperforming three studiesusing solid materials with different
heterogenéy. CHAPTER 1 presents a brief introduction ®MIR spectroscopyand the
chemometric méiods used in this dissertatidfor a detailed explanation of the terrise

reader is cited to the specific references.

Chapte 2 shows he first studywhich consisted in the use of a low heterogeneous
material. A polymer film provided a system with reded heterogeneitjo evaluatethe

impact o predictionerrors in partial least squareg®LS) models due tabsorption and



scatteing effects spectral preprocessingnd number of calibration and validation samples.
This evaluabn serves to understand NIBalibration models without errors due to

heterogeneity of the sample and to estimate the minimal error of the NIR method.

Chager 3 shows a variation of the first chapter using two different polymer materials

(polypropyleneand polyethyleneyith similarthicknesgo evaluate thpredictionerrors due

to light scattering into the sampl@svo FT-NIR instruments wre used to acquithe spectra
using mix of polymer films belowhe infinite depth to avoidampling errors due the depth

of penetration of the IR radiation. Linearity and reproducibility noboth FFNIR
instruments werdestedby analyzingthe PLS predictions of samples cguired at three
random daysThis study provides straightforwardand economic analytical method to test
the linearity and rapducibility of two FT-NIR instruments using low heterogeneous

polymer films.

Chapter 4 describes NIR method for reaime praliction of powder blendat low
concentration of active pharmaceutical ingredient (AR00% w/w within a feed frame
which itis the most representative stage for measurement of API before the finakproces
This concentration level is challengiior the NIR methog however is not impossible as
long as the heterogeneity of the materials, and the manufacturing pdoesseot pesent
the major source gdredictionerrors. This study provides a method fevaluation of critical
properties withirthe feedframe such as tablet mass, hardness and dissolution in batch and

continuous manufacturing processes.

Chapters shows an appliedasefor tablets with a combination medicinétwo APIs
at low concentratiomvithin a commerciamanufacturing plant in Puerfico for real time

release testing (RTRi) a continuous manufacturif@M) process where the heterogeneity

2



is critical for s@sing of the material§.he development of the method follows the technical
requirements of Unite®tates Food and Drug Adminigtion (USFDA), the guidelines of

the International Conference oHarmonisation(ICH). This study provides a better
understandig of changes in manufacturing process and the impact in the predictions of the
NIR calibration. Ako, this evaluation serves filhne improvement of control strategies in the

manufacturing of a drug product.

1.2. FUNDAMENTAL BACKGROUND

2.3.1. Nearinfraredspectroscpy

This dissertation presensgveralapplicationsof near infraredNIR) spectroscopyto
understand the interaction of the r@thn with heterogeneous materials and their effects in
the errors observed in chemometrics modsI& spectroscopynethods haw gaired the
interest of many areas fogal timeanalysisof materials Resarch in areasuch ashemical
compositionand prodiction of foods and fibers agricultue (Batten, 1998)quality control
for cosmetic preparatior{8lanco, Alcala, Planells, & Mulero, 20Qfjor-invasivemedical
devicesfor research and clinical studies of biological tisqO®rricelli et al., 2014)
pharmaceutical industifpr manufacturing of drugrpducts(Vargas et al., 2018prediction
of polymercompaition (Furukawa, WatariSiesler, & Ozaki, 2003; Rohe, Becker, Kdlle,
Eisenreich, & Eyerer, 1999; Sulub & DeRudder, 20EB)ong otherbave done a gradual
substitution of conservative analytical techniques sscBa@sChromatographyGC), High
Performance Ligal Chromatography (HPLC), Mass Spectrometry (MS), Nuclear magnetic

resonance (NMR), and Ultraviolet and visible (AW&) absorptionspectroscopyAn



increasing demand dflIR spectroscopynethodshas been seebecausethis is a non
destructive techniquet is also environmentally compatible becaugedoes not generate
waste, and with respect to conservative techniguissa nontime-consuming method, in

other wordsa reattime in situtechniquegSiesler, 2007)

Despite the potential dNIR spectroscopythere are some i disadvantages that
make the technique complexhd disadvantages are instrumentation response, dependence
of the calibration method, NIR spectral data preprocessing, sampiaugdures, high
sensitivity to environmental conditionsich low sensitivity ® minor constituents, and the
physics of diffuse riéectance (Norris, 1989) However, the development of the NIR
instrumentation and the combtion with chemometrics make possible the uséNii®

spec¢roscopymethodologes for fast analysis of materials.

This chapter will briefly review basic concepts of Near Infrared Spectroscopy and
chemometrics. However, the references to scientific articldsaoks related to the topics

will be addressed for a dp understanding.

1.2.2. Basic principles of molecular vibrations

The rear irfrared (NIR) region is complementary to the fundamental vibrations
observed in Mid infrared (MIR) and Ramalable 1 shows a short comparative summary
between NIRMIR, and Raman. For more detailed information dxader is referred to the
following literature(D. J. Dahm & Dahm, 2001; Miller, 200Norris, 1989; Siesler, 2007;

Workman & Weyer, 2012)The three techniqueseadifferent in several aspects; however,



their bast principle is the same: the signals observeBaman, MIR and NIR arearesult

of the molecular vibrations due to the intéi@ac of radiation with the molecules.

Table 1. Principles of Raman, MIRand NIR spectroscop¥rom (Sesler, 2007)

Raman Mid infrared Near infrared
Fundamental vibrations Fundamental vibrations | Overtones and combination
40007 50 cnm* 40007 200 cmt 14000i 4000 cmt
Scattering technique Absorpton techniques
Source: Sources:
Monochromatic radiation (Dispersedolychromatic radiation
Laser VE-NIR Globar tungsten
Polarizability Dipole moment Anharmonicity
Homonuclear Polar Polar, m « m
0. C=C e C=0 C-H/O-H/N-H
9, &= 9 &= my: H: m: C, O, N.

The vibrational energy is calculated using the harmosaillator model by theiew
of oscillation of atoms in a molecule attached by a bond like a spring following the equation

(1-2):

o — - (1-1)

Where E: is the energy oftheomd ecul ar vi bration, h: is

reducel mass given bthe equation (2):

(1-2)

mz: the mass of atom 1, and:nthe mass of gnatom 2.
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Equations 1 and 2 shows that energy of md&cubrations is very sensitive to the

structure, and this is the widpgication of MIRin structure elucidation.

The potential energy of the vibrating system (V) at any given time is a quadratic
function of the displacement of the atoms involved indheb r at i on f ol L owi ng F

whichis shown inFigure 1 and given by the equatidf-3):

w - -Qi l (1-3)

Where V: is the potential energy of the vibrating system, k: is the force constant of the
bond (also named restoring force), x: represents the displacement of the atoms from the
equilibrium posiion (digplacement coordinate), r: is the internuclear distance during the
vibration, and ¢ is the equilibrium internuclear distance.

From equation B nd 3, the vibrationgisgvenlgtheuency o

equation (34):

’ — - (1-4)
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Figure 1. Representation of the harmonic oscillator model. Potential energy (V) vs internuclear
distance during the vibratiofrom (Miller, 2001).

The vibrational energy has discrete values that dceleéed by a quaom mechanical

treatment by the Schrodinger equatiand these values are giventhg equation (:b):

o QO ¢ - (1-5)

Wher e h i s Plosthewbiasonatfrequentyaefined in equation 4, and

nist he vibrational guantum number that can onl

Diatomic molecules are useful to demonstrate exyalain the concept of vibrational

energy; however, real moldes have more than two atoms and their vibrations are more



complex. Furthermore, NIR vibrational spectroscopy relies on nonidealities of the harmonic
oscillator(Miller, 2001). The potential energy curve for NIR vibrationda an asymmetric

Morse function represented figure 2.
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Figure 2. Representation of the anharmonic oscillaimdel. Ptential energy (V) vs internuclear
distance during vibratiorcrom (Miller, 2001).

The existence of NIR vibrational specoopy relies on two main deviations of the

harmonic oscillator model:

1. Mechanical anharmonicity: most of the re@lecules preseinharmonic vibrations

rather than harmonic.



2. Electrical anharmonicity: the dipole moment for a couple of atoms in a molecule,

not exactly a function of interatomic distance.

For in depth reading of this subject these authors have exeaesiew:(D. J. Dalm
& Dahm, 2001; Norris, 1989; Siesler, 200FjomFigure 2, there are three important points

to mention that are consequence of anharmonicity and maksep¢groscopyossible:

1. Overtones: tsemolecular vibrationgre aresult of the transition from a vibration
number higher than one, ferx a mpl e n=0 to n=2, 3, é, and
2. Combinations: this mode of vibration involves two or more different vibrations from
absorptiorof a single photon; they st have the same symmetry and must involve
the same functional group.

3. The separation levels of dhtransitions are not equally separate, as the harmonic

oscillator.

The frequency of the overtone vibrations is approximately équateger numbers of
thefundamental vibrations. The combination bands are approximately the sum of frequencies
that makeshe combinationFigure 3 shows an example of two fundamental vibrations for
amethylene(-CH.-) group, their overtone frequenciesd the combination band. As show
in figure 3, the frequency of the overtones areeger values of the fundamental vibrations.
However, the frequerycvalue issmallerbecause the anharmonicity and the point tii8¢e

mentioned before.



The vibrations must involve the same
functional group and have the same
symmetry.

The methylene (-CH,-) group
Is" Overtone sym. Stretch (5740 cm! theory)

2nd Qvertone sym. Stretch (8610 cm! theory) @\(f w
/

Two vibrations - same Symmetry: CH Symmetric stretch CH, Bending

(2870 cm™) (1460 cm™!)
Symmetry stretch (2870 cm™) -
Bending (1460 cm!) 9 ' 2
Combination band (4310 cm'! theory) j‘:

Figure 3. Representation of two fundamental vibrations of methylene gr@gometry
representation, frequency, overtoresd combination bandsrom (Miller, 2001).

1.2.3. NIR spectralacquisition

Near infraredspectroscopy is a technique with a wide usage in several analytical areas
because it is a nedestructive, fast and it is s@tive to chemical and physical variation in
the sample. However, due to sensitivity to physical changes it is necessary touseta ¢
sensor that can detect the desired variation to analyze without loss of information or
undesired disturbancdagure 4 showsfour of the most used setups for sample measurement
in NIR spectroscopyThe firstsetup Figure 4a) is for measurement in liquid samples in
transmission mode; in thmode is used approximatelyi 2 mL of the sample in a cell. The
second setupHgure 4b) isthe mode of diffuse reflectance using the solid probe for solids.
The third setupKigure 4c) is the mode of diffuse reflectance using the integrating sphere
module for solidsThe fouth setup Figure 4c) is the transmission mode for solids such as

tablets.

10



Transmission in liquids

)

Diffuse reflectance, solid probe

Figure 4. Representation of four used sample measurements in NIR spectroscopy. a) Transmission
in liquids. b) Diffuse reflectance using a NIRope. c¢) Diffuse reflectance using a integrating sphere
module. d) Transmission in solidastrument images from Brukeptics.

1.2.4. Multivariate data analysis

Multivariate data analysis was used in all studies described in this disseltatios.
sectionthe basic concepts of multivariate data analysis in the chemometrics field with NIR
spectroscopgreaddressed-or acomprehensivexplanation of the topics, the reader is cited
to the following referencegBeebe,Pell, & Seasholtz, 1998; Kim H Esbensen, Guyot,
Westad, & Houmoller, 2002; Mark & Workman Jr, 2010; Nees, Isakssom,Redbavies,

2002)

Most of the data from science is multivariate and depends on several variables.
Calibration is a mathematical mdd® relate an instrument response as output from a
property of a sampl@Beebe et al., 1998)If the instrument response used for construction
of the caibration is only one per each property of the sample, the calibration is univariate.

However, there are many cases where the combinaitimultiple instrument responswith

11



the property of theaanple provide better results; this is a multivariate caiifmgNees et al.,

2002)

The use of multivari@ analysis with statistical and mathematical procedures to extract
information of chemical (or physical) data to solve problems tleat@ireasily resolved with
univariate analysidead tothecreationof ChemometricéKim H Esbensen et al., 2002; Naes
et al., 2002) Some of the most used methods of multivariate calibrationPanecipal
Component Analysis (PCA) and Partial Least Squares (PLS). However, multivariate data can
be complex; this is because the @sse of the instrument depends not only in the property
of the sample to be modellddit alsothe noise pat hat er gyt iemng el sed (con
from other components, instrumental noise, analytical e(kons H Esbensen et al., 2002)

There are a diverse number of factdrattcan producenaunknownsource of variation
Figure 5 shows some of the most common variations in NIR spectralTatee are additive
effects that case a baseline variation in the spectra; multiplicative effects that cause
variations in the ritensity of the spectral ands; and combinations of additive and
multiplicative effects is the most common variation observed because they are presented
randomlyin the datgKohler, Zimonja, Segtnan, & Martens, 2008he instrument variation

in spectral acgsition is anothersource of variation that affects the da®aeways shifts
affect the peak position of the instrument response of sdw@ple Random noise
heteroscedasity, i.e. high instrument response.{. high absorbance) tend to have high
uncertainty that small instrument responResponse curvatugepends on the concentration

of the sample, if the concentration is highe déector will be saturated and it will nbe

possible to observe a correct band inten@ihler et al., 2009)
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Figure 5. Representation of the most common variations in NIR spectra. a) Additive effects, b)
multiplicative effects, ¥ combination of additive and multiplicaéveffects, d) sideways shift, €)
random noiseandf) response arvature From (Kohler et al., 2009).

NIR spectraprovidesinformation on the chemical compositioof the samplesnd
physical propertieshowever,there are diverse soustef irrelevant information of the
spectra that affct the data analys{®lorris, 1989) Prior to data analysis it is necessary to
remove or reduce irrelevant source of information, this is thee gl@processing stephis
need has been callezhe of the sihabits of the chemontrécian (Beebeet al., 1998)Some
of the basic data preprocessing methodssar@othing, Standard Normal Variate (SNV),

derivatives, ané combination of these methods.

1.2.4.1. SavitzkyGolay smoothing

SavitzkyGolay smoothingmethod was used in this researchréaluce noiseby

applying a moving polynomial function to the data. This function is created using a specific
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number of points (this number of -nodeitmt s
smoohesthe originddata. This preprocessing does not remove baseli spectral slope in

the spectrgSavitzky & Golay, 1964)

1.2.4.2. Standardnormal variate

The preprocessingandardnormalvariate (SNV)was applied to raw spectaaqured
in the studies of this dissertation to normalize the set of spé@tliapreprocessing is used
to reduce multiplicativebaseline, and wavelength shiff€ao, 2013) SNV performs a
normalization of the speeireducing scattering effects due to packing heterogeneity or path
length variations. Also,it improves instrument transferability(Cao, 2013) SNV
preprocessing applies a subtraction af thean and divide with the standard deviation

(Barnes, Dhanoa, & kter, 1989)Equation (16) shows the SNV preprocessing given by:

YO 0 ——= (1-6)

where wrepresents the absorbance of the sample at the specific wavenamdogepresents

the average of all absorbanceshs sample.

Figure 6 shows an exampleof how it works the SNV pretreatment on the spectra with a real
case using. commerciatefinedsugar (suase obtained from supermarkefBhe granules

of sugar weregrinded marually in a mortarto obtain fine particles of this materidlIR
spectra of powder samples based grnindedgranules(grindedsugaj andpowder samples

from raw material(refined sugaj were acquiredusing the solid probe of thET-NIR

14
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instrument The difference of these materials is the particle sizgidedsugarhad lower
particle size thamefinedsugardue the result ofrindingthe raw granulesn a mortar The
NIR spectra ofjrindedsugarhad a lower baseline than the spectreeihedsugar becaws
more radiation reacthe detector due that there is more reflectatiation by the particles
(Figure 6a). After SNV pretreatment~{gure 6b) the spectra ofrindedsugarandrefined
sugar presented a similar baseline with changes in sone ¢ghae to the absorption of the
material and the wavenumber of thediation. However, this pretreatment reduces the
difference due to the baseline and it allows to evaluate the differe@desorlance of the

materials.
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Figure 6. Representation of the SNV pretreatment with NIR spectsagdr fine and ground sugar.
a) NIR spectra without pretreatment, b) SVN spectra.

1.2.4.3. Derivatives Savitzkgolay
The derivativegfirst and second derivative)ere thanost used preprocessingethods
in this dissertation to evaluate the spectra and to parfdiR calibrations. Derivativeare
functions utilized to reduce scatter effects of continuous spectra using the polynomial
Savitzky-Golay smooth(Savitzky & Golay, 1964) The first derivative preprocessing is
usually used to reduce additive baseline ("offset"), where the second derivative m&pgpce
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also involves removal of linear baselingimilar to howthe Savitzky-Golay smoothing
works, the derivatives generate aw function that depends the number of points used

(Nees et al., 2002)

Figure 7 shows a exampleof how it works the first derivate pretratment for a set of NIR
spectra using the solid probe of tR&-NIR instrument of powder blends with three
components at different concentration levElgure 7a showstheNIR spectra oparticulate
materiab such as powder blendsich presented differences in spectral biagedue to the
complex interaction oparticles with different size and compositigkdditionally, the NIR
spectra of each powder blend presented differences in the absorption bands due t
concentration of the materials; for this case is acetaminopheAR}A\Pactose (lac)and
microcrystalline cellulose (MCC)After first derivative pretreatmentFigure 7b) the
differences in spectral baseline warmimized and it is possible to observe their differences

in absorpibn bands due to concentration of the components.
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Figure 7. Representain of the first derivative pretreatment wiNIR spectra of powder blends at
several leels of acetaminophen (APAP), lactose (Lac), and microcrystalliielase (MCC)
concentration. a) NIR spectra without pretreatment, b) first derivative spectra.

Combnation of preprocessinggchniques such as SNV + first or second derivatives,
are useds methods for scatter correction to reduce the physical variahitty as particle
size between samples and adjusttfor baseline shift over the long period ofalabllection

(Cao, 203).
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The most common methods of multivariate calibration are Pahdmmponents
Analysis (PCA), Principal Components Regression (PCR), and Partial Least Squares (PLS)
A brief description othese methods are presented; however, it is recommended thasad

references{Beebe eal., 1998; Kim H Esbensen et al., 2002; Naes et al., 2002)

1.2.4.4. Principal Components Analysis

Principal Component Analysis (PCAyas utilized in this dissertatioss projection
methodwhich provided an interpretable overview of the main multidimensiatesh matrix.
PCA takes information carried by the original variables and projects them onto a smaller
number of latent variables called Principal Components (PC). Each PC explains a certain
amount ofthe total information contained in the original data aralfitst PC contains the
greatest source of information in the data set. Each subsequent PC camtaidsy, less
information than the previous one. By plotting P@sportant sample andariable
interrelationships can be revealed, leading to the irg&fon of certain sample groupings,
similarities or difference@eebe et al., 1998; Kitd Esbensen et al., 2002; Nees et al., 2002)
Figure 8 showsa graphical descriptiorf@a PCA, and corresponding scores plots in two and
threedimensionsEach NIR spectra coains the absorption at each wavenumber (variable),
making it a vector for each sample. After perfiing the PCA, the number of variables is
reduced to a small numbgralled the PC). The scores (dots in the new space) represent the
projection of the origial variables into the new space. In this case the first source of variation

is the concentratiolevel starting at 70% LC and finalizing at 130% LC.
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Figure 8. Graphical @éscription of a PCAandcorresponding scores pdot eft: variable 1, variable
2, and variable 3{-variables) Right (PC1 and PC2)

PCA can be used teveal the hidden structure within large data sets. It provides a
visual representation of the relationships betweersamples anglariables, andt provides
insights into how measured variables cause some samplesitila®, or how they differ
betwesn them Figure 9 showsan example of the use of a PCA with the compressibility
profile of two lacbse powders with diffent particle size within a FT4 powder rheometer
Lactose 70 (blue triangles) presents higlatiple size than lactose 140 (orange boxes). As
exploratory data alysis, using all the NIR spectra shows two cluster groups relatee to t
particle size othe two powdersKigure 9a). After divide the datasets Iparticle size and
process, the PCA shows the variation based oodimpressibility of the powders within the

FT4 (Figure 9b).
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Figure 9. PCA of two datasets for two powder blendslamtose with two particle size within a
compressibility profile in a F4 powder rheometern) Lactose 70 (blue triangles) presents higher
paticle size than lactose 140 (orange boxes). b) Compressibility profile at 0, 1, 2, 3, @8] 18
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1.2.4.5. Multiple Linear Regression
Multiple linear regression (MLR), is aadsical regression method that combines a set
of several predictor oK-variables in linear combinations, which correlate as closely as
possible to a corresponding single responsé-wedor (Beebe et al., 1998; Ki H Edbensen

et al., 2002; Nees et al., 2002)
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MLR has the following poperties and behavior:
A The number oK-variables must be smaller than the number of samples;

A In case of collinedty amongX-variables, the {zoefficients are not reliable, and the

model may be unstable;

A MLR tends to overfit when noisy data is used.

1.2.4.6. Principal Component Regression
Principal Component Regression (PCR), is a method for relatsngdhance in a
regponse variable Y(-variable) to the variance of several predictoXsvériables), with
explanatory or predictive purposes. It is astepprocedure which first decomposesXn
matrix by PCA, then fits an MLR model, using the PC sconetead of the origal X-

variables as predicto(Beebe et al., 1998; Kim H Esbensen et al., 2002; Naes et al., 2002)

This method performs particularly well when the vari¥ugariables express common
information, i.e. when there &large amount of correlation, or even collineat@nce the
scores are orthogonal, the MLR solati is stable and therefore the PCR mathes not
suffer from collinearity effects. It is the belief of some data anag@entiststhat PCR is
superior ® PLS since it forces analysts to better understand their dattsgmeéprocessing
(transformations) before the application afegression procedu@eebe et al., 1998; Kim

H Esbensen et al., 2002; Nees et &102.
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1.2.4.7. Partial Least Squares

Partial Least Squares (PLS) Regressialso sometimes referred &s Projection to
Latent Structurg or just PLSvas the method for multivariate calibration usethim studies
described irthis dissertation t@mbtain a reldonship of the spectréX-variables)and the
propertieg(Y -variables) to model. PLS modelsoth theX- andY-matrices simultaneolys
to find the latent (or hidden) variables in X that will best predict the latent variab¥es in
These PLS components ammgar to principal components but will be referred to as factors

(Beebe et al., 1998; KiH Esbensen et al., 2002; Nees et al., 2002)

PLS maximizes the covariance betweeandY data In this case, convergencetbé
system to a minimum residual error is often achieved in feaatoifs than using PCR. This
contrasts with PCR, which first germs PCA ornX and then regresses the scofies\s. the

Y data(Beebe et al., 199&im H Esbensen et al., 2002; Naes et al., 2002)

1.2.4.8. Statistical Evalation of the results and validation

The performance of the mivariate calibration method usedisevaluated in terms of
the following statistical parameters: bias, standard deviatiomt Réean Square Error of
Prediction (RMSEP), and Relative StandardoEof Prediction, RSEP (%(Beebe et al.,

1998; Kim H Esbensen et al., 2002; Naes et al., 2002)

The bias is the average difference between thdipted and measured values for the

validation set, is aeasure othe accuracy, expressed éguation (17):

T ow~ v ,B
W [ —— (1-7)
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Wherew andw are, respectively, the predicted and measured values of s&gble
the& samples in the validation set. A model that is not representative of the walidati

will lead to significanbias

The RMSEP is the average prediction error calculateggmtion (18):

Y) YO) Z— (1-8)

If both calibration and validation sets are representative of futedigiion errors, th
RMSEP should be a good estimation for future predictions. High RMSEP values could be an
indication of a lack of accuracy and/or precisidtowever, a high RMSEP does not
necessarily mean a poor methaithe samples are highlyetergeneous, the accuraand

precision will be affected.

The Relative Standard Error of Prediction, RSEP (%), is a measure of the error in
comparison with the measured values in the validatiorasdts calculated byquation (1

9):

Y "YO®B p T (1-9)
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CHAPTER 2: STUDY OF NIR CHEMOMETRIC MODELS WITH LOW
HETEROGENEITY FILMS. THE ROLE OF SAMPLING AND SPECTRAL

PREPROCESSING ONPLS ERRORS

Based on the WorkPublished in: Journal of Near Infrared Spectroscop¥(2), 2017, 108
115.

Carlos Orteg&Zuiiiga, KerimaReyesMaldonado, Rafael Méndez and Rodolfo J Romafiach.
This chapter is not an exact copy of the published paper. It centaigind information.

2.1.INTRODUCTION

This work was performed to investigate the effect of depth of penetration, scattering and
absorption of NIR radiation on the errors observed in reflectance measurements with PLS
calibration models. The understanding ®fstematt and random errors is extnely
important in NIR spectroscopy, and in all the analytical methods available to chemists who
provide valuable information to society. However, NIR spectroscopy is subject to a number
of errors associated with thecfahat tle samples analyzed are usyablids, with significant
scattering. The sources of error are different than in an HPLC method where samples are
dissolved, filtered, and centrifuged. Thus, the importance of investigating the effect of depth

of peretration ad scattering on quantitagWPLS measurements.

Sampling errors also affect the quality of data reported by analytical chemists. According to
the Theory of Sampling (TOS), the combined sampling errors are one or two orders of
magnitude higher #n analyttal errors, therefore, theuglity of the data is almost entirely
dependent upon proper sampling practigésm H. Esbesen & Geladi, 2010; Kim H.
Esbensen & PaasdWiortensen, 2010; Petersen, Minkkinen,E&bensen2005)TOS also
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indicates that heterogeneity is the source of all sampling errors. NIR spectroscopy is often
performed with samples thare mixtures and whereeterogeneity leads to sampling
errors(Kim H. Esbenser& PaaschMortensen, 2010K. H. Esbensen, Romafspino,
Sanchez, & Romanach, 2QFetersen et al., 20pBowever, the errors in NIR spectroscopy

are also related to the complex interaction betwiggm and particles (scattering), and the

optical set upused.

The interaction of the radiation with solids
Dahm & Dahm, 2014)Figure 10 shows an idealized case of layer of particles and the
interaction with NIR radiationFigure 10 shows thatparticles such aspharmaceutical
powders are not organized in that way, because particles have physical properties as
segregation, consolidation, cohesion, amotigeio that makes the bulk material to be
hetergeneous. The interaction of NIR radiation is in a random wagrdislps in solids have

a random distribution. This complex interaction makes NIR spectra difficult to evaluate for
newcomers in this area. Nettegless,NIR spectroscopys considered one dahe most
suitable and fast nedestructive methods for analysiEmaterialsNIR scattering is affected

by physical differences of the materials, such as particlgBizBahm 2005; Frake et al.,

1998; Himmelsbeh, Barton, & Akin, 1986; Sarraguca, Cruz, Amaral, Costa, & Lopes, 2011)
density(D. R. Ely, Thommes, & Carvajal, 200&upta, Peck, Miller, & Morris, 2005;
RomanOspiro et al., 2016)and thicknesg¢Heymann, Mirschel, &Scherzer, 2010;
Heymann, Mirschel, Scherzer, & Buchmeiser, 2009; Romer, Heindmaki, Strachan, Sandler,
& Yliruusi, 2008) This scattered radiation was studiggsing different numbers of layers of

similar polymer sheets to describe the representative layer ti{@ry. Dahm & Dahm,
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2001)and to find the absorption and remission fractions for layers which best fit the observed
log(1/R) valuegD. Dahm,Dahm, & Norris, 200Q§D. Dahm, Dahm, & Norris, 2002)he
mathematics described by the equations of Benford used in theasstith agreement with

the behavior of the @orption/remission of samples with plane parallel layers. A sofiteta

error was found to fit perfectly the experimental data as result of incomplete detection of the
remitted radiation by differences in sampioughness. In spite of the complexity of the

interaction between radiation and particles, NIR spectroscappited in many industries.

Figure 10. Idealized case of organized particle layarsgeality pharmaceutical powdedo not have
organized particle layers

Table 2 provides a summary of applications using Misectroscopyand chermometrics for
guantification purposes in diffent industries. The summary irable 2 was difficult to

create because of differences in the way that NIR results are reported in publications and
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different industriesand is not considered a complete descriptibthe errors observed in
NIR spectroscopyTable 2 indicates that liquid samples present the lowest errors with
RSEP(%) less than 2%. Polymer blends and pellets pr&®BP (%) lower than 6%.
Pharmaceutical powdeblends and grahates present RSEP of 7.5% and lower, and

pharmaceutical tablets have been determined with RSEP (%)i Gt 226.

Table 2. Summary of studies using NBpectroscopand diemometrics for quantification purposes.
T: transmission, R: diffuse reflectioandTF: transflection. * RSEP values presented in percent (%).

Reference Error value” Method Samples
Tankeu et gTankeu, Vermaak, Kamatou <2 T lavender oils
& Viljoen, 2014)
Alves and PopjiAlves & Poppi, 2013) <2 TF ternary fuel blends
Rohe et gRohe et al., 1999) <2 T polymer blends
Heymann et §Heymann et a.2010) <2 TF polymer film coatings
Sulub and Deruddéulub & DeRudder, <3 R polymer blends
2013)
Rosas et éRosas, Blanco, Santamaria, 4 6.2 R ternary mixture pellets
Alcala, 2013)
Colén et &Colon, Florian, Acevedo, 25 R pharm. powder blends
Méndez, & Romarfach, 2014)
Vanarase et §/anarase, Alala, Jerez 7.5 R pharm. powder bleis
Rozo, Muzzo, & Romafiach, 2010)
Dou et a{Dou, Sun, Re, Ju, & Ren, 1.07 R pharm. powder blends
2005)
Cérdenas et @Cardenas, Blanco, & 1.90 R lab. power blends and
Alcala, 2014) ind. gran.
Blanco et gBlanco, Bautista, & Alcala, 3.9and 1.6 R pharm. powder blends
2008) (granules)
Cardenas et @ardenas, Cordobés, 0.817 2.68 R pham. powder blends
Blanco, & Alcala, 2015) and tablets
Sanche#aternina et éhdriluz Sdnchez <5 T pharm. powder blends
Pdernina et al., 2016)
Blanco et gBlanco, Cello, Iturriaga, <16 R powder blends (milled
Maspoch, & Pou, 2001) tablets)
Dou et g|Dou et al., 2005) 1.2 R two components tablets
Blanco and Alcal@lanco & Alcald, 0.97 6.8 R pharm. Tablets
2006)
Abrahamsson et @brahamsson, 2.5 T intact pharm. Tablets
Johansson, Anderssd@ngels, Svanberg,
& Folestad, 2005)

28



Polymer films that are much less heterogeneous than powder samples, such as
pharmaeutical materials, were selected in this aggilon to reduce sampling errofhe
polymer films were used to minimize sampling errors but maintain scattering to study its
effect on the errors in PLS calibration modédlee reduction of sampling errorscfitates

the study of the effect of: 1. Saating and depth of penetration,tBe selection of spectral

regions and 3. the effect of preprocessinghe errors observed PLS calibration models.

2.1.1. Scientific literature and contribution

This dissertabn is based on thexperimental setup of threpresentative layer theofiRLT)

for diffuse reflectanc€D. Dahm et al., 2000)n the theory, the theoretical description of the
spectroscopic absption, remission, and transmission fractiohthe samples with different
thickness using plane paellmathematicareexamined and teste@ihe RLT assumes that
samples are composed of plane parallel layers, each individual layer is representhéve of
entiresample. The application of discamiious mathemati¢®. Dahm et al., 200@yas used

to determine the absorption and remission coefficients of the samples. The authors tested the
theory using two polymer films composed of polydééme (plastic sheg) with uniform
thickness and different surface roughness. The authors desefilogehtly the absorption

and remission behavior of the samplgsthe mathematics of plane paralleydes They
found a substantial experimental errdribtited to the mitted radiatiorprimarily surface
reflection that @l not reach the detector. This left an open door to investigate the impact of

the error due to light scattering in NIR diffuse refies models.
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Representative layer theamgsbeen tudied using polymer films with uniform thickness and
also have been applied to real systems sucpoaglered samplegCairés, Coello, &
Maspoch, 2008)milk (D. J. Dahm, 2013)and it ha been used in combination with linear
polarization spectroscopy to powder and milk samp(&obrecht, Bendda, Roger, &
Bellon-Maurel, 2015) However, the experimental setup mentioned in the test of the RLT
does not consider the optical sampling of the NIR radiation and its effect on the errors in the
model. Thertore, this chapter was undertaken to deteemthe mpact of depth of
penetration into low heterogeneous materials such a polymer films with uniform thickness
on the statistical errors observed in NIR calibration models. The scientific contribution of
this work is to develop an experiment that canha#pfu to understand the complex of
absorption and scattering of NIR radiation into solids mateusiisg low heterogeneous
polymers. This is the first study reported to estimlayemultivariate data analysithe
maximum depth of penetration of NiR&diation nto polymer film materials and to calculate

the minimum statistical error in the NIR calibration method avoiding the undesired effect of
the heterogeneity of particulate systeiiitss workpresents an eghsion of a previous article

to trainstudents in NR spectroscopywhich has been used in a number of trainings of new
students and industrial scientisfRomafnach, Hernandéorres, RomarOspino, Pastrana

Otero, & Semidertiz, 2014)based on the study of Dalehal(D. Dahm et al., 2000)

2.2. MATERIALS AND METHODS

2.2.1. Polypropylene polymers

SamsilP No. S43496 an-glare sheet protectors composed of heavy weight polypropylene

top load were used in this stuigure 11). Films of 21 cm length and 7 cm width were cut
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from these sheet protectors into smaller pieces sufficiently large to cover the integrating

sphere window of the NIR system.
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Figure 11. Samsill® No. S43496 neglare sheet protéars composed of heavy weight
polypropylene top load were used in this study

2.2.2. Layer thickness measurements of individual films

Fifty polypropylene films were numbered on the bottom cornerthadhickress of the
polymer films was measured usingdmital micrometer (Marathon,-@5mm, resolution:
0.001mm, accuracy: 0.002 mnThe left, center, and right sides of the films weesasured

with the digital micrometer as shownkigure 12to determine whether signiiat variations
existed from film to film. The thickness of dadndividual film used in this study was
obtained, and the thickness values of different combinations of film layers was determined.
The thickness of the polymer films stacked together was distermined taking into

consideration the variation of combination with different film layers. The purpose of this
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combination of film layer is to obtain the variation of different layers, becays&ctce is

not possible to use exactly the same filmelsyand the same position of the film polymer.
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Film thickness measurement

Figure 12. Thickness measurements in three different regions of the layer.

2.2.3. Acquisition of NIR spectra

NIR spectrawere acquiredising the integrating sphere module in a Bruker MRJ{ -
Purpose) FANIR Analyzer (Massachusetts, USA) equipped with a semiconductor room
temperature sulphide lead (FPbS) external detector that works from 12800 to 3600 cm
(780 to 2780 nm)The integating sphere is fixed within the spectrometer; untte fiber
optic probe which can bmoved.Single and stacked polymer films were placed over the
integrating sphere of the MPA. The macrosample set up was used providify zeéh
diameter of 15 mm. ANIR spectra were acquired over 12500 to 3500 ¢800 to 2857
nm) spectral range at a resolution of 8'¢with 64 scans for background and 64 scans for

the sample.
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The remitted radiation was acquired in reflection modkeerfirst experimental setpigure

13a). The term remittedadiationrefers to light that has been absorbed and then sends back
by the summation okxternalreflection (specularand diffusg, internal reflection and
backward scatteringddiation that leaves the sample in opposite direct®itha incident
beam)(D. Dahm et al., 2000; D. J. Dahm, 2013)he second experimental setdpgure

13b) was used to collect spectra iarisflection mode. This second setup included a metallic
plate on top of the film layers. The plate provides a reflective surface to forcadibgon

back through the films. The transflection speetsae the result of the radiation pagsat

least twce through the film¢D. Dahm & Dahm, 2014()D. Dahm et al., 2000Jhe metallic

plate and a metadl cylinderwere also helpful in pressing the polymer fiemérs to minimize

the effect of trapped air betweeretlayers.
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Figure 13. Experimental setup for the acquisition of films spectra. a) NIR acquisitiorsfikatra
using the integrating sphere macrosample setup. b) NIR aaoyuiditn spectra using the integrating
sphere macrosamte setup with the metallic plate on top of the films working as a reflective surface.
In the instrumental setup the metallic plated the metallic cylinder were used to minimize the air
between the fins.

2.2.4. NIR sampling depth into polymer layers

Powder t& obtained by commercial talc prodweas used to estimate the optical sampling
depth of the NIR radiation into the polymeréie effective sampling depth into polymer film
layers was estimated by piag powdertalc (hydrated magnesium silicate, b81O10(OH)2)
(Ferrage et al., 2003)n top of flms The amount of powder talc was enough to cover the
emerging lightof the intgrating sphere modul®&IR spectra were then abhed with the

integrating sphere as described above.

34



2.2.5. Development of Multivariate Calibration Models
Principal component analysis (PCA) and partial least squares (PLS) regression calibration
models were obtaed using the SIMCA software, version 14 (MKBnetrics AB Umea,

Sweden).

The quality of thenodels was determined in terms of the peguation (21), the standard
deviation, the root mean square error of prediction (RMS&Rjation (2), and the rekive

standard errors of predictid®SEP (%) equation (23), defined as:

0 QwiB —— (2-1)
wy n ey~ T B

YO "YOOU (2-2)
N Ny E B

YYO b pTIT (2-3)

wherenis the number of samples used in the test8&tandY™' the predicted and measured
reference values. The number of PLS factors wasechbg the minimum error (RMSER

RSEP (%)) and bias calculated.
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2.3.RESULTS AND DISCUSSION

2.3.1. NIR spectra of filmayers with and without metal plate

Figure 14 shows the NIR spectra of the films in the first experimesgtup. The boxed area
shows he vibrational combination bands of the stretching and deformation modes of methyl
and methylene groups of polypropylene in the 73600 cm' spectral region and ¢fsecond
overtonef the asymmetric stretching mode of mgtand methylene groups in tigd00
8200cmt region (Furukawa et al., 2003; Watari & Ozaki, 2004; Workman Jr., 2001)
Figure 14, the spectrunof one film shows a high Isaline and weak absorption band@his

high baseline is observé@causenost of the radiation is transmitted through the film away
from the detectorOnly a minor portion of the radiation is remitted (badattered to the
detector). As the number of figrincreases, the baselidecreasesand the intensity values

of absorption bands increase. Despite these spectral differences due the numbertbefilms
chemical heterogeneity remains equivalent from film layer to film layer. The correlation
coefficientof the NIR spectra of the filfayers has values that range from 0.954 to 0.999,
that all films are very similar. This experiment was first perforimeithe description of the
representativéayer theory(D. Dahm et al., 200Q)D. Dahm et al., 2002)The presenivork
presents an extension of a previous article to stidents in NIR spectroscoffomanach

et al., 2014pased on the study of Dahm ef{al Dahm etal., 2000) The baseline changes
and depth of penetration observed in NIR spectra which are extremely important to
understand NIR application®erntsson et al., 1999; Berntsson, [@ésson, & Blestad,
1998; Clarle, Hammond, Jee, & Moffat, 2002; lyer, Morris, & Drennen Ill, 2002; Johansson,
Sparén, Svensson, Folestad, & Claybourn, 2007; Mauritz, Morrisby, Hutton, Legge, &

Kaminski, 2010; Oelkrug, Brun, Rebner, Boldrini, & Kessler,2(Romafhactlet al., 2014;
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A SarchezPaternina et al., 2015; Shi & Anderson, 20IMe experiment is now used to

study the effect of scattering on the errors observed in PLS regression predictions.
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Figure 14. Spectral region fo acquisition without metal pléee and spectral region used in
chemometric models.

Figure 15 shows the spectra of the films for the second experimental setup (transflection
mode). In this case, the metallic platas placed at the top of thénfi layers. The baseline

is lower than in the previous spectra because the metallic plate reflectsigtiematirough

the polymer films. The radiation passed at least twice through the films, and there are three
important poperties of the interaction bght with the films: the absorption of the molecular
vibration modes of the molecules, the transmis#iimough the thickness of the film layers,

and the remission or radiation that reached the detector. In this expeliseni the

radiation passed dtast twice through the films, increasing the pathlength and therefore
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transmission and absorption by tmaterial. The metallic plate worked as a reflective surface

thatincreased the remission of the radiatilocak, Lucania, & Berets, 2009)
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Figure 15. Spectral region for acquisitiamith metal plateand spectral region used in chemometrics
models.

2.3.2. NIR spectra of indiidual film with metal plate ashPCA evaluation

Figure 16 (up) shows the NIR spectra of 30 individual films with the metallic plate.
As shown the figure, the spectra have minor differences of basatid this islue to physical
effects when tb polymer film is placg over the window of the integrating sphere in the FT
MPA. As shown byFigure 16 (bottom), a spectral pretreatment such as standard normal
variate (SNV), reducethe differences in baseline the spectra. As shown Ifygure 16
(up), a PCA evaluation of the NIR spectra without spectral pretreatment does not have a
distribution of the score@~igure 17, up), butthe PCA of the SNV spectrdigure 17,

bottom) shows a distribution around the center of the PC1 and PC2. This indicates that SNV
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spectra have similar pattern timaakes the scores to be equival&guation 2-4) shows the

SNV preprocessing given by:

“Yl,_') d) R (2_4)

wherewrepresents the absorbance of the sample at the specific wavenamdogepresents

the average ddll absorbances of the sample.
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Figure 16. NIR spectra of individual polypropylene films (up). Normalized spectra (SNV) of
individual films (bottom).

SNV response
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Figure 17. Top1 PCA scores plobbtainedwith NIR spectra of individual polypropylene filmg (
Bottom-PCA scores ploafter normalized spectra (SNV) of individual films (bottom).

2.3.3. Thickness of polypropylene filnayers

The thickness of the polymer films was measured in the left, centerjgint sides of the

individual films to evaluate if ther@asheterogeneity in film thickness which could affect

the resultsTable 3 shows that film thickness was very uniform from side to side, and from

film to film. This low heterogeneity is an advantage for this studyesheterogeneity is
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recognized as theajor source of sanimg errors(Kim H. Esbensen & Geladi, 2010; Kim

H. Esbensen & Paasdortensen, 2010; Petens et al., 2005)

Table 3. Average andstandard deviation for the thickness measurements on the diftérfty
films. Values are in mm.

n =50 Region 1 | Region 2 Region 3 | Average3 Regions
Average (mm) | 0.08563 | 0.08558 0.0856 0.08561
Std dev (mm) | 0.00220 | 0.00198 0.00167 | 0.00196

The thckness from one to thirty stacked polymer films in three different combinations of
layers was measured. These measurements were performed to evaluate whether air trapped
between the layers weaffecting the measured film thickness. The averagkrnéssof one

film was 0.086 mm and the average for thirty films was 2.520 mm. A linear regression
between the number of film layers and the thickrergsvsthat R is 0.9998 the slope is

0.084 andhe intercept is0.002 Figure 18). The average film thickness (0.086 mm), this

value is similar to the slope (0.084) obtained in the measurement from one to thirty film
layers. These results show that the diffeemnin film thickness between individual and
stacked films areary low, and the possible effect of air trapped between the layers has been

minimized.
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Figure 18. Thickness measurement vs number of films.

2.3.4. Depth of penetration dflIR radiation into polymer layers

The depth of penetration ofiR radiation in polymer film layers was determined first to learn

how it affects PLS regression models. The effective sampling depth of penetration was

estimated by placing ta{bydratednagresium silicate, MgSisO10(OH)2) on top of the films.

The amounbf powder talc was enough to cover the emerging light of the integrating sphere

module.The film layers were increased up to 50 films with a thicknegs2& mm Figure

19a shows that the second overtone efiQ@tetching of talc is observed at 10534 twhile

Figure 19 shows the first overtone overtones at 7186 and 7154(Zhang et al. 2006)

When more than thirtgix film layers were used (3.04m), the absorption band of the

second overtones of-8 stretching in tal¢hydrated magnesium silicate, B81O10(OH).)

werenot observed and the spectra did not vary significantly. Thusietbin ofpenetration
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of NIR radiation was estimated as 3.04 mtmckness of 36 film layers) through visual

inspection of the spectra.
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Figure 19. Film spectra with talpowderon top side. a) Second overtone 6HGtretching btalc
(hydrated magnesium silicate, b8O10o(OH),), andb) first overtones of OH stretching of talc.

A second assessment of the depth of penetration of the NIR radiation was performed in the
second overtone region (105600510 cm') using SNV specttgpreprocessing and PCA in

this regionFigure 20shows the NIR spectra of the second overtone regiorHbE@etching

band of talc on top of 28 to 50 layers (2.36 to 4.22 mm) Fagure 20 shows an expanded

view. Figure 21 and Figure 22 shows the PCA on the second overtone region -of O
stretching of talc using SNV as spectral preprocgsisirthe region of 10560 10510 cmt.

Figure 21 shows the PCA score plot for spectra of one to 36 film layers (0.08 to 3.04 mm).
The score plot is enlarged kiigure 22 shows the distribution from twentfpour to thirty-six

film layers(2.02 to 3.04 mm). Ifrigure 22, the scores vary linearly along the first principal
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component from 24 to 35 films. When more than thirtg film layers (2.95 mm) are used,
this linear trend is no longer observasl shown inFigure 22. In summary, the depth of
penetration of NIR radiation in the second overtone region of talc (10534vems estimated
throughPCA as 2.95 mm into polymer film layers which is similar to tésult by visual

inspection (3.04 mm) described in the previous paragraph.
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1 4 i 30 films
32 films |
o 1 34 films
S 0 b S R
=N
3 1 0.5 .
=7 1 Increasing
> -1 - -0.7 - layers /
C% 1 Sl \
2 -1.1 -+
1 -1.3 . - . . —
3 10560 10540 10520 10500
11500 11200 10900 10600 10300

Wavenumber (cm)

Figure 20. Evaluation of the depth of penetration of radiation based on the intengity sécond
overtone of GH stretching of tal¢hydratednagnesim silicate MgsSisO1o(OH)2). Film spectra with
talc powderon the top sideon the spectralegion of 11500 10300 crt. Box zone is the@m in
the second overtone of-B stretching of talc.

44



PC2: 4.1% X-exp. Var.

-20 -15 -10 -5 0 S 10 15 20
PC1: 95.8% X-explained variance

Figure 21. PCA performed using SNVnothe spectral region 105d@510 crAl. Box zone is the
zoom of PCA from twentyour to fifty film layers.
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Figure 22. Zoom ofthe PCA from twentyfour to fifty film layers performed using SNV dhe
spectral regio1056610510cnT?,

The first overtones of @ stretching of tal¢hydrated magnesium silicate, B8uO10(OH)2)
are shown irFigure 1% at 7186 and 7154 ch(S. Petit, Decarreau, Manti& Buchet, 2004;

Sabine Petit, Martin, Wiewiora, De Parseval, & Decarreau, 20i0dng et al., 2006y his
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region contains bands with moderate intensity (significantly stronger than loaatkdl in
the second overtone region), which facilitated thislpta a spectral region widely used in
NIR calibration model¢Norris, 1989) PCA was performed to estimate the depth of
penetration of NIR radiation in thgolypropylene films in this regiorrigure 23 shows the
NIR spectra of talc placed on top of 16 to 50 film layers (1.35 to 4.22 mm) in the region of
9000 to 6500 crhusing SNV as preprocessirfggure 24 shows the first overtone of ti@

H stretching bands of talc from 7270 to 7110 crRigure 25 and Figure 26 show the
evaluation of the PCAn the first overtone region of-B stretching of talc using SNas
spectral preprocessing on the region of 7270 to 7108 Eigure 25 shows the distribution
of the score plots from one to thiggven film layes (0.085 to 3.12 mm). The box contains
the score plot distribign from twentyfive to thirty-sevenfilm layers (2.11 to 3.12 mm) at
Figure 26. In summary, the depth of penetration of NIR radiation in the firsttomes region

of talc (7186 and 7154 cthwas estimated as 2Inm into polymer film layers.
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Figure 23. Evaluation of the depth of penetration of radiation on the first overtone-bi@etching
of talc(hydrated magnesiumlisiate, MgSisO10(OH).). Film spectra with talpowderonthetop side
on the spectral regid®000i 6500 cmt. Zoom inthe first overtones of @1 stretching of talc powder.
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Figure 24. Evaluation of the depth of penetration adliation on the first overtosef O-H stretching

of talc (hydrated magnesium silicate, MgisO10(OH)2). Zoom inthe first overtone of € stretching

of talc.
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FigtlJre 26. Zoom ofthe PCA from twentyfour to fifty film layerson the spectral region 7270100

cn,

The analysis performed shows an estimate of sampling depth of 2.95 mm for polypropylene
films near 10534m, and 3.12 mm around 7186 and 7154'cithis result is in agreeent

with previous studies that show epdh of penetration from 1.9 and 2.7 mm at 1210 nm (8264
cml) and 1186 nm (8432 cH respectively in diffuse reflectance measurements of
tablets(lyer et al., 2002)n transmission measurements the depth of penetration reported is
from 3.4 to 4.9 mm at 11D nm (8264 cm) and 1186 nm (8432 ch respectivelylyer et

al., 2002)In pharmaceutical powders samptae depth of penetration of NIR radiation at
1123 nm 8907 cnm?) is 2.4 mm in samples with 10% of active pharmaceutical ingredient in

diffuse reflection modéBellamy, Nordon, & Littlejohn, 2008)
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2.3.5. Prediction of numhbreof films

The development of the NIR calibration model for the prediction of number of film
layers was based on the results of the penetration of radiation in the polymeFigors.
27 shows the calibration digm (C.D.) used in this studyhe first set of PLS models were
based on the sampling depth of penetration below the infinite depth. Thirty film layers were
used to develop these modelsthithe exclusin of every fifth film as shown ifigure 27a.
In this case the radiation does not reach infitépth,and thisguaranteethat all the samples
are amlysed by NIR radiation. \Een though there aredJilms (below infinite depth) this
represents a case with mulémpathlengthgOelkrug et al., 20125ome @ the radiation is
being scattered through 15 films, other by 2éhd$i, etc.A second calibration model was
developed with 50 film layers as shownRigure 27b. Table 4 shows the results of PLS
models with and without the metallic platethe 9000 6500 cm' region. The results show
the lowest error values using first derivative with 25 points as spectral preprocessing. The
bias for all calibration models is lo@ondi, Igne, Drennen, & Anderson, 201&)d the
confidence intervals of the bias includes zero intla¢ calibration models developed
regardless of the spectral prepessing used. This g@lt highlights that sampling is
unbiasedKim H. Esbensen, Paoletti, & Minkkinen, 2018hd there is an absence of
systematic error by the NIR method. Thus, the RMSERRSHP (%) summarize the random
error in the measurements, and valaee low after all sgxtral preprocessing, even though
SNV models have higher error values. In this experiment, the first derivative calibration
model shows lower RMSEP and RSEP (%) valUé&® accuracy of the results is somewhat

lower using the metalliplate than models witut the metallic platdhowever, all calibration
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models developed with the metallic plate include zero within the 95% confidence interval of

the bias. These resultsasbtained in two optical designs both with multiple pathlengths.
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Figure 27. Calibration designs used in the studyDagign using a total number of thirty film layers,
excluding each fifth layengp until twentyfive film layers andb) design using a total number of fifty
film layers, exclding eachfifth layers up until forty-five film layers. Number of films used for
calibration set (left) and validation set (right).
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Table 4. RMSEP, RSEP (%}ias for the PLS models performed with and without metallic plate o
top for models using thirty film layers dahe spectral regio80007 6500 cm'. * units: number of
films layers.

SPECTRAL WITHOUT METAL PLATE WITH METAL PLAT E

n=30 n=30
PREPROCESSING | 01> (RMSE)P* RSEP (%) | Bias (RMSE)P* RSEP (%) | Bias
No pretreatmet - 0.40 2.42 -0.03 1.00 6.01 0.37
SNV - 1.02 6.15 |-0.05| 0.68 411 | 014
SavitzkyGolay 9 0.40 242 |-0.03| 099 599 | 0.37
SavitzkyGolay 15 0.40 2.41 -0.03 1.00 6.00 0.37
15 Derivative 15 0.30 179 | 0.04| 027 160 | 0.11
15 Derivative 25 0.29 177 | 0.8 | 027 1.65 | 0.10
gmtik)l@?gé%;ive 15 0.91 551 |-0.03| 0.44 264 | 0.14
SNV + P Derivative | 15 0.93 349 |-001| 061 370 | 0.15
27 Derivative 15 0.58 349 | 0.00| 039 2% | 017
27 Derivative 25 0.37 221 |-001| 032 190 | 0.14
SNV + 29
S erivative 15 1.69 1019 | 024 | 1.10 6.61 | 0.17
Row Center - 0.32 192 | 0.00| 055 334 | 007
MSC - 0.55 330 |-0.03| 0.70 421 | 011
Sgﬁéﬁﬁer +1 15 0.30 179 | 0.04| 027 160 | 0.11
MSC + F'Derivative| 15 1.08 654 | 0.14| 1.08 6.52 | 0.38

Table 5 shows the predictions obtained in PLS models using 50 films ispthetral region

of 9000- 6500 cm* without the metallic plate removing everytfiffilm layer (as shown in

Figure 13b)Table 5 shows that the best prediction resudts for the model without spectral
preprocessingRSEP (%) = 5.38 and bias = 0.21. This low result was surprising because most
NIR calibration models include spectral preprocessing. In this empetithe changes
observed in the baseline of the spectra are related to the number of films, thus making the
prediction possible without preprocessing. The calibration models are beiabppkd
according to physical changes (varying the number of polfimelayers) and an increasing

pathlength for the radiation in the layers. The results show that speepeb@essing should
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be performed based on an understanding of the physics emilstty of the materigBeebe

et al., 1998; Pell, &sholtz, Beebe, & Koch, 2014)

The right side ofrable 5 shows the results of models performed fromtortairty film layers

as calibration set and with a prediction set that varied from{béyto fifty film layers. The
authors recognize that the larger number of films in the valia@ should increasbe

error. However, this is a simulation o$iguation that frequently occurs in NIR spectroscopic
calibration models due to sample heterogeneity. Calibration models are built obtaining
spectra of the sample that is illuminated by iR radiation. Howeer, a larger sample size
could be analyzed wita reference method (e.g. HPLC) and the material outside of the area
interrogated by the NIR radiation could be different. In this case the RMSEP and RSEP (%)
values are higher and thab has a confidendeterval that does not include zero, indicating

a systematic error that is also a sampling error. These comparison models show the
importance of the depth of penetration of near infrared radiation. If the sample has a high
heterogeneyt, sampling errors Wi occur(Kim H. Esbensen & Geladi, 2010; Kim H.

Esbensen & PaasdWiortensen, 2010; K. H. Esbensen et al., 2016; Petersen et al., 2005)
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Table 5. RMSEP, RSEP (%)and bias for the PLS models performed without metallic plate for
models using fifty film layers othespectral regio®000i 6500 cmt. * units: number of films layers.

VALIDATION SET VALIDATION SE T
SPECTRAL POINTS | (5,10, 15¢ , 45 FILMS) (317 50 FILMS)
PREPROCESSING RMSEP’ | RSEP (%) | Bias | RMSEP' | RSEP (%) | Bias
No preprocessing i 151 538 | 021| 724 | 17.70 | -6.21
SNV - 303 | 1077 | 015| 9.09 | 2221 | 817
15t Derivative 15 227 807 | 0.43| 866 | 2117 | -7.54
15t Derivative 25 2.18 7.73 0.10 8.52 20.82 -7.40
[S)N\./ + 15 392 | 1394 | 043| 1054 | 2577 | -9.59
erivative
2"d Derivative 15 2.42 859 | 013| 897 | 21.94 | -7.84
2d Derivative 25 2.41 857 | 063| 892 | 2180 | -7.77
SNV + 20 15 420 | 1493 | 033| 1110 | 27.12 | -10.10
erivative

The effect of selection of sptral region was also studietaple 6). This evaluation was
performed because the depth of penetration of NIR radiation depends on the wavelength of
radiation and the heterogeneity of the material, thereforesthigstical errag in NIR
calibration models will also depend on tiepf penetratiorfBerntsson et al., 1998)able 6

shows the RSEP (%) values of PLS models performed in seven spectral regions with different
spectral preprocessing without metallic plate using thirty filmriyEhe first region (9060

6500 cm') comprises the combination bands and second overtones aisgmmetric
stretching modes of methyl and methylene groups of polypropylene, wheredtraldpnds

have moderate intensity. The second region (98BI cm?) includes the first overtones of
methyl and methylene groups of polypropylene, which havh higsorbance. The third
region (115004500 cm') comprises almost the entire spectrum exdeptthe strongest
bands observed below 4500 ¢melated to GH combination bands, and above 11500°tm

The fourth region (6508500 cm') comprises the first ovnes of the asymmetric and
symmetric stretching modes of methyl and methylene groupsigbnopylene. The fifth

region (115086500 cm') comprises the secoralertones and combinatidrands, and it
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includes the third overtone which has low intensityueal The sixth region (115A®300
cml) comprises the third overtone region, and the séveegion (1250500 cmt)
comprises the entire spectral region acgfiby the NIR method. The PLS models in the
spectral regions evaluated in this study showfirsttderivative has the lower error values
(in terms of RSEP (%)). The lower errors webserved in models that includes the first,
second and combination tids of methyl and methylene groups of polypropylene and
excludes the limits of the detector witigh spectral noise (S.R.1: 966600 cm', S.R.2:

90004500 cm!, S.R.3: 1150@4500 cm').

Table 6. RSEP(%)/bias values for the PLSdets performed without metallic plate using thirty film
layers on the spectral regi¢8.R.): S.R.1: 90066500 cm!, S.R.2: 9001500 cmt, S.R.3: 11500
4500 cmt, S.R.4: 65084500 cm!, SR.5: 115006500 cm!, S.R.6: 115040300 cnt, andS.R.7:
125003600 cm. NP: no spectral preprocessing, SNV: Standard Normal Varfatést derivdive
(25 points), SNVIS: SNV + first derivative (25 points)"2 second derivative (25 pointsipdSNV-
2 SNV + second derivative (25 points).

SPEC.

DRED. SRR.1 S.R2 S.R.3 S.R.4 S.R.5 SR6 | SR.7
NP 2.42/0.03 | 4.14/0.04 | 4.16/0.03 | 4.88/0.09 | 2.38/0.02 | 2.82/0.00| 5.79/0.18
SNV 6.15/0.05 | 3.76£0.08 | 5.42/0.04 | 3.23/0.08 | 10.73/0.20 | 4.67/0.12| 4.10/0.01
18t 1.77/0.03 | 1.94/0.07 | 2.01/0.05 | 2.20/0.08 | 2.52/0.02 | 3.24/0.12| 4.68/0.08
SNV-1st | 2.21/0.01 | 2.49/0.04 | 2.73/0.02 | 2.87/0.03 | 3.17/0.01 | 5.27/0.17 | 5.86/0.17
ond 3.49/0.01 | 3.61/0.11 | 4.66/0.06 | 3.83/0.04 | 7.57/0.00 | 6.83/0.00| 6.34/0.03
SNv-2nd | 10.19/024 | 4.92£0.05 | 7.69/0.04 | 4.92/0.07 | 9.72/0.10 | 9.22/0.49| 9.01/0.10

The lowest error value obtained in this study is for the model using first derivative with 25
points onthe 90007 6500 cm' spectralregion.Figure 28 shows the loading line plot (up)

and the spectra using fidérivative (bottom). The model using the metallic plate has similar
error values than model without the metallic plate, but bias is somewhat higher. An
evaluation of loading weights in tmeodelwithout the metallic plate shows the first loading

w*c with R>X=0.996 and a correlation with the first derivative spectra of 0.9993.
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Figure 28. Loadingweight linesand first derivative spectrap) Loading line plot w*@erformed on
the spectral regioB000-6500 cmt using1stderivative(25 points)as preprocessingndbottom)film
spectra orthe spectral regioB000- 6500 cmt using1s derivative (25 pointsjis preprocessing.
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2.3.6. Evaluation ofmodels varying theumber of samples iG.S.

Eight different calibration sets were evaluhtarying the number of polymer film layers in

the calibration and validation sets as showiiable 7. The top part offable 7 provides a
summary of the calibration modeleveloped and thbottom part the details of the spectra
used in the calibration model and the validation set. The first calibration set includes 26
calibration spectra and predictgeey 6" film layer (n =4) as outlined in Table 6. The second
calibration set includes 2balibration spectra and leaves out every fifth film for a total of 5
validation samples. The impact of a lower number of samples in the calibration set was
evaluatedn models that contains the samples separated each three (No. @)dot), @nd

five film layers (No. 8).

Table 7 (up) shows the results of the PLS models obtained by the different calibration sets
with the D007 6500 cm' using different spectral preprocessing. The table shbatsthe

lower RSEP(%) Viaes are obtained using first derivative with 25 points (preprocessing
number 3) in all the calibration sets. The calibration performed using every fifthajibrs

as validation set (C.S. No. 2) presents the lowest RSEP(%) vailuesost all the modsl

the bias isnegligible, and the confidence interval of the bias includes zero, except in
calibration set 6, 7 and 8, and which contain the lowest numbanyggles in the calibration

set. The bias is significant when the numblecaibration samples iess than elven. This
result highlights théack of systematic error by the NIR method, as long as the number of
samples in the calibration set is represeveadf all the variation to be modelled by a PLS

regression.
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Table 7. RSEP(%) and bias values obtained by the different calibration setéZafiated for the PLS models performed without metallic plate on
top for models using ttal of thirty film layers in the spectral region of 9006500 cmt. 1: no spectral preprocessing, 2: SNV, 3: first derivative
(25 points), 4: SNV + first derivative (25 points), 5: second derivative (25 poamd): SNV + second derivative (25 ptéh rnca: number of

samples for calibration setydn number ofsample for validation set. *: the confidence interval does not include zero.

SPEC Nca—26 N/a=4 Nca=25 nva=5 Nca=23 Nya=7 Nca=21 n/a=9 Nca=16 na=14 Nca=11 nva=19 | Nca=9 nva=21 Nca=7 Nva=23
' RSEP . RSEP . RSEP . RSEP . RSEP . RSEP .« | RSEP .+ | RSEP o
PREP.
(%) Bias (%) Bias (%) Bias (%) Bias (%) Bias (%) Bias (%) Bias (%) Bias
NP 3.31 0.02 2.42 -0.03 | 2.54 0.03 3.13 0.05 2.77 -0.02 2.86 0.13 3.20 0.15 3.38 0.24
SNV 4.90 0.25 6.15 -0.05| 562 -0.08 531 0.07 5.69 0.14 6.63 0.28 9.01 0.56 9.62 0.72
18t 2.75 0.08 1.77 0.03 1.96 0.02 2.41 0.10 2.12 0.00 2.27 0.07 2.48 0.15 2.83 0.19
SNV-1st 3.44 -0.08 2.21 -0.01| 2.65 0.00 4.24 0.11 2.92 -0.08 3.67 0.12 4.01 0.17 4.60 0.32
2nd 4.41 0.19 3.49 -0.01| 5.27 -0.15 4.64 0.14 5.30 0.05 5.76 0.12 7.22 0.36 8.73 0.24
SNy-2nd 6.63 0.77 10.19 0.24 8.87 -0.07 9.38 0.18 9.12 0.31 11.11 0.19 13.13 0.34 | 13.20 0.20
C.S.No.1 C.S. No. 2 C.S.No. 3 C.S.No. 4 C.S.No.5 C.S.Na 6 C.S.No.7 C.S. No. 8
1,2,3,4,5,7,8 1,2 3,4,6,71,2,3,56,7, 1,2, 4,5 7,8/ 1,3,5,7,9 11| 1, 3, 6, 9, 12| 1, 4, 8, 12, 16| 1, 5, 10 15, 20,
< 9,10, 11, 13, 14| 8,9, 11, 12, 13| 9, 10, 11, 13| 10, 11, 13,14, | 13, 15, 17, 19| 15, 18, 21 24, | 20, 24, 28, 30 | 25, 30
25 15, 16, 17, 19,/ 14, 16, 17, 18| 14, 15, ¥, 18,| 16, 17, 19, 20| 21, 23, 25, 27| 27, 30
__§ —g 120, 21, 22, 23| 19, 21, 22, 23] 19, 21, 22, 23| 22, 23, 25, 26| 29, 30
®© S % 25, 26, 27, 28| 24, 26, 27,28, | 25, 26, 27, 29| 28, 29, 30
OZ 2 |29 30 29, 30 30
6,12, 18, 24 5,10,15,P,25| 4,8,12, 16, 20| 3, 6, 9, 12, 15| 2,4,6,8,10,12 2,4,5,7,810,| 2, 3,5,6,7,9/2,3,4,6,7,8
c5 24, 28 18, 21, 24, 28 14, 16, 18, 20| 11, 13, 14, 16 10, 11, 13, 14) 9, 11, 12, 13,
.g 5 22,24, 26, 28 17, 19, 20, 22, 15, 17, 18, 19| 14, 16, 17, 18
-‘g —g 2 23, 25, 26, 28| 21, 22, 23, 25| 19, 21, 22, 23
52 29 26, 27 29 24, 26, 27, 28
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2.3.7. Evaluation ofmodels at the three different regiongtufilms

PLS calibration modela/ere performed for the left, middle, and center regions of the films and
conmpared to evaluate whether a significant difference exists between the three reghendof
layers.Table 8 presents the RMSE®luesfor the models performed with and without metallic
plate, the results showassimilarpattern using three PLS factors, at different spectral pretreatments
in the 90006500 cm' spectral region. A correlation between the different PLS results from one to
five PLS factors, show values above the 0.991, wHehonstratehat the reslis in thethree
regions are similarly equivalent. An ANOVA single factor of these data (from one to five PLS
factors) shows that F8.1541 with k= 2.2939 (pvalue=0.9784), imlicating that the results of

pretreatments on the three regions of the fyers arestatistically equivalent.

This evaluation demonstrate an uncomplicated method to analyze the aeslitss suitable for
low-heterogeneous materials, where differsrmbge to sampling process have a low impact on the
results, as long asstrumental setup allows a correct sampling procedéitbe polymer films
presented nomniformities in all the regions of the material, the results of ANOWAre

statistically inegivalent.
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Table 8. RMSEP values fahe PLS mdels performed with and without metallic plate on top for models
using thirty film layers at three different regions of the film layers.

RMSEP WITH METAL RMSEP WITHOUT
SPECTRAL PLS PLATE METAL PLATE
PREPROCESSING | FACTORS | Region | Region | Region | Region | Region | Region
1 2 3 1 2 3

3.88 3.83 4.04 5.85 5.84 5.81
3.77 3.80 3.92 1.79 1.74 1.89
1.84 1.76 1.80 1.05 0.81 0.93
1.12 1.03 1.10 0.70 0.54 0.71
0.60 0.78 1.21 0.80 0.55 0.65
5.48 5.51 5.57 7.88 7.52 7.64
3.15 3.15 3.25 2.91 2.96 2.78
2.09 1.94 1.99 1.81 1.27 1.48
0.77 1.16 1.26 1.17 0.98 1.17
0.36 0.77 0.66 1.08 0.95 1.11
4.25 4.27 4.35 2.25 2.27 2.37
193 1.83 1.90 1.34 1.22 1.23
1.32 1.20 0.91 0.95 0.79 0.96
0.49 0.48 0.76 0.59 0.57 0.63
0.40 0.37 0.57 0.60 0.50 0.52
3.66 3.67 3.71 2.38 2.36 2.39
2.27 2.21 2.24 2.07 2.02 2.05
1.79 1.74 1.82 1.07 0.87 1.06
0.89 0.73 0.95 0.86 0.74 0.82
0.81 0.64 0.98 0.75 0.68 0.67

No Pretreatment

SNV

1st derivative

2nd derivative

QR IWINPORARWINIFPIORWINIFPORMWIN(E

2.3.8. Comparing the nubyer of film andthickness values as Y value

To evaluate the effect olinga parameter such as numbefilois layersor a physical parameter

such as thickness on the PLSilwation, two sets of models were performed. The first set was
done using the pveous data of number of films and the second set was using the thickness values
obtained beforeTable 9 shows the results of the moparison for the results of PLS calibration
using the number of films and the thness measurements. As shows the results, the models a
quite similar between number of film and thickness measurements. An ANOVA single factor of

these data (from one tosé PLS factors) shows that F=0.2889 with#2.725 (pvalue=0.8333),

59



indicating that the results of pretreatments using the thickmessY value, that is a physical
parameter, or using the number of film layers are statistically equivalent. Thisrigynuéan be
confirmed with the results obtained between the relationship witknéeés measurement average

and the number of films (T&b?2).

Table 9. RSEP (%) values for the PLS models performed with and without metallioplete for models
using thirty film layers at three different regions of the filmdiesyusing Yvalue the thickness and the
number offilm layers.

DATA bLS RSEP (%) METAL RSEP (%) NO METAL
PRETREATMENT | FACTORS | THICKNESS | 2MPRR | Thickness | S2VPER
No Pretreatment 3 9.82 9.44 5.59 5.24
SNV 3 10.75 10.70 10.75 10.70
1st deivative 3 7.22 6.95 5.00 4.67
2ndderivative 3 8.46 9.09 5.43 5.15

2.3.9. Evaluation ofmodels on two different seasons of the year

The PLS calibration models weused for prediction at two different seasons of the year. The
acquisition of the NIR spectraifthe first modelsvasin April 2015, and the second set of spectra
wasacquired on October 2015. The main difference betweese theasonwasthe humidity in

the environment. For this reason, the impact of the humidity in the laboratory on the PLS
calibrationwas evaluateth this special case, using materials with a low grade of heterogeneity,

high stability and low degradatiawith respect tdime.

Table 10shows the summarized results for the first experimgat®rmed on April 2015 and the
second experiments performed ont@er 2015. The PLS models of the first experiments have
lower RMSEP values than the valuesha second experimer8o,what can be the source of error

that leads to this differenc@Pere are two principal sources@ifrorthat answer this question. The
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first one is the lamp source of NIR radiatidine effect of lamp aging is a subject of studIR
calibration modelsThe second one is the humidity in the laboratory. This is anathgscs of

study with a strong intes¢ in the pharmaceutical industry and academic laboratories because the
humidity affects the stability of the materials andses degradation with time. To evaluate these
two sources of error, the background single dehrspectra of different sets of NidRtawas
analyzed If intensity of lamp is decreased for aging the maximum value of the single channel will
be decreased, anfithe humidity affects the NIR spectra, the background single channel will

present informatin of OH regions in the spectra.

Table 10. RMSEP values at two different seasons of the year using the metallic plate.

DATA PLS FIRST SECOND
PRETREATMENT | FACTORS | EXPERIMENT | EXPERIMENT
No Pretreatment 3 1.00 1.39
SNV 3 0.68 1.77
1st derivative 3 0.26 1.33
2ndderivative 3 0.39 1.50

Figure 29 shows the evaluation of the background single chaofrtbk first experiment acquired
on April 2015 and the second experiment acquired on Oc28d&r. The red single channel spectra
correspndto the background acquired on April, and the blue single channel spewgt&aponds

to the background acquired Qctober. In both cases, due to the methodology lgedmparing
three different regions, agh amount of NIR spectral dateas necessgr This caused that were
used at least two days with two different background single channel to complete the &eirof da
each evaluation. For this reason, two background samgleneldor each set of data the seasons
were analyzedThe issue in tlsipoint is that the difference in background from the month of April
is lower compared to the difference in backgrodram the month of October. Taking in

consideration that the absorbance is a logarithmic iimdthese difference in background single
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channels in the same month cause bigger differences in the NIR spectra of the film polymers

acquired on different days.
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Figure 29. Single channel spectra of the background acquiredoadliifferent seasons of the year.

2.4. CONCLUSIONS OF CHAPTER 2

This studyprovides an uncomplicated methdzhsed on the test of representative layer thaory
have a better understanding of absorption and scattering effects of NIR radiation into solid
materals using low heterogeneous potgpylene norglare films. The optical samplingf the

NIR radiationinto the polymer films was determined and it was estimad#ximum sampling

depth that capenetrateshe samples withowtloss ofinformation.

PLS cédibration models were developed based on the results of the depth of penetration of NIR

radiation into the samples and it was evaluated the effect of use mqresdhat beyond the

62



optical sampling. The results shown that NIR method is unbiagedgss the number of samples

arewithin the depth of penetration of the NIR radiation.

This study also provides an economic and efficient method to test the reliabiihe NIR
instrument through thifecycle of the lamp source and instrument patt$s kuggested to use

polymer film standards to follow the quality guidance of the industry laboratories.

PLS models predicted the number of polypropylene films with raccuracy for calibration
models built with up to 30 films. The PLS calibration modeése developed with a system of
low heterogeneity but with significant light scatteringie though there are 30 films (below
infinite depth)i this represents a casath multiple pathlengths. The radiation could be remitted
to the detector after pasgithraugh only film, through 15, or through the 30 films. The radiation
travels multiple pathlengths through the films, and the path travelled by the radiationniswat k
In spite of these uncertainties, a systematic error is not observed with thaticadilmodels

developed with 30 films, and the six different preprocessing methods.

As long as the number of samples in the calibration set is representative ofidltiervéo be
modelled by a PLS regression, the sampling by the NIR method was uni8asgung errors

were obtained when the number of films used was greater than the depth of penetration of the NIR
radiation. The results show the NIR spectroscopy lis tabprovide results with high accuracy as

long as the sampling error is reduced. Témgling error was reduced by using a system with low
heterogeneity in this study since as TOS indicates, heterogeneitynajtivsource of all sampling

errors.
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CHAPTER 3: STUuDY OF NIR CHEMOMETRIC MODELS WITH LOW
HETEROGENEITY FIL MS PART Il HETEROGENEITY. THE ROLE OF SAMPLING
AND SPECTRAL PREPROCESSING ON PLS ERRORS

To be submittedto: Journal of Near Infrared Spectroscopy

Carlos Orteg&Zuiiiga Ricardo NavarréDent, and Rodolfo J. Romaitac

Thischapter is not an exact copy of thegper to be submitted. It contains original information.

3.1.INTRODUCTION

Near infrared (NIR) spectroscopy is widely used for -destructive analysis in the
agricutural, food, petrochemical amtharmaceutical industry and in process analytical technology
(PAT) (Roggo et al., 2007; USDA, 2004) The understanding of NIR spectroscopy has grown
as a result of thousands of studies, publicatiand, multiple book¢D. Dahm & Dahm, 2014; D.

Dahm et al 2000, 2002; D. J. Dahm & Dahm, 2001; Norris, 1989; Romafiach, ROsg@Eino, &

Alcala, 2016;Williams & Norris, 1987; Workman & Weyer, 2012Dne recent puldation
presented a procedure for the development and validation of NIR methods for pharmaceutica
material§fRomanach et gl2016) In spite of the progress made, there is still a need to understand
the errors observed in NIR methods that can arise due to a number of souradde®striquares

(PLS) regression methods require spectral variation that need to be enoegbntapive of the
property to model, and the presence of interferences with strong overlapping or spectral noise may
result in biased prediction{&sowen, Downey, Esquerre, & O'Donnell, 2011; Kalivas & Palmer,

2014)

There areerrors rehited to the NIR optical sampling of the mater{@stegaZufiga, Reyes

Maldonado, Méndez, & Romanach, 201¥he NIR radiation that reaches the detector in diffuse

64



reflectance measurements is remitted from the top-»fmim of tke powder surfac€K. H.

Esbensen etal., 2016) A Aimi smatch error 6 mamgentsotheatop when

1-2 mm of the surface, but theference method analywing a 20 mm thick sample withdifferent
composition (Romafach, 2017)This systematic sampling error is likely one of the most
significant sources of error in NIR spectroscgMark, 1991) There are lao a number of other
sampling errors that have been characterized within the field known as the dh&aypling
(TOS) (K. Esbensen & Julius, 2009; Kim H. Esbensen & Pad&dctiensen, 2010; Kim H.
Esbensen et al2012; K. H. Esbensen et al., 2016; Kim H Esbens&lagner, 2014)TOS also
explains that the material analysed by the NIR radiation, may noplesemntative of the full lot
to be characterized. A sampling error, known as the fundamental samptingwdfoccur due to
the heterogeneity of the material analysed. This is aavoidable sampling error, but there are
also a number of incorrect salmg errors which may occur. According to Theory of Sampling
(TOS), sampling errors, which are caused rbgterial heterogeneity and sampling process
deficiencies are one or two orders of magnitude higher than analytical (&irarkl. Esbensen &
PaasckMortensen, 2010Romafach, 2017)herefore, data quality dependsakily on sampling

methodgKim H. Esbensen & PaasdWiortensen, 2010; Roggo et al., 2007)

NIR radiation mg interact with a particle one or more than times as shown inguev
studies(Abrahamsson et al., 2005; Johansson et al., 200R) radiation &0 penetrates more at
high frequencies where less absorption octhas at lower frequenciéBellamy et al., 2008; lyer
et al., 2@2; OrtegaZuiiiga et al., 2017)NIR spectroscopy could be visualized as occurring in a
multiple path length cell since the depth penetration vaes according to the frequency of
radiation and light scattering. Thus, NIR spectroscopy does not follewBé s(D.IDahm&

Dahm, 2014) The depth of penetration of NIR radiation can be estimated but the exact mass of
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material that interacts with NIRadiation is not knen (Colén et al., 2014; Adriluz Sanchez
Paternina et al., 2016J his complex interaction between light and particles (physics of diffuse

reflectance) can also be considered a source of error in NIR spectroscopy.

A previous study evaluated the effect of light scattering on the determination of the number
of polypropylene polymer films stacked togeth{@rtegaZuiiga et al., 2017)The polymer films
provided a system iwh a reduced heterogeneity to determine the error associated with light
scattering. Experiments with similar polymer films were used to develop firedeatative Layer
Theory (RLT)(D. Dahm & Dahm, 2014; D. Dahm &k, 2000, 2002; D. Dahm & Dahm, 2001)

Even though these films have very low heterogeneity in comparison to agricultural products and
pharmacetital powder mixtures, similar sampling errors are observed in these methods due to the
physics of diffusaeflectance. Diffuse reflectance spectra of gewmixtures are based on the
interaction of the radiation with the topi12 mm of the materia{Col6n et al., 2014; Adriluz
SanchezPaternina et al2016) but theanalysis of this top portion is frequently compared with
that of a larger (thicker) sample. Thus, the experiment conducted with the film layers was
considered a simulation of the analyses conducted with powder samples but with a reduction in

sampe heterogneity.

In this study, NIR calibration models were developed using two polymers materials
(polypropylene and polyethylene)ith similar thicknesgfor the polyethylene film was 0.083 £
0.002 mm, and the polypropylene film was 0.086 + 0.002 tonunderstad the absorption and
scattering effects on the errors observed by partial least squares when two materials are added to
the sampleThe polymers useit this experiment constitute a system with reduced heterogeneity,
where the two films haveimilar thickness (polypropylene and polyethylena)d this represents

a system with multiple pathlengti®ekrug et al., P12). Calibration models were based on the
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polyethylenepercentcontent in the mix ofilms to evaluate the linearity of NIR predictionsll A
spectral measurements were performed with a number of films below the infinite depth of
penetration to avoid thisampling error and guaranteeing that all the samples avaigzedoy

the NIR radiatio (OrtegaZufiga ¢ al., 2017) Additionally, calibration models were tested with

the NIR spectra acqud in a second instrument to test the reproducibititthe modelsThis

study therefore facilitated the study of more complex sample composition and the effe€1s that:
materials with NIR spectra similarities for example excipients in pharmaceuticall&gions, (2)
evaluation of NIR calibration on as@nd instrument to test the reproducibility of the model, and
(3) selection of spectral range and preprocessingitiogn a NIR calibration model that works

on two FFNIR spectrometers in two differelaboratories.

3.2. MATERIAL AND METHODS

3.2.1. Polymer films

Non-glare sheet protectoBamsilf (Lot. No. S43496Samsill Corporation, 5740 Hartman
Rd., Fort Worth, TX 7611%omposed of heavy weight polypropylene top load were used in this
study.Films were cut into rectangles sufficiently large to cover the integraphere window of
the NIR system. Full Weight Plastic Sheet, 4&@olyethylene Sheeting;Mil, Clear, Poly
Cova® (Warp Bros manufacturer, 4647 W. Augusta Blvd. Chicago, IL 60651) were also cut into
rectangles large enough to cover the integratingergptwindow of the NIR systenmlhe
approximate thickness was measured by triplicate to determinate an averalgepblyethylene

film was 0.083 £ 0.002 mm, and the polypropylene film was 0.086 + 0.002 mm
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3.2.2. Layerthicknesaneasurements

A digital micrometre (0-25mm, resolution: 0.001lmm, and accuracy: 0.002 mm,
manufactured by Marathon Management Company; Catalog N@b023A; Fisher Scientific
Company L.L.C.; 300 Industry Dr, Pittsburgh, PA 15275) was used to measure the thickness of
the films. These wemmeasured in triplicate (once on each side and once @etfiee) to determine

the average thickness of each sampi& r@duce variation.

3.2.3. Acquisition of NIRspectra

NIR spectra were obtained in the method development laboratory using the integrating
sphere module in a Bruker MPA (MuPRurpose Analyzer) FNIR (MA, USA) with a
semiconductor room temperature lead sulpl{RTPbS) external detector. A second Bruker MPA
FT-NIR spectrometer from a different laboratory was used for the reproducibility. sTiny
different arrangements of films were placed overitthegrating sphere window of the FNIR
spectrometer. The meo sample setup was used providing a NIR beam diameter of 15 mm. All
NIR spectra were acquired over a 12008000 cm' (833.331 2500 mn) spectral range at a
resolution of 16 cm, with 32 scangor background and 32 scans for the sample. The remitted
radiation was obtained in diffuse reflection mode. The films were pressed with a metallic plate and
cylinder to minimize the effect of trapd air between the polymer films. This metal plate was

removed from the top of the films before obtaining each spectru

The spectral bands related to NIR vibrations of the polyethylene and polypropylene were
evaluated to find spectral regions wherehbodmponents present differences that can be used to

develg a NIR calibration model. Spectra of 10 polyethylene angdpropylene films were
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taken separately to evaluate the similarity of the NIR spectra of the materials. These were
compared by determing their correlation coefficients using different spdgiraprocessing with

different spectral regions.

NIR infrared spectra were obtained for three layers of films as showigure 30. The
bottom set layer awsisted of polypropylene films placed over the integrating sphere, the middle
layer were polyethylene films and the tiyyer was polypropylene filmgzigure 30 shows the
specific schemes for the arrangement of tived layers, the bottom and top layers were varied
from one to six polypropylene films (maintaining a tetain of seve polypropylene films in each
scheme) while the middle layer was varied from one to ten polyethylene films. The first spectrum
for schemd. in Figure 30was obtained with one polypropylene film followed by one pdlyleine
film and six polypropylene films on top. This arrangement was maintained while the number of
polyethylene films were increasedtgiten films. This provided a total of ten sdengrrangements
for the first scheme. The scheme Figure 30included two polypropylene films on the bottom,
while varying the polyethylene films from10 in the midlle and five polypropylene films on top.

The scheme 6 ikigure 30 consisted oix polypropylene films on the bottom as the number of
polyethylene films in the middle was varied fromi 10 films and one polypropghe film was

placed on top. These arrangements yielded a total of 60 different distigoat polyethylene and
polypropylene films. NIR spectra were obtained in triplicate at each of these arrangements for a

total of 180 spectra.
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Scheme 1 Scheme?2 Scheme3 Scheme4 SchemeS Scheme 6

Integrating sphere window

Figure 30. Sample arrangementolypropylene films in black line and polyethylene films in gray dashed
line. The total number of spectra acquired were 180 (6 schemes, 10 sample arrangements, 3 spectra for each
sample).

3.2.4. Development of Calibration btels

A total of 180 spectra were olmtad for the calibration models using ofd-NIR
spectrometerPrincipal compondnanalysis (PCA) and Partial Least Squares (PLS) regression
were performed to develop the calibration models using the soft3IMEA 15 (Sartorious
StedimData Analytics Solutions, Umed, Swedenhe calibration models were developed with:
(1) No preprocssing (NP), (2) Standard Normal Variate (SNV), (3) first derivativeléa), (4)

second derivative [dder), (5) SNV+ider, and (6) SN¥2"der as specttareprocessing.

TheY-variable evaluated was the percentage composition of polyethylene in togbfil
sample arrangement. This variable was chosen to obtain a parameter for the content of
polyethylene based on the thickness of the@lelsample usinghe equation3-1). The average
thickness of sample is a measurement of the total polymers (polyettayid polypropylene films)
stacked together, and the average thickness of polyethylene films is a measurement of the total

number of pojethylene stacketbgether without the layers of polypropylene.
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o) =) pTT (3-1)

3.2.5. Validation of the Calibration Models

The calibration models wexalidated by repeating the spectral acquisiticovahin Figure
30 on three different days chosen randomly by two different analysts with a fiedtIRT
spectrometer in the method development laboratory. A secoddlREpectrometer from a second
laboratory was usetb obtain the NIR spectra on three different days randomly to test the
reproducibility of the method. The predictive capability of the model®ldped was assessed in
terms of root mean squared error of prediGtRMSER equation (2); therelativeroot mean

squared error of predictipRSEP (%) equation (2); and biasequation (34), defined as:

. B
YO YOO (3-2)
~ B
Y YOB pTT (3-3)
B
0 QwiB —— (3-4)

Where n is the number of samples used in the validation se) andand® are the predicted

and measured referencalwes lased on th& -variable used.

71



3.3.RESULTS AND DISCUSSION

3.3.1. NIR spectral evaluation

Figure 31 shows the NIR spectra of polyethylene and polypropylene corresponding to ten
stacked films of each material separatelye Tho maerials show significant spectral differences,
with the polyetlylene film showing narrower bands than the polypropylene film. For the
polypropylene material the combination band of the first overtone and deformation mode of methyl
and methylene gups ardound in the 7350 7070 cm! spectral region; the second overtones of
the asymmetric stretching mode of meth@HKlz) and methylene-CHz-) groups are found in the

84007 8200 cm' spectral regionTable 11 and

Table 12 shows the assignment of the NIR bands of polypropylene and polyethylene
materials based on previous studies. The intense band at 822@ocresponds to the second
overtone of the stretching ade of mehylene n polyethylene, this band present a moderate
intensity at 8242 crhin polypropylene. The band at 8389 ¢gorresponds to the second overtone
vibrational mode of methyl group in polypropylene, while this is a weak band at 842hcm
poyethylene Thesebands have been studied to monitor the density of polyethylene as quality
control in a polymer production process by the ratio of the two absorption (Nagita, Ohshima,

& Tanigaki, 2000. Thedensitybecomes lower as the number of polymer chain branches increases,
and their backbone length kept constant. Methyl groups are located at the ends of branches as well
as at the ends of the main chains. Therefore, the density and degrecbig wa estiméed by

the ratio of the absorption bands of methyl and methylene g{blggmta et al., 2000)
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Table 11. Assignment of the NIR bands of polypropylene materials.

Polymer Assignation nm (rep.) cm? (rep.) cm? (obs.)
C-H str first overtone (Cb) %ggg)(Furukawa et al.,| 5656.11 5662
C-H str first overtone@Hy) ;goaé)(Furukawa etal. 5780.35 )
1726(Workman & 5793.74 5797
C-H str first overtone@Hs) Weyer, 2012;
Workman Jr., 2001)
C-H str first overtone@Hs) 170561 gizif\/\zlgar)'& 5832
1700(Furukawa et al.,| 5882.35 5893
C-H str first overtoneGHs) \2/\?23/3&\/\/20()”1(21' an &
Workman Jr., 2001)
2Xx C-H str + GH def (CH,) 1413.83 gozgifvgztgz)& 077
2% GH str + GH def CHy) %ggg)(Furukawa etal.,| 7022.47 -
2x GHstr+ GH def CHy) | 15048 élzgﬁvggtg;')& 7158
% C-H combination(CH, and ﬁg;e(yvé)(r;(lrgan & 7173.60 i
> Cht) Workman Jr., 2001)
% 2% C-H str + GH def (CHy) %ggg)(Furukawa etal,| 7194.24 -
g 2x GH str + GH def (CHs) ;ggg)(”““awa ctal. 7299.27 )
2x GH str + GH def CHy) | 158274 éiii?vi%téi')& ]
C-H str second overtone \1N2§3§N<2)cr)klrgan & 819672 )
(CHs) Workman Jr., 2001)
C-H str second overtone 1216(Furukawa et al.,| 8223.68 8242
(CHy) 2003)
C-H str second overtone 1218.92 8204(Watari & | -
(CHy) Ozaki, 20Q1)
1192(Furukawa et al.,| 8389.26 8389
C-H str second overtone 2003 Workman &
(CHy) Weyer, 2012;
Workman Jr., 2001)
C-H str second overtone 1193.18 8381(Watari & | -
(CHg) Ozaki, 2004)
C-H str second overtone 1151.81 8682(Watari & | 8655
(CHy) Ozaki, 2004)
C-H str second overtone 1150(Furukawa et al.,| 86%.65 -
(CHg) 2003)
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Table 12. Assignment of the NIR bands of polyethylene materials.

Polymer Assignation nm (rep.) cm-1 (rep.) cm-1 (obs.)

C-H str first overtone@H,) ;r&llggl)moyama et| 5668.93 5666
C-H str first overtone@QHy) ;rz%ggl)moyama et| 5787.04 5778
2% C-H str + 1 GH def CHy) wes)?éyv%ﬁrgm & 1 6954.10 6958
2x CH str + 1 GH def CH,) ;Izlli(ggl)moyama et| 7062.15 7062
2x GH str + 1 GH def CHy) wgfgvgg‘lg‘?” & | 7092.20 ]
2KCHS+ LGH AT CHY) | 2 go0m o oot '
2% GH str + 1 GH def CHy) \%\f’é’;éyvgg‘lg‘?” & | 117360 174

G) )

S 1374(Shimoyamat | 7278.02 -

= 2xX GH str + 1 GH def (CHs) al., 1998), (Workman

= & Weyer, 2012)

= 1218(Workman & 8210.18 8227

S C-H str second overton€H>) Wevyer, 20 12)
C-H str second overton€H;) ;ﬁlélléggl)moyama ot| 8237.23 )
C-H str second overton€H>) \1/\}3%:/\/%(12? né& | 8403.36 i
C-H str second overton€Hs) ill B%Eigl)moyama et| 8431.70 8420
C-H str second overton€H,) :ﬂl G%Brél)moyama et| 8576.33 8562
C-H str second overton€Hs) \l/\}sjéyv%zrg)an & 8665.51 8655
C-H str second overton€Hs) ;1 4$éggl)moyama et| 8726.00 )
C-H str second overtone (GH \1/\}e3)(/)é>lv%klnz1)a n& |8849.56 i

Figure 32 shows the NIR spectra for schemes 1 and 6 as the number of polyethylene (PE)
films was increased. The bladolor is used for the spectra of scheme 1 which has one
polypropylene (PP) film at the bottom an at the top, the gragoloris for scheme 6 which has

six films of polypropylene at the bottom and one at theRaure 32 shows differences in spectral
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baseline due to the portion of the radiation that was tedh{ba&-scattered to the detector). The

spectral baseline is reduced as the number of PE filmersased. When the number of PE is the

same for the schemes 1 and 6, their spectra present minor baseline diffareltiferences in

the intensity of he bands However, the spectra of the scheme 1 show the intense band of

methylene {CH,-) in PE at 27 cm?, and the NIR spectra of the scheme 6 shows diminished this

band with an increment of the methyCHs) band in PP at 8389 cinThese differencesan be

significant in the development of NIR calibration models, for example, dgdcentration in

bilayer tablets or coating process, where the heterogeneity of the blend has a significant

contribution in spectral features of the ARhdersson, Josefson, Lanfgle, & Wahlund, 1999;

Ito et al., 2010)
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Figure 32. Polyethylene spectral changes as film number increases in the schemes Blaokid®lour
for scheme 1, gray colotor schene 6, PEpolyethylene.

76



The correlation coefficient of the NIR spectra for polyethylene and polypropylene varied
from 0.449 to 0.975 depending the spectral region and spectral preprocessing as dedaliied in
13. There ae differences on the spectral range of 888300 cm' due to molecular vibrations of
the structures as discussed before. The useRBNeéctra with high similarity can be challenging,
even, the use of SNV as spectral preprocessing presents @hightion coefficient between the
materials as shown ihable 13, which imply a challenge for model development. The correlation
coefficient decreases significantly when derivatives are used as spectral ppgocespared
to raw spectra and SNV. The development of a calibration model msitegials which present a
high correlation coefficient in their NIR spectra, can be improved with the correct usage of the
spectral region and preprocessidcala et al., 2013; D&ol & Poppi, 2018) The correlation
coefficient of PE and PP spectra throughout the 956800 cm! and 6500° 5000 cm' spectral
regions between the materials become significantly lower when the fgstondderivatives are

used as spectralgwrocessing as shownTmable 13.

Table 13. Correlation coefficient values for polyethylene and polypropylene irsfreetral regionaNP:

no spectal prepocessing; SNV: standard normal variat®; first derivative (25 points); SNAISt SNV +

first derivative (25 points); "® second derivative (25 points); SN¥% SNV + second derivative (25
oints).

Preprocessing | 120064000 cm* | 95006500 cm* | 6500-5000cm™ | 50004000 cmt
NP 0.975 0.917 0.922 0.971
SNV 0.975 0.917 0.922 0.971
1% 0.901 0.786 0.838 0.922
2n 0.560 0.474 0.449 0.616
SNV 1 0.901 0.786 0.838 0.922
SN2 0.560 0.474 0.449 0.616

Table 14 shows the average percentage composition of polyethylene within each scheme
arrangement ofigure 30. The arrangements of each schemEigure 30 has a variation on the

number ofpolyethylene films from one to ten, while the total number of polyethylene films
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remains seven (7) in all the schem&able 14 shows that the increments of thickness in the
average sample and average pdiykine @épends on the number of polyethylene films used in

the arrangements, this increment is 0.083 mm. However, the average polyethylene percentage
composition is a value thalepends on the thickness of polyethylene films and the sample
thickness, wherghe toal number of polypropylene films is fixed to a total number of seven
(Equation 1). Table 14 showsthe percentage compositiari polyethylene (%PE) whictioes not

present a comant variation, and the increment shaavsate of change that vary from 9.5% and
2.6%, as shown ifrigure 33. Table 14 shows the approximate change lre tintensity of the
absabance band of methyleneCH.-) in PEat 8227 crit in the scheme 1 and 6, after baseline
correction. The approximate change in the scheme 1 is 0.009, while the approximate change in the
scheme 6is 0.013. A linear regression between the number of P@riithtise approximate change

in the intesity of mehylene at 8227 crhshows a Rof 0.9832 and 0.9573 for scheme 1 and 6,
respectively. This is due to the NIR radiation that travels into the PE films in the scheme 6 pass
firstly into a thicker layer of PBompared to the scheme 1. Therefadne, interacton of the NIR
radiation with the PE films is lower. Thapproximate change in the intensity of the absorbance
band of methylenean be a source of error in a NIR calibration model and the difference of th

results of the different scheme naede evaluted in deep.

Table 14. Description of polyethylene (PE) in each schehmese variations were done for each of the six
schemes. Seven polypropylene films were used in each schieitindss for one polyethylene film: @3
+ 0.002mm, thickness for one polypropylene film: 0.686.002mm.

PE PP Sample PE %PE _Intensity* (CH2) !ntensity* (CH>)
Films Films Thickness Thickness  Composition  in PE 8227 cm' in PE 8227 cnt
(x0.01mm)  (¥0.01mm) (£0.1 %) Scheme 1 Scheme 6

1 7 0.69 0.08 12.1 0.075 0.059

2 7 0.77 0.17 21.6 0.097 0.071

3 7 0.85 0.25 29.3 0.116 0.085

4 7 0.93 0.33 35.5 0.135 0.094

5 7 1.02 0.42 40.8 0.149 0.103

6 7 1.10 0.50 45.3 0.156 0.115

7 7 1.18 0.58 49.1 0.171 0.127
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8 7 1.27 0.66 52.4 0.182 0.129

9 7 1.35 0.75 55.4 0.186 0.136

10 7 1.43 0.83 58.0 0.191 0.144
" Band intensity after baseline correction of the NIR spectra.

Figure 33 shows the relationship between the petage of polyethylene films vs the
numker of polyethylene films. The use of the number of film¥ agriableimplies to consider a
linear change basedah @ahe number of polyethylene films stacked together no matter the thickness
of the materials. Therefey the use percent of polyethylene itatdilms asY -variableimplies to
consider the thickness of the polyethylene and polypropylene films stackéletogs physical

variable to represent the changes in content composition of the samples.
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Figure 33. Percentagefgolyethylene films vs number of polyethylene films.

3.3.2. PCA and spectral preprocessing evaluation

Figure 34 shows the PCA score plots of the NIR spectra in the spectral reQRBOO0T
6500 cm' with the preprocessy: a) second derivative (gint window) and b) SNV+1
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derivative (25point window) of the calibration samples with the six schemes evaluated in this
study. As shows the figure, for the second derivative prepmeeigure 34a), thefirst principal
component represents the variation in the composition of polyethylene in the schemes with an
explained variance of 92.2%. The second component has an explained variance anhd 6%
depends of the schemes. For tbkesne 1 the bottom laydas one film of polypropylene, and

most of the radiation reaches the middle layer composed of the polyethylene films. The scheme 6
has six films of polypropylene in the bottom layer, andrdmiation must travel into more PP

films. Therefore, the speetiof the scheme 6 contain more information of the PP than the scheme
1, and the scores of this samples present a different pattern which can be explained with the first
and second componenttbe PCA plot. The SNV-+iderivative (25point window) preprocssing

(Figure 34b) shows a pattern where the variation of polyethylene in the six schemes is similar

with an explained variance in the ficsimponent 086.7% and 3.1% in the second component.
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Figure 34. PCA scores plot of the NIR spectra for calibration samples (six schemes) acquired with the first
instrument Spectral region 95006500 cmt using the preprocessings: &) @erivative (25point window)

and b) SN\+1 derivative (25point window). Percentage of polyethylene increasing from white to black
colour.
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3.3.3. Evaluation of the validation sets over three replicates

The validation spectra were obtained by placing thsfibver the integrating sphere on
three sparate days in the same way as the calibration set. This procedure was performed using the
first and second FNIR spectrometerslable 15 shows the global RMSEP, RSEP(%) dnds
for each validation set in the spedtregion of 9500 6500 cm' with first derivative (25point
window), and 29 derivative (25point window). These statistical results were calculated based on
the predictions with one, two and three PLS factordie six schemes in each validation $ée
results in the first FINIR spectrometer shows that three PLS factors present the lower errors and
bias. However, the use of this calibration model with three PLS factors in the second instrument
result in hidner errors and bias when SNV¥derivative is used as spectral preprocessing. The
calibration model using second derivative as preprocessing provides the lower errors and bias

when used to predict spectra from the first and secordIRTspectrometers.

Table 15. Results bthree validations acquired with the first and second instrument until three PLS factors
using the spectral region 9506500 cmt. The RMSEP, RSEP (%), and bias values are calculated for the
six schemes used ihis study. The cells marked with *' indte that zero is included within the 95%
confidence interval of the bias.

Val1l-NIR 1 Val2-NIR 1 Val3-NIR 1
PLS RSEP . RMS RSEP . RMSE RSEP .
Preproc. Factors RMSEP (%) Bias Ep (%) Bias P (%) Bias
1 8.10 19.08 0.40 8.21 1932 0.29 8.43 19.86 0.20°
2der 2 2.55 6.01 1.33 176 4.15 1.01 150 352 0.01
3 2.52 5.93 1.39 1.66 3.92 1.12 1.32 3.0 -0.09
SNV+ 18t 1 11.14 26.24 0.07 10.98 25.85 -0.18 | 11.09 26.11 0.26
der 2 2.49 587 -0.85 266 6.25 -1.26 | 245 5.77 -1.09
3 1.86 438 -0.78 196 4.62 -0.19 | 2.04 4.80 -1.42
Val1-NIR 2 Val2-NIR 2 Val3-NIR 2
1 8.34 19.63 0.49 8.53 20.08 0.72 8.23 19.37 0.72
2der 2 1.96 4.62 0.86 1.80 4.24 1.00 181 4.26 1.25
3 1.87 441 0.96 1.68 3.95 1.03 164 3.86 1.28
SNV 1St 1 10.86 25.57 0.00 11.05 26.01 0.38 | 11.12 26.19 0.38
der 2 8.73 20.56 -8.18 991 2334 -949 | 9.61 2262 -9.15
3 10.66 25.10 -10.03 | 12.69 29.89 -12.17| 12.33 29.03 -11.83

2%der: second derivative (2&int window); SNV+1der. SNV +first derivative (25point window).
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Table 16 shows the statistical results by scheme averaging the three validations acquired
with by the first and the second HIR spectrometer; the results are presentéguke second
PLS factor astiwas shown éfore that provides the lower errors and bias. The results using
SNV+1%t derivative provides lower errors and bias in the firstNARR spectrometer, however the
calibration with this spectral preprocessing presehigh error and bias whenagsto predict
spectra acquired with the second instrument. The calibration model using second derivative
provides the lower errors and bias in both instruments with RSEP(%) up to 5.27% and bias up to
1.67 percent of polyethyhe. Previous results showedRSEP(%) of 177 and 0.03 of bias.
However, this result is based in one-NIR spectrometer and using one polymer (polypropylene)
with variation of the number of film layers below the infinite depth of penetration of the NIR
radiation into the materiglOrtegaZufiga et al., 2017)t should be noted that results using
derivativesprovide the lower error andds when phyisal variation is present in the system to be
modelled as previous studies sh@@rtegaZufiga et al., 2019; Ortegéuiiga et al.,2017;

RomanOs pi no et a llackwood, Qid, ard, & @larke,[2015)B
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Table 16. Statistical results by scheme of the three validations acquired with the first and second instrument
using two PLS factors with the spectral region 96@500 cm'. The RMSER RSEP(%), and bias values
werecalculatedor the six schemes used in this study.

NIR 2" derivative (25point window)
RMSEP/Bias| Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Scheme 6
Val 1 2.40/-2.04 2441195 | 350/3.35| 2.02/1.81 1.59/0.38 291/2.54
Val 2 150/052 | 211/1.% 1.49/0.65 | 1.95/1.55 1.56/1.07 1.87/0.43
1 Val 3 1.35/1.20 | 1.55/-0.70 | 1.48/1.03 | 1.36/-0.52 1.23/0.5 1.92/-1.43
SNV +Ptderivative (25point window)
Val 1 2.83/-1.67 1.6/0.13 1.61/088 1.05/-0.24 3.84 /-2.88 2.88/-1.32
Val 2 3.39/-2.56 1.55/0.33 | 2.19/-0.46 | 1.73/-0.15 2.59/-1.38 3.73/-3.35
Val 3 1.51/-0.44 | 2.66/-1.47 | 1.39/0.24 | 2.1/-0.96 1.72/-0.27 4.16 /-3.66
2" derivative (25point window)
Val 1 190/1.31 3.02/2.74 | 1.37/-0.34 | 2.06/1.53 1.31/-0.45 1.61/0.36
Val 2 2.66/2.45 1.72/124 | 1.47/0.84 | 1.63/1.02 1.35/-0.43 1.67/0.86
2 Val 3 1.55/0.97 1.34/0.75 | 190/1.51 | 1.96/1.54 2.20/1.62 1.78/1.13
SNV +ZFt derivative(25-point window)
Val 1 10.35/-9.72 | 7.89/-7.2 8.27/-7.69 | 6.73/-6.27 9.28 /-9.07 9.39/-9.13
Val 2 8.94/-8.33 | 9.37/-8.85 | 9.09/-8.70 | 9.32/-9.02 | 11.32/-11.09 | 11.16 /-10.97
Val 3 10.38/-9.67 | 9.47/-8.92 | 8.48/-7.99 | 8.96/-8.69 8.72/-8.44 | 11.32/-11.18

A graphical ealuation of the calibration samples and the test sets of the first and second FT
NIR is presented ifrigure 35. The figure shows the PLS score plots of the calibration estd t
sets of the first and second HNIR spetrometer using the second derivativég(re 35a) and
SNV+1% derivative Figure 35b) as preprocessing in the spectral region 00956500 cni. As
shown the figure, the smoplot of the samples using the second derivative preprocessing presented
a similar pattern and the plots are grouped by number of polyethylene films in each scheme. The
samples are aligned by scheme allowirsgaration and classification by number ofyethylene
and by scheme in the experimental setup. In the case of the score plots using th& &hiVatlve
preprocessing the samples of the test set with the secoNdR-fresented a bias. However, these
samples maintained the pattern of the scdogspof the calibration set. A possible way to correct
this bias is a method of slope/bias correction or mathematical treatment of the score plots of this

test sethowever,in this study was evaluated a secopdcséral region where the raw materials
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presated differences. The NIR region evaluated is the 658000 cmt, as shown irTable 13

the correlation coeifient present similar value as the 9508500 cm' spectral egion.
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Figure 35. PLS scores of calibration and test sets with NIR1 and NIR2 in the spectral regioin G&HID
cn! using the spectral preprocessiay 2™ derivative (25point window) and b) SNV+1iderivative (25
point window). Direction of the increasing number oflyethylene films in middle layer (dashed arrow).
Dotted arrow shows the bias of the scores fordastples acquired using the NIR2.
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Table 17 shows the global results (RM®, RSEP(%) and bias) for each validatioh se
acquired with the first and the second-NTR spectrometers respectively using first derivative
(25-point window), an®" derivative (25point window) as spectral preprocessing in the spectral
region of 6500° 5000 cm'. As shows the table, the use witPLS factors provides the lower
error and bias regardless of the spectral preprocessing. The use of three PL&riaeturss the
bias values, however the error did not improve significantly. Therefore, éheation was done
using two PLS factors fahe schemes as shownTiable 18. The predictions presented low error
and bias values regardless of the spectral preprocessing making difficult the selection of one
prepro@ssing as the best for the calibration moBejure 36 shows the PLS score plots of the
calibration and test sets of the first and secondNFR spectrometerasing the second derivative
(Figure 36a) and SNV+* derivatve (Figure 36b) as preprocessing in the spectral region of 6500
i 5000 cmt. As shows the figure, the score plots of the calibration and the score plots of the test
sets vith the first and second FNIR spectrometexpresented a similar pattern regardless the

spectral preprocessing.
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Table 17. Global results of three validations acquired with the first and second instrument until three PLS
factors using the spectral region 6508000 cm1. The RMSEP, RSEP(%), and bias values are calculated
for the six schemes used in this study. Bias in celsked with ™' indicate that zero is in the 95%
confidence interval.

Val1-NIR 1 Val2-NIR 1 Val3-NIR 1
Preproc. FaPthirs RMSEP R(OS/SP Bias RMSEP R(OSSP Bias | RMSEP R(OSSP Bias
1 11.13 26.20 -0.13 11.07 26.06 -0.21 11.28 26.57 -0.66
2"der 2 2.38 5.60 0.53 1.09 257 -0.04 241 569 -2.16
3 2.43 5.71 0.56 1.05 246 0.14 1.98 465 -1.69
SNV4 Tt 1 12.15 28.61 -0.15 1208 28.44 -0.171 12.08 28.44 -0.04
der 2 2.45 5.76 0.38 2.44 574 094 2.60 6.11 1.12
3 2.92 6.87 1.46 2.95 6.94 1.69 3.36 790 2.38

Val1-NIR 2 Val2-NIR 2 Val3-NIR 2
1 11.33 26.69 0.32 11.26 26.51 0.72 11.17 26.29 0.71
2ndder 2 1.74 4.09 1.01 2.37 557 2.18 2.59 6.09 242
3 1.92 4.52 1.36 2.41 5.67 2.30 2.73 6.42 255
SNV4 Tt 1 12.04 28.35 0.0T 12.13 28,56 -0.18 12.07 28.42 -0.14
der 2 2.35 5.53 0.03 3.55 8.37 -2.52 3.03 712 -2.14
3 2.97 6.98 1.39 2.38 561 0.63 2.44 5.76 1.12

2der: second derivative (2&int window); SNV+ider: SNV + first derivative (2point window).

Table 18. Statistical results bycheme of the three validations acquired with tret ind second instrument
using two PLS facterwith the spectral region 6506000 cm. The RMSEP, RSEP(%), and bias values

are calculated for the six schemes used in this study.

NIR 2" derivative (25point window)
RMSEP/Bias | Scheme 1| Scheme 2 Scheme3 Scheme 4 Scheme 5 Scheme 6
1 Val 1 3.81/-345| 2.17/1.71| 253/245| 0.77/0.18 | 0.76/-0.34 | 2.67/2.63
Val 2 0.87/-0.42| 0.96/-0.83 | 1.14/-1.07 | 1.47/1.35| 0.61/0.36 | 1.29/0.36
Val 3 0.95/-0.39| 3.30/-3.25 | 1.88/-1.83 | 2.72/-2.67 | 2.18/-2.12 | 2.74/-2.69
SNV +ZPtderivative (25point window)
Val 1 2.74/-1.86| 1.74/0.76 | 252/2.00 | 1.79/0.69 | 2.87/-0.81 | 2.76/1.50
Val 2 2.28/1.07| 3.79/3.49 | 2.28/1.18 | 1.48/0.33 | 2.02/0.73 | 2.15/-1.15
Val 3 3.73/2.88| 2.06/0.04 2.84/238 | 1.75/0.25 | 2.68/2.14 | 1.99/-0.97
2" derivative (25point window)
2 Val 1 2.94/292| 2.65/2.62 | 0.86/-0.78 | 0.78/0.67 | 0.50/0.06 | 0.90/0.55
Val 2 3.37/3.32| 2.14/2.02 | 157/152 | 2.06/2.03 | 1.27/1.16 | 3.06/3.01
Val 3 2.13/1.92| 158/1.46 | 2.71/2.65 | 2.98/2.94 2.38/2.31 | 3.35/3.23
SNV +Ptderivative (25point window)
Val 1 2.77/-0.03| 2.61/1.79 | 2.03/-0.82 | 2.29/1.53 | 2.45/-1.57 | 1.80/-0.73
Val 2 2.50/0.58| 3.47/-290 | 2.93/-2.46 | 3.59/-2.% | 4.46/-4.05 | 4.01/-3.33
Val 3 3.58/-245| 3.18/-2.52 | 3.24/-2.66 | 2.72/-2.10 | 1.93/-0.67 | 3.22/-2.47
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Figure 36. PCA scores ofalibration and test sets with NIR1 and NIR2 in the spectral regioni65000
cnt? using the spectral preprocessiad.2 derivaive (25-point window) and b) SNV+iderivative (25
point window). Direction of the increasing number of polyethylene fitmmsiddle layer (dashed arrow).

An evaluation of thdoading weights of the calibian models performed in the spectral

region of65007 5000 cm' shows similar RX cumulative values using two PLS factors’R
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[2PLS factors] = 0.998Figure 37 andFigure 38 shows the PLS loading weights line plot foe th
models performed in the spectral region of 6668000 cm* using SNV + f derivative and second
derivative respectivelyrigures ## showthe first and second loading weight (w*c[1] amtt[2])
represent the changes in the amount of polymer into thenses. However, the model using
second derivative shows clearly the changebénamount opolyethylene with the first loading
weight (w*c[1]) andthe changes the amount of polypropylewith the second loading weight

(w*c[2]).

wewke[l]  —w*c[2]  —w¥*c[3] ---PE  ---PP
RX =0.908 R2X=0.090 R2X =0.001

oo P itttk k]
oo Soscoe®

SNV+1%t derivative response

5800 5600 5400 5200 5000
Wavenumber (cm)
Figure 37. PLS loadingweights line plot performed on the 658000 cm' spectral region using the SNV

+ 1st derivative (25 points) for preprocessing.

6400 6200 6000
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e wie[1] —w*c[2] —w*c[3] --PE =<PP
R2X =0.827 R2X=0.171 R2X =0.002

2

[— NN NN NN W —J

2" derivative response

¢Q§====¢3=

6400 6200 6000 5800 5600 5400 5200 5000
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Figure 38. PLS loadingweights line plot performed on the 658000 cm! spectral region using the second
derivative (25 points) for preprocessing.

3.3.4. Statistical evaluation using the ANOVA method

The results were further evaluated by ANOVA according to théuatian by PCA and PLS
regression in the NIR spectradgions (9500 6500 cm' and 6500i 5000 cm'). Before the
analysis, the results were divided in two groups by the two spectral regions and the assumptions
of the model were reviewed with the residphats for each grqu (Figure 39). In both cases, the
factors of interest with their respective levels were: the %détposition of polyethylenéli 10

levels), the different schemes for arrangement gptihgmer films (I 6), the NIR instrument used

for spectral acquisition (NIR1 amdlR2), the spectral preprocessi®j‘erandSNV+1der), and

the validationon three different day@/all, Val2, and Val3) was used like a block. The response
variable was th residual btween the reference value and the estimated values by the mibdel wi

the different factor leveld he residuals presestta well adeacuacy of the model in both regions;
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however, the normality and constant variance assumptions are more rsthiel@asidals of the

650071 5000 cm' spectral region.

a) Residual Plots, Spectral region: 9500 — 6500 cm!
Normal Probability Plot Versus Fits
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Figure 39. Residuals plot: normal probability, versus fit, histogram, and versus order performed on the
spectral regions: a) 95@&500 cm' and b) 65066000 cm'.
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The results of thANOVA are presented iable 19for the evaluation in the spectral reg@s00

i 6500 cm! andTable 20 for the evaluatiorn the spectral regioB5001 5000 cmt. The resultn

the spectral region 085007 6500 cm! showed that all the maifactors werestatistically
significant (pvalues < 0.05). The main factors: the spectral acquisition scheme and the NIR
instrument wer@ot statistically significant in the spectral regmfi65007 5000 cm* (p-values >

0.05). In summary, the level of tidgferent main factorslid not affect the result of the residuals
significantly in the spectral region 66007 5000 cm'; while residuals in the spectral region of
95001 6500 cm! wereaffected by changes in the levels of the main faciiiese resudtshowed

that using the spectral region of 6508000 cm! provided NIR predictions with low residuals

values that follow a normal distribution.

Table 19. ANOVA results for the spectral region of 950500 cm'.

Source DF | AdjSS Adj MS F-value p-value
Val 2 917.2 458.60 62.90 0.000
%PE 9 865.3 96.15 13.19 0.000
Scheme 5 212.6 42.52 5.83 0.000
NIR 1 857.7 857.71 117.64 0.000
Preprocessing 1 3332.9 3332.86 45712 0.000
%PE *Scheme 45 54.7 1.22 0.17 1.000
%PE *NIR 9 158.4 1760 2.41 0.011
%PE *Preprocessing 9 435 4.84 0.66 0.742
Scheme*NIR 5 68.9 13.77 1.89 0.094
Scheme*Preprocessing 5 47.5 9.49 1.30 0.261
NIR*Preprocessing 1 1022.7 1022.71 140.27 0.000
Error 627 4571.4 7.29

Total 719 12152.8
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Table 20. ANOVA results for the spectral region of 6508000 cm'.

Source DF Adj SS Adj MS F-value p-value
Val 2 60.51 30.25 10.35 0.000
%PE 9 251.19 27.91 9.55 0.000
Scheme 5 27.82 5.56 1.90 0.092
NIR 1 0.10 0.10 0.03 0.856
Preprocessg 1 281.39 281.39 96.29 0.000
%PE *Scheme 45 84.60 1.88 0.64 0.967
%PE *NIR 9 23.55 2.62 0.90 0.529
%PE *Preprocessing 9 484.23 53.80 18.41 0.000
Scheme*NIR 5 117.56 23.51 8.05 0.000
Scheme*Preprocessing 5 60.71 12.14 4.16 0.001
NIR*Prepracessing 1 1042.38 1042.38 356.71 0.000
Error 627 1832.23 2.92

Total 719 4266.27

Based on theesults evaluated by PCA, the error of the NIR predictions and the statistical
evaluation by ANOVA, the calibration model in tispectral region of @0 i 5000 cm' using

second derivative (25 points) as spectral preprocessing was selected for the evaluation on both
NIR instruments to demonstrate the performance of the method aradidibdity of the analytical

results. The findigs in this study shosvthe lack of systematic error of a NIR method by PLS
regression after a careful evaluation of the spectral regions, spectral preprocessing, and a statistical
evaluation of the result3he use of low heterogeneous materials provid@mple system to tés

the reproducibility of a calibration method in two different NIR instruments with low error and
bias due to material 0s and

heterogeneity spec
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3.4.CONCLUSIONS OF CHAPTER 3

PLS modelsdevelopedwith a FT-NIR spectraneterusing two polymers materials with similar
thickness (polypropylene and polyethylene) presented high accuracy and precis@iidation
samples acquired with the first instrunhand samples acquired in a second\HR spectrometer

in anotheraboratory. Calibration moded in the spectral region of 95006500 cm! based on a
previous study using second derivative-(8nty and SNV + 1 derivative (25points) shows

high accuray and precision in the validation samples of the first instrumenteheny the
predictions of the NIR spectra of the validation samples acquired with the second instrument
presented aystematic eor with high bias.Thereforethe statistical values dhree prediction

sets, the PCA, and the loading weights of the PLS mmoslere evaluated in a second spectral

region, 6500 5000 cm.

The prediction errors of the PLS models in the sespedtral regiori6500i 5000 cm') showed
lower valuescompared tdhe results in the spectral region of 9508500 cm! based on the
spectral preprocessing used in this study, second derivativeaiafs) and SNV + % derivative
(25-points). Loading weghts line plot up until three PLS factors showed that first aubrsd
loading weight (w*c[1] and w*c[2]) represent the changes in tmewnt of polymer into the
schemed-urtherstatisticalevaluatiomeeddo be performed teelect a robust PLi®odel that can

be used in different NIR instruments.
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CHAPTER 4 DEVELOPMENT OF NEAR INFRARED SPECTROSCOPIC
CALIBRA TION MODELS FOR IN-LINE DETERMINATION OF LOW DRUG
CONCENTRATION, BULK DENSITY, AND RELATIVE SPECIFIC VOID VOLUME
WITHIN A FEED FRAME

Based onPublication in: Journal of Pharmaceidal and Biomedical Aalysis164 (2019) 211
222.

Carlos Orteg&ufiiga, Cams PinzérDe la Rosa, Andrés D. Romdspino,Alberto Serrane
Vargas, Rodolfo J. Romafiacha, Rafael Méndez.

This chapter is not an exact copy of the published paper. It contagisaliinformation.

4.1.INTRODUCTION

A number of Process Analytical TechnologAP® methods have been focused on understanding
blending processes and obtaining adequate blend unifo(@itgta et al., 2005; Pestieauadt,
2014; Skibsted, Westerhuis, Smilde, & Witte, 200Vhe implementatiorof these analytical
methods in pharmac#aal manufacturing processes with low concentration of APl is challenging
due to powder flow properties such as segregation. The limitaitification of the spectrometer
used for monitoring the formulation coutdso be a limiting facto(Beach et al., 2010; D. Ely,
Chamarthy, & Carvajal, 2006iHowever, the implementation of near infrared (NdBgctrecopy

in combination with chemometrics and sampling strategies hawadpd excellent results for
formulations with low concentration of API. The applicability of NIR spectroscopy for real time
measurement in the compression machine, more spdgifticathe tableting feed frame section
has increasefMateoOrtiz, Colon, Romafiach, & Méndez, 2014; Mendez, Muzzio, & Velazquez,
2010; Mendez, Muzzio, & Velazquez, 2012; Wahl et al., 2014; Ward, Blackwood, Pé&lizzi,

Clarke, 2013) The feed frame is chosen basa it is the most represetiva stage measurement
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of API concentration possible before the final product. The operational conditions of the feed
frame (paddle and die disk speed) have been demonstratiéeictalae material properties of the
powder bleds, and in turn the final pdoct quality(MateoOrtiz etal., 2014) Furthermore,
changes in the physicproperties of the blends duo shear stregslernandez et al., 201,6)ver

mixing (Igne, Talwar, Drennen, & Anderson, 20,18y overlubrication (Igne et al., 2013are

some of the problems that can arise from challenging process conditions in pharmaceutical
manufacturing.

Changes in physical propess of the materials due to the process withanfded frame (powder
density,particle size, flowability, cohesivity), have shown a significant effect on the NIR spectra,
therefore in predictions of the calibration moelerraVega et al., 2018)The determination of

the API concentration by NIR speascopy is difficult for low concentrations the formulation,

since spectl preprocessing cannot eliminate completely the effects of the physical properties of
materials on the NIR spect(bdlernandez et al., 261 Igne et al., 2013; Singh, Rom&spino,
Romanfach, lerapetritou, & Ramackamn, 2015) The characterization of pharmaceutical
materials within a feed frame using various spectroscopic technigsiéeéaecentlystudied by
several groups to evaluatéowability, drug concentration, content uniformity, segregation,
potency in &blets, and composition of powder blen@lable 21 provides a summary of recent
studies using spectroscopic techniques in combinatioh witemometrics for quantitative
determinations of pharmaceutical materialthwi a feed frameTable 21 also describes several
conditions that affect the analysis using a spectroscopic technique. The powdercdymghnmn

the feed frame can be signifitgnaffected at lower paddle whesgdeed which impacts the sample
presentation to the seng®Ward et al., 2013)The phyical position of the probe sensor (working

distance, measurement angle aadation) is also an issue that has an impact on the analysis
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because it significantly affects the interaction of the radiation with the particles in the powder
blends( Ga gi | e Charges.in,paddl®vihée) speed significantly affects the wave behavior
of the system, but the mass halg remains constant. Also, changes in tleedisc sped affect
considerably the mass helg, increases the speed the mass-hpldiecreases, but the wave
remains constar{Biera-Vega et al., 2018)

This study describes advances in the-tieaé determination of drug concentration within a feed
frame. A NIR calibration model was developed t&teidminethe concentration of API at 3.00
%w/w. The calibration model was developedha design that included a high variability of major
excipients complementing a previous work that used minor variations of the exc{@emts

Vega et al., 2018)The calibration design facilitates the evaluatbpowde density and porosity

of the blends based on NIR calibration spectra. Thidygresents the first NIR calibration models

to determine powder density and relative specific void volume for blends at low API
concentrations within the feed framenel powderdensity of the blends can be used to control
tablet weight and therefore tlsentent uniformity of the drug can be controlled in the die filling
process in the feed frame. This work also contributes to the understanding of powder dynamics
within the feedframe. Studies shows that the implementation of probe sensors for monitoring
blending process facilitates the understanding powder dynamics which in practice are complex to
evaluate by theoretical arguments and computational tdalsl€ 21) (Koller et al., 2011)The
location of the pwbe sensor requires a priori knowledge of the process and the physics of the
materials as shown ifiable 21. However, working \th several disciplines facilitates the analysis

of the results obtained by NIR, chemetmcs and computational tools to understand powder

dynamics, physical propiges and flow properties of the powder blends in pharmaceutical
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manufacturing process. This basically, the application of PAT in pharmaceutical industry as a

process understaimd), control, and risbased approagtickens, 201Q)

Table 21. Studies using spectroscopy and chemometrics for quantification purposiesaigbd frame

Reference Method* | Purpose Challenge
Liu Y. and| NIR. Powder blend monitoring using NIR| Dynamic of powder flow.
Blackwood D. spectroscopyvith chemometrics. Sample presentation.
(2012) (Yang Distance of NIR probe.
& Daniel,
2012, May 1)
Ward H.W. et| NIR. Monitor the powder compositio| Mass throughptrate.
al. (2013) circulating using NIR spectroscopy Low paddle wheel rotatiwal speed
(ward et al, following the derivative intensity of AP| causes bias between weight correg
2013) band vs results and NIR signal.
time.
MateoOrtiz NIR. Off-line and inline calibrations of APl al Powder accumulation on righ
D. et al (2014) 5 to 15 %w/w to monitor dieifling process| window would represent a false sigr|
(Mateo-Ortiz and understand powder behavior with because is analyzetiet same portior
etal., 2014) the feed frame of the material.
Off-line  calibration  did not
incorporate power dynamics within
thefeed frame.
Wahl P.R., et NIR In-line APl monitoring of powder blend| Stochastic seggation in hoppe
al (2014) during manufacturing uisg Partial Least feeding at 1230% LC of API.
(Wahl et al., Squares (PLS) model of lab spec Critically at the end of proces
2014) transferred via local cgering. probably caused by segregation.
Gagil 9SNIR. Determination of API in powder blends { Physical position of NIR probe withi
(2015) ( Ga 3.5 %w/w using univariate analysis V| the feed frame causes differences
et al., 2015) 2nd derivative spectra assessing BARs | baseline pectra.
further information.
Gosselin R. el LIFS, Monitoring change in concentration { Dynamics perceived by eacprobe
al. (2017)| NIR, multicomponent sstem of hree API| varying powder composition.
(Gosselin, RGB color| (vitamins) using three spectroscopic to
Duréo, imaging. | triggered by a sensor to avoid interferer
Abatzoglou, & between them.
Guay, 2015)
Durdo P. et al.| LIFS, Monitoring a multicomponent system { 4 of the 5 vitamins could be monitorg¢
(2017)(Duréo, | NIR, five APl (vitamins) using threq by at least one of thi®ols acording
Fauteux RGB color| spectroscopic tools. to their physical characteristics a
Lefebvre, imaging. concentrations.
Guay,
Abatzoglou, &
Gosselin,
2017)
Hetrick E.M.| NIR. Design an offne approach to mimic th{ Use of narrow wavelength range
et al. (2017) full process allowing more source |{ increag the sensitivity of the mode
(Hetrick et al., variability to include in the calibration an for the API.
2017) minimizing the consumption of API an
other raw materials.
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LiY.etal. Raman. Development and validation according | Offine  modeling acurate of
(2018)  (Li, ICH-Q2for inline and offline calibration tq predicting inline data after big
Anderson, determine the blend content during talj correction.
Drennen, compression.
Airiau, & Igne,
2018)
De Leersnyder NIR. Monitoring powder blends with twq Effect of paddle wheel fingers o
F.etal. different API targ@t concentrations: 5 an powder blend to avoid disturbees in
(2018) (De 20 %wi/w. NIR signal.
Leersnyder el Effect of filling degree o NIR
al., 2018) spectra.
Lower paddle speed caused m(
variation in predictions.
SierraVega NIR. Determination 6 drug @ncentration in 3 Changes in paddle wheel spe
N.O. et al. %w/w API in powder blends with lov] significantly affects the wav
(2018)(Sierra changes in excipient composition by N[ behavior of the system (frequency a
Vega et al, spectroscopgnd PLS regression. amplitude), butthe mass holdip
2018) Evaluation of robstness of the NIF remains constant.

calibration with changes of 10% and 2(Q
of nominal paddle wheel speed.
Variographic amlysis b characterize
sampling unit.

Changes in the die disc speed aff
considerably the mass helg,
increase the speed the mass haig
decreases, but the wave rema
constant.

* NIR: Near Infrared, LIFS: Lightnduced Fluorescence SpectroscopyBR8ed Green Blue.

4.2. MATERIALS AND METHODS

4.2.1. Materials

Acetaminophen USP/paracetamol ph Eur seén@ powder (APAPYrom Mallinckrodt (Raleigh

NC USA) was used as active pharmaceutical ingredient (API). Vivapur 102 microcrystalline

cellulose PH. (MCC) fromJRS Pharma LP (USApand Tablettose 70 agglomeratedtdse

monohydrate PH. EUR/USRF/JP (Meggle Excipients & Tenblogy, Wasserburg, Germany)

were used as main excipients. Colloidal silicon dioxide £5ifdm Acros Organics was used to

improve flow propeies and magnesium stearate NF (MgSt)-howine fromMallinckrodt Inc.

(Saint Louis, MO, USA) was used as lulamdt.
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4.2.2. Preparation of calibration and test set blends

The formulation components were added in layers 16-quartPatterson Kelley stainlesseel
crossflow vblender system. Two layers of tase monohydrate were placed in the bottom and
upper part othe blender, while MCC, APAP and Si@ere placed in the middle. Blends are
initially mixed at 15 RPMs for 60 minutes, MgBasaddedafterwardsand mixed for an additional

4 minutes to avoid ovdubrication effects. After blending, samples were storeskialed plastic

bags and used for the feed frame experiments within the next 24 hours. The composition of the
blends is described ifiable 22. This calibration design includes a high variability of major
excipiens complementing a previous work that used minor variatiresraVega et al., 2018)

which facilitates the evaluation of powder density and relative specific voltithe blends based

on NIR calibration spectra.

Table 22. Composition of calibration blends and test set blends

Blend APAP MCC Lac SiO2 MgSt
(Yow/w) (Yowiw) (Yowiw) (Yow/w) (Yowiw)
Calibration Blends
Call 1.50 15.15 81.95 0.50 0.90
Cal2 2.50 36.42 5953 0.50 1.05
Cal3 3.50 59.41 35.50 0.50 1.09
Cal4 450 81.08 12.92 0.50 1.00
Test SetBlends
TS1 3.00 47.75 47.75 0.50 1.00
TS2 3.00 24.76 70.74 0.50 1.00
TS3 3.00 41.04 54.46 0.50 1.00
TS4 3.00 54.90 40.60 0.50 1.00

4.2.3. Characterization of poser blends

Bulk, tap, and true density (gas pycnometer) were characterized for all calibrati@stand
setblends. A graduated cylinder and Rice Lake-T20 analytical balance was used to determine

bulk density. A VanKel Varian Tap density tester wasduse apply 500 taps for tap density
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measurements. An AccuPyc Il 1340 gas displacement pycnometer (Miciosbldtrcross, GA)
was used to measure the true denfsiyn 2.0 grams of powder sample in a 10°sample cell,
and ultrapure Helium (99.999%) fra Praxair. A total of 10 purge and testing cycles at a final
pressure of 19.5 psig were used for the analysi feed rate of 0.005 psig/min to avoid disturbing

the powder sample.

4.2.4. Particle size distribution (PSD)

The particle size distribution (PSD) cdw materials and blends collected after the feed frame
experiments were obtained with the Malvern Insitetalpzer (Malvern Instruments Model
IDC2000). Ten grams of each sample was analyzed three times and the PSD was reported as an

average value for D1@50 and D90.

4.2.5. Instrumentation and acquisition of NIR spectra

A Matrix-F FT-NIR spectrometer from Bruker Qgs (Billerica, MA, USA) was used for near

infrared spectral acquisition of the calibration and test set blends. Spectral acquisition parameters
were set at 16 scans per sample, 64 scans for background, and b6 resolution. NIR spectra

were obtaineadpgr oxi mately every 5 seconds. Opus 7.2 s
was used to control the NIR instrument and for automatic contshdata acquisition during each
measurement. During the experimental runs, a significant amount of spledralas obtained

(more than 100 spectra per blend).

All NIR spectra were obtained for flowing powders withitahlet press hopper, a standardifee

frame taken from a Fette 3090 tablet press as showigure 40, and an irhouse higkdensity

polyurethane rotating die disk. The Fette 3090 feed frame is a multistagditadéisystem, with
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three blades, onat the top which reduces the consolidatiérthe powder material entering the
feed frame, and two other blad@e polyurethane die disk consists of 36 dies ahfrfOdiameter
and is mounted on a rotating DC gear motor which allow to rotate the diskntecand clockwise

direction at controlledRPMs.

Figure 40. Fette 3090 feed frammassembly with the die disk and NIR probe.

The calibration and test set powder blends were fed into the 3J886:tablet press feed frame

using the tablet press hopper and the attached pipe. The NIR probe was installed outside the left
window on top ofthe feed frame. This location was selected because no stagnant material is
observed on this location, and thenmler flow is uniform during thexperimentgMateaOrtiz et

al., 2014) Similar observations were madea previous study, where the effef paddle height

and the gap between paddles and the bottom part of the device was e\MaddeDrtiz et al.,

2014) This study showed that the lower paddle height forces the material to pass above tlse paddle
reducing the accumulation of the powder in the left window location. The original plastic feed

frame window wa replaced by a custemade sapphé window with 30.10 mm of diameter, and
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a total thickness of 10.10 mm from Guild Optical Associates, (Amhdkst. NIR spectra were

obtained through this sapphire window.

The feed frame was turnexh for the materiala distribute within the feed fransnd between the

blades. NIR spectra of the powder material within the feed frame were acquired prior to each
experimental run to ensure the optimal probe position. After setting the probe, the feed frame and
rotating diskwere turneebn until the systemdhieves steadgtate. NIR spectra were acquired

after the powder throughput reached steady state. Experiments e per f or med at 3

feed frame and die disk rotation.

4.2.6. Development of multivariate calibration models

NIR spectral preprocessing, Pripal Component Analysis (PCA) and Partial Least Squares (PLS)
regression models were developed v8iIVICA 15 software (Sartorious Stedim Data Awntics
Solutions,Umed, Sweden). Two different spectral regions based on APA&ption bands were
evaluated dring the development of the calibration model, as well spectral preprocessing such as
standard normal varia{&NV), first and second derivatives'(der, 29der), and combinations of

SNV with derivativesModel perfornance was evaluated calculatirapt mean square error of
prediction (RMSEP), the relative standard errors of prediction (RSEP (%)), biasaaddrdt

deviation defined as:
R -
YO "YOO) —— (1)

YYOB pmm — (2)
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6 QwiB —— (3)

wheret is the number of samgs in the validation set, theandw are the predicted and reference

concentration values of the sample in validation

4.3.RESULTS AND DISCUSSION

4.3.1. Development of calibration model

Figure 41 shows all NIR spctra obtained in a single feé@me experiment. The first 20 spectra
were obtained in the first 90 seconds of the experim&htse spectraere affected by low mass
hold-up within the feed frame resulting in a high baseline (the lower the masstiid farthest
the powder from the NIR probefalibration models wredevelopedisingspectreobtained after
masssteady state (211 80). After he80 spectra the baselineneases as the mass halainside
the feed frame begins to decrease indicatiag the system is operating outsidentdsssteady

State.
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Figure 41. NIR spectra obtained during a full experimemtai. Black line for theNIR spectra obtained
during the first 90 secondSray line for the NIR spectra dugrhe steady state process. Light gray dashed
line for the NIR spectra obtained after the steady state process.

Figure 42 shows the averaged second derivative spectra of the 1.50 and 4.50 (%w/w) blends in
the 7600 4177 cm' spectral range where the major spectral differences were observed. Important
API bandswereobserved from 7420 7125 cm* and 5580° 5220 cmt' (close up windows). The
regionat higher wavenumbers contains bamdth moderate intensity and meenergy wigh

implies more penetration of the radiation than the bands located at the lower wavenumbers which
has more intensity, but the radiatipenetrates leqsyer et al., 2002) The observation of these
spectral differences is essential for the elegment of a PLS calibration model, where a

mathematicatelationship is obtained between spectral changesA®1 concatration.

105



0.0006
0.0004
0.0002

0

ative response

2 -0.0002
T

o
= -0.0004

-0.0006
| W4.50%

-0.0006
== 5550 5450 5350 5250 5150 _ | MAPAP

7600 7200 6800 6400 6000 5600 5200 4800 440b
Wavenumber (cm™)

Second

i M1.50%
-0.0008 |

Figure 42. Second derivative (25 points) NIR spectradalibration blends with 1.50 and 4.50\{@w) of
API (Acetaminophen) in the spectral region 76200 cm' (close up regions 74207125 cm! and5580
i 5220 cmt).

Figures 28 to 33 shows the PCA score plots of the NIR spectra for the calibration blends in the
spectral region of 76004177 cm' using spectral preprocessirdgure 43 shows the PCA of the
calibration without preprocessing; the spectra of the samples are not distributed by concentration
level. Figure 44 shows the PCAof the calibration with SNV preprocessing. The explained
variance is 83.3% in the §t principal component and 1.36% in the second component. The
samples are distributed by concentration level of the API along the first componesticand
variations in he second component distributed by changes in concentration of the major
excipients. Tie PCA scores plot of the calibration blends with 1.5 and 4.5 (%w/w) of APAP,
present the higher concentration of one of the major excipients (MQ&ttose) as shown in

Table 22. The scores of these samples dignad in the same direction of the second component

as shown the PCA of the different spectral preprongsssedFigure 45 andFigure 46 shows
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the PCA plots using firstnd second derivative (Zmint window) respectively. e use of the
derivative preprocessing of the NIR calibration spectra provides an expkinadance fgher

than the obtained using SNV preprocessing, up to 95.5% in the first principal compohehewit
use of second derivativeThe samples are separated by concentration level along the first
component and the variation in the second compasdatwer wth the use of second derivative
(1.26% of the explained variancé&jgure 46 showsall the samples amithin and the plots are
distributed by clusters of concentration level with the use of secondtiegi25point). Figure

47 andFigure 48shows the PCA using SNV#and SNV+2¢derivative (25point window), with

the samples distributed along the first principal congoiwith 91.1%and 89.5%f the explained

X variancerespectively The explaineX variance of the firstamponent is slightly lower than the
variance with the secdnderivative preprocessing. In summary, the PCA plots of the calibration
spectra shows aiddribution pattern separated by concentration level in the first principal
componentindicatingthat thisspectral variation could be used to develdflLS calibrabn model

to determine the concentration of APAP in the range of 1.50 to 4.50 (Yow/widepdlends

within the feed frame.
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Figure 43. PCA score plots of the NIR spezfor calibration blends with 1.50, 2.50, 3.50, dr&D (Yow/w)
of API (acetaminopheni the spectral region 76304200 cm' without spectral prapcessing.
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Figure 44. PCA score plots of the NIR spectra for calibratiombtewith 1.50, 2.50, 3.50, and 4.50 (Y%ow/w)
of API (acetaminophen) in the spectral region 76@200 cm* with spectral preprocessing SNV.
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Figure 45. PCA score plots of the NIR spectra for calibration blends with 1.50, 2580),aéd 4.50 (%w/w)

of API (acetaminophen) in the spectral region 76@200 cm' with spectral preprocessing dlerivative
25-point window.
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Figure46. PCA score plots of the NIR spectra for calibration blends with 1.50, 250, and 4.5®%w/w)
of API (acetaminophen) in the spectral region 76@@00 cm' with spectral preprocessing®2lerivative
25-point window.
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Figure 47. PCA score plots of the NIR spectra for calibration blends with 2.50, 3.50and 4.50 (Yow/w)

of API (acetaminophen) in the spectral region 7606200 cmt with spectral preprocessing SNVH1
derivative 25point window.
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Figure 48. PCA score plots of the NIR spectra for calibration blenitis /50, 2.50, 3.50, and 4.50 (%ow/w)
of API (acetaminophen) in the spectral region 760€200 cm1l with spectral preprocessing SNV42
derivative 25pointwindow.
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4.3.2. Prediction of test set blends

Table 23 showsthe figures of merit of calibration models developed within the 760077 cm*

and 5446 4779 cm' spectral regions based on the prediction of test setdldinese spectra
were obained after steady state was achieved within the feed frame. Thavefiess of the
models was evaluated by predicting independent test set blends prepared as deJaiile@ i
Testset blend 1 had equal proportions of the major excipients used in the blend (47.75 % (w/w)
each). The figures of merit for test set blendThble 23) show low RSEP(%) and bias regardless

of the preprocessing argpectral region that was used. Most of the calibration models provided
excellent predictions wih only 2 latent variables, and bias that varied from 0.00 to 0.22 (Y%w/w).
The best predictions obtained for test set blend 1 were with calibration model dpgelviel the

760071 4177 cm' spectral region using 2 latent variables and SMVderivative (25points) as
spectral preprocessing. This calibration model provided a bidsGdf (%w/w) and RSEP(%) of

2.21 (%w/w). Test set 1 was accurately predicted wirtictically all the spectral regions and
spectral preprocessing described able 23.

Test set blend 2 was prepared with a greater difference in excipients (24.76 %w/w for MCC and
70.74 %w/w for lactose) as shownTable 22. This variation in excipients for test seis within

the range of variations in the composition of calibration blends. Calibration model 4, predicted test
set blend 1 with a bias of oni9.01 % (w/w) now predicts test set blend 2 with a biaslol5
(%w/w) with 2 latent variables and with &SEP(%) greater than 38%. The RSEP(%) in the
predictions from test set blend 2 are over 30% for several of the calibration models described in
Table 22. The predictions of test set blend 2 present low accuracpracegion for most of the
preprocessing in the spectral regions evaluated in thidy,sexcept for second derivative

calibration models. The predictions afteNV transformation presented the higher bias and
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standard deviation values. The calibration eledleveloped using thé&%erivative (25 points)
provided the best accuracy and guteble precision for the case of test set blend 2, using three
latent varables, in the spectral region of 760177 cm'. The calibration models developed
using the ¥ derivative (25 points) were the only models that provided adequate accuracy in the
prediction of test set blend 2.

The calibration models were further evakathrough the predictions of test set blends 3 and 4.
Test set blend 3 had 41.04 (%w/w) for @nd 54.46 (Yow/w) for lactose, while test set blend 4
had 54.90 (%w/w) for MCC and 4D (%w/w) for lactose as shownTiable 22. Even though the
composition of test set blends 3 and 4 are very similar with nahreorges between tlegcipients,

the accuracy and precision are different according to the spectral region and preprocessing used.
The results using SNV providddgh RSEP(%) values (up to 13.93%) and low accuracy even
using three latent variables with biag to 0.42 (%w/w)fom the reference value (3.00 %w/w).

The calibration model performed with second derivative in the 7600077 cm' spectral region

using three latent variables provided a high accuracy and precision for test blend 4 but not for test
blend 3. Further evalttion needs to be performed to understand the results of this calibration
model.

The results described rable 23 shows that there is not a unique calibration model that is capable
of predictng the four test set blends with high accuracy and precision. Test set blend 1 is predicted
with high accuracy byractically all the calibration models devedapp However, the calibration
models developed have difficulty in handling the variations obddrvéhe other test set blends.
Based on the results obtainedriable 23, the evaluation of PLS score plot was perfed on the
calibration model using"@derivative (25point window) as preprocessing in the 7600177 cm

! spectral region.
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Table 23. Summary of the predictions of an independent 3.00 (%ow/w) test set (TS) blend with the

developedc al i brati on models. n0O38 spectra
TS RMSEP | RSEP | Average Bias RMSEP | RSEP | Average Bias
blend | (%) (%) (%w/w) (%owiw) | (%) (%) (Yow/w) (Yow/w)
2 Latent variables 3 Latent variables
Cal model 1: SNV 7600 4177 cm*
1 0.07 2.26 3.00 + 0.07| 0.00 0.07 2.25 3.02 £0.06| 0.02
2 1.25 4151 |1.78+0.26| -1.22 1.25 41.70 | 1.77+£0.24| -1.23
3 0.34 11.47 | 2.66+£0.03| -0.34 0.30 10.03 | 2.70+0.03| -0.30
4 0.36 12.10 | 3.36+0.03| 0.36 0.42 13.93 | 3.42+0.03/ 0.42
Cal model 2; #der(25) 7600 4177 cm*
1 0.22 7.43 3.2 +0.05| 0.22 0.09 2.84 3.04 + 0.08]| 0.04
2 0.77 25,51 | 2.27+0.23| -0.73 0.32 10.81 | 2.74+0.19| -0.26
3 0.09 3.14 2.91 +0.04 | -0.09 0.48 1590 | 2.52+0.03| -0.48
4 0.58 19.21 | 3.58+0.02| 0.58 0.12 3.99 3.12+0.03| 0.12
Cal model 3: 29 der(25) 7600 4177 cm*
1 0.10 3.39 3.01+0.10| 0.01 0.07 2.34 3.02 +0.07| 0.02
2 0.13 4.26 3.08 £+ 0.10| 0.08 0.11 3.66 3.04 £ 0.10| 0.04
3 0.67 22.33 | 2.33+0.06| -0.67 0.52 17.40 | 2.48+0.05| -0.52
4 0.20 6.70 2.81 +0.06| -0.19 0.05 1.75 3.00 + 0.05| 0.00
Cal model 4:SNV+Ptder(25) 7600 4177 cm'
1 0.07 2.21 2.99 + 0.07| -0.01 0.06 1.85 3.00 + 0.06] 0.00
2 1.17 39.03 1.85+0.21| -1.15 1.15 38.41 1.87+0.21| -1.13
3 0.29 9.52 2.72 +0.04| -0.28 0.24 8.13 2.76 £ 0.04| -0.24
4 0.39 12.94 | 3.39+0.04| 0.39 0.44 1453 | 3.43+0.03] 0.43
Cal model 5: SNV 5446 4779 cm*
1 0.14 4.56 2.91 +0.10| -0.09 0.10 3.25 2.9 +0.09| -0.04
2 1.14 37.94 |1.89+0.25/ -1.11 1.21 40.30 | 1.82+0.25| -1.18
3 0.36 12.14 | 2.64 +0.03| -0.36 0.29 9.71 2.71 £ 0.03| -0.29
4 0.20 6.83 3.20 £ 0.03| 0.20 0.32 10.75 | 3.32+0.03| 0.32
Cal model 6: #der(25) 5446 4779 cmt
1 0.23 7.51 3.22+0.06 | 0.22 0.12 3.90 2.94 +0.10| -0.06
2 0.73 2422 | 2.31+0.24| -0.69 0.26 8.77 2.89+0.24| -0.11
3 0.11 3.62 2.90 + 0.04| -0.10 0.65 21.74 | 2.35+0.03| -0.65
4 0.54 18.03 3.54+0.02| 0.54 0.15 5.14 2.85+0.04| -0.15
Cal model 7: 29 der(25) 5446 4779 cm*
1 0.13 4.44 2.98 +0.13] -0.02 0.06 2.01 3.03+0.06| 0.03
2 0.24 7.83 3.21+0.11) 0.21 0.21 7.00 3.19+0.09| 0.19
3 0.78 25.93 | 2.22+0.06| -0.78 0.58 19.28 | 2.42 +0.05| -0.58
4 0.36 11.99 | 2.65+0.06| -0.35 0.11 3.74 2.90 +£0.06 | -0.10
Cal model8: SNV+Ptder(25) 5446 4779 cm'
1 0.13 4.45 2.89+0.08| -0.11 0.12 3.91 2.91 + 0.07| -0.09
2 1.10 36.71 | 1.93+0.24| -1.07 1.14 38.16 | 1.88+0.25| -1.12
3 0.43 14.35 | 2.57 £0.03| -0.43 0.40 13.26 | 2.60+0.03| -0.40
4 0.17 5.69 3.17 £0.02| 0.17 0.23 754 3.22 +0.03| 0.22

Figure 49 shows the PLS score plot projections of the calibration and test set blends using the
second derivative model (2®int window) in the 7600 4177 cm® spectral region. The scores

of the calbration blends (white symbols) vary along the first principal component according to the
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concentration of the API. However, the scores of the caldrdilends differ along the second
component. The PLS score plots of the calibration blendsmirasemiar pattern distribution as

the PCA score plots of the same blends shown in Figure 4d. The difference between the PLS score
plots and the PCA score pdoof the calibration blends is in the second principal component, in the
projection of the plat in thisaxis, and the explained variance (1.26% for the PCA and 1.08%

for PLS). The scores of the calibration blends with 1.50 and 4.50 %w/w of APARIaegiositive
values of the second component. Calibration blend 1 has a high lactose (81.9x&mpasgiton,

while calibration blend 4 has a high MCC content (81.08 %w/w) as showakle 22. The
calibration bleds with 2.50 and 3.50 %w/w of APAP are observed in the opposite site of second
component). Calitation blend 2 has 36.42 (%w/w) MCC and 59.53 (%w/w) lactose, while
calibration blend 3 has 59.41 (%w/w) and 35.50 (%w/w) lactose. Theref@e second princib

component is related to concentration of MCC and lactose in the in the blends.

Figure 49also shows the projection of theteset blends (gray symbols), all of which have a 3.00
(%ow/w) APAP concentration. Tesét blend 1 has the same content of MCC and lac (47.75 %w/w),
and its scores are projected betn those of the 2.50 (%w/w) and 3.50 (%w/w) calibration blends.
The score of test set blend 2 are aligned with the second component and projected away from
those of the 2.50 (%w/w) and 3.50 (%w/w) calibration blends. This projection can be due to the
high content of lactose in the formulation of this blend (70.74 %w/w), fatig\a similar tendency

as calibration blends with 1.50 and 4.50 %w/w APAP. Howevelisasissed before, the accuracy

of the predictions for this blend is high, while the precisgnat the best for the test set blends,

but is an acceptable value as shaw Table 23 (average 3.04 £+ 0.10 %w/w ugirthree latent

variables). The test set blend 3 scores are projected with the scores of {#evi2\sPcalibration
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blends, explaining the negative bias observed in many of the calibration models summarized by

Table 23.
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Figure 49. PLS score projections for calibration blends with0, 2.50, 3.50, and 4.5%w/w) APAP and

3.00(%w/w) APAP test set blends predictions. Calibration mod&ti@rivative (25point window) in the

spectral regin 76001 4177 cn.

Test set blends 3 addpresent intermediate values of lac and MC&ble 22) and are projected

in the center of the first principal component, and this is correct according to concermtf #tien

API. As the case of the calibration blends with 2.50 and 3.50 %wAWé&iP, the projectins of

test set blends 3 and 4 are in the negative values of the second component. The case of the
projections of the test set blend 2 need to be further eedludhis blend presents a high
concentration of one of the excipients (70%8#/w lactose), and is in the range of the calibration

blends.

The two excipients, Vivapur 102 microcrystalline cellulose and Tablettose 70 lactose

monohydrate, differ signifigaly in their bulk densities as shown Trable 24. The APAP used
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had a bulk density of 0.35 g/émwhile MCC had a bulk density of 0.31 g/érhactose (tablettose

70) had a much larger bulk density of 0.52 glo@hanges in the concentration of MCC or lactose

in the formulations significantly affect the phgai properties of the blends which leads to changes

in the spectral data, therefore these changes in sipdatadeads the patterns in the PCA and PLS
score pojection. These figures show that a higher concentration of one the major excipients (MCC
or lactose) present positive values of the scores in the second principal component using the model
2" derivative (25point window) in the spectral region 76004177 cni*. Equivalently, middle

values in the concentration of major excipients are observedeiropposite site of second
component of the projections. Therefore, the physical properties of the cafibaatiotest set

blends were characterized to obtaibedter understanding of how changes in the excipient ratios

affect the predictions of the catdiion models.

Table 24. Determination of bulk and tap densities for calibratiod st set blends.

. APAP Average Bulk Average Ta
Blend /Material o/ iy Density (%/cm") n=2 Density (g/cn?)%zz

Cal1l 1.50 0.53 0.65

Cal 2 2.50 0.48 0.63

Cal 3 3.50 0.44 0.58

Cal 4 4.50 0.41 0.56

TS1 3.00 0.47 0.65

TS 2 3.00 0.51 0.66

TS 3 3.00 0.49 0.64

TS 4 3.00 0.45 0.61
APAP (Pure) - 0.35 0.64
Vivapur 102 (Pure) - 0.31 0.46
Tablettose 70 (Pure) - 0.52 0.66

4.3.3. Characterization of thehysical properties of the blends

The bulk, tap, true densityéble 24) of the blends, the excipients and APAP weztethined, as

well as their particle size distributiofidble 25). Particle size, like bulk density, is controlled by
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the lactose concentration of the blends (low lactose concentration, low particle size disiyibuti
The characterization of tke excipients showed that the average D50 for lactose (@if).5 2

times the value on MCC (9912n) creating a similar effect on bulk density.

Table 25. Particle size distribution for calibrati@md test set (TS) blends as determined by the Insitec Dry
particle size analyzer.

Series Name D10 (micron) D50 (micron) D90 (micron)

Value | Average | Std. Dev | Value | Average | Std. Dev | Value | Average | Std. Dev
Call 97.1 57.51 11.71 272.86| 196.01 | 21.12 615.71| 420.21 100.47
Cal 2 39.74 | 45.28 5.35 124.75| 171.21 | 14.82 262.46| 406.95 | 109.58
Cal 3 39.2 |37.155 2.35 144.34| 14157 | 7.72 482.79| 377.44 | 41.51
Cal 4 31.65 | 32.91 1.37 111.38| 122.42 | 4.98 272.53| 328.12 | 17.13
TS 1 51.78 | 39.86 4.25 189.65| 156.27 12.14 514.47| 360.08 66.04
TS 2 46.04 | 48.51 6.21 153.72| 181.88 | 14.22 320.29| 387.79 | 64.95
TS 3 46.76 | 40.29 5.07 160.36| 154.92 | 13.36 399.74| 417.19 | 55.45
TS 4 46.28 | 40.46 3.36 164.62| 149.94 | 9.27 363.32| 371.64 | 16.61

Figure 50 shows a linear regression developed between lactose and the D50 of the blends, since
lactose is Hiecting more significantly the particle size of the blends. This linear regression was
used o calculate the amount of lactose (and hence MCC) by interpotatithhe D50 of the 3.00
(%w/w) in APAP of the blends. Test set blend 3 presents a deviatiod%f fom the average

D50 inTable 25. This deviation of the trend of particle size can be partially the reason ofithe |
accuracy of predictions for this test set blend as shown in Tablaof-0.52 %w/w). Fo the
regression with the bul@#ensity Figure 50 bottom) the value of the bulk density is closer to the
trend and shova better correlation. This provide an opportunity to devel@alibration model

base on theuk density.
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Figure 50. Linear relationship between: lactq8ew/w) and D50 particle size distribution (top), and lactose
(%w/w) and lulk density(g/cn?) (bottom) for calibration and test set (TS) blends.

4.3.4. Development oRSVV andpowder bulk densitynodels

A calibration based relative specific void volume of the powder blends was developed based on
relative specific void volume (RSVV) diiepowder blends since the results obtained showed that

the powder density of thielends has a significant effect on the drug concentration predictions.
True density would be the most representative physical property to be used as reference value,
sinceit represents the most accurate density value measured, due to the rigorousroaflitie

test (powder porosity volume is removed using an inert gas). However, the differences between
the true density values of each blend are minimal. Higher numeradaés were obtained

118



(equation 4) calculating the relative specific void volume\(RpBwith the bulk density{ )

and the true density’ () values for all calibration and tests blendalfle 26). Using the
measured bulk and true density (pycnometer) values for all calibration and test set blends from
Table 4. The relative specific void volume is directly proportional to the poKosiative specific

void volume / relative specific bulk volurpef the blends due to the variation in excipients. These
changes in the amount of lactose and MCC in eachllaled the differences in mean particle size

between both impacts significantly tR&VV of the void volume.

YY6 o — — (4)

Table 26. Relative specific volume and true density values for calibration and test set (TS) blends.

Blends Bulk Density | True Density | Relative Specific Void
(g/cn?) (g/cn?) Volume (cn¥/g)
Call 0.53 1.571 1.263
Cal 2 0.48 1.568 1.446
Cal 3 0.44 1.566 1.611
Cal 4 0.41 1.569 1.812
TS 1 0.47 1.572 1.480
TS 2 0.51 1.571 1.330
TS 3 0.49 1.568 1.412
TS 4 0.45 1.574 1.581

* base 1 g of powddslend.

The relative specific ud volume calibration models were developed with similar spectral regions
and pretreatments as in the previous sectidrable 27 shows the results of the calibration models
based on relative specific void voluroéthe blends. From the table several calibration models
based on relative specific volume, exhibited excellent results prediction for all 4 independent test
set blendsRSEP (%) below 4%, and significantly low bias values were obtained. Best results for

all test set blends, were obtained using SNVedrivative (25 points) using one latent variable in
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the spectral range 7604177 cm'. By using a physical property esference value (bulk density,

true density, RSVV), the predictions improved signifibam comparison with the predictions

when concentration was used as a reference value. Most of the variation in the calibration model
can be attributed in physical amges in the samples and using a physical property as reference
enhances the accuracytbé model. This result indicates that the changes in porosity significantly
affect the API concentration predictions and is the reason why was not be possibla twEndt

model to predict the API concentration for the 4 test set blends in this study
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Table 27. Summary of the predictions for test set (TS) blendd based on relative specific void volume
(RSVV) speair® 3 8

Ref. Average Bias Average Bias
-tl)—li nd (RSVV (F‘; /':A)SEP (Ff)/f)EP (RSVV (RSVV (IT%M)SEP (IT)/?)EP (RSVV (RSVV
cm3/g) cm3/g) cm3/g) cm3/g) cm3/g)
1 Latent variable 2 Latent variables
Cal model 1: SNV 7600 4177 cm*
1 1.480 0.05 3.64 1.53+0.01 | 0.05 0.06 3.86 1.54+0.01 | 0.06
2 1.330 0.05 3.95 1.31+£0.05 | -0.02 0.04 3.06 1.32+0.¢¢ | -0.01
3 1412 0.06 3.93 1.47 +£0.01 | 0.06 0.07 4.78 1.48 +0.01 | 0.07
4 1.581 0.01 0.87 1.59+0.00 | 0.01 0.02 1.50 1.60+0.00 | 0.02
Cal model 2; #der(25) 7600 4177 cm*
1 1.480 0.11 7.44 1.56+£0.08 | 0.08 0.09 6.27 1.57+0.01 | 0.09
2 1.330 0.10 7.85 1.42+0.05 | 0.09 0.09 6.75 1.41+0.04 | 0.08
3 1.412 0.03 2.32 1.44+£0.02 | 0.03 0.10 6.79 1.51+£0.01 | 0.10
4 1.581 0.07 4,57 1.51+£0.01 |-0.07 0.04 2.78 1.62+£0.00 | 0.04
Cal model 3: 29 der(25) 7600 4177 cm*
1 1.480 0.10 6.66 1.57+0.05 | 0.09 0.06 4.21 1.53+0.03 | 0.05
2 1.330 0.09 6.89 1.41+0.04 | 0.08 0.23 16.96 | 1.55+0.02 | 0.22
3 1.412 0.07 4.75 1.48+0.01 | 0.07 0.02 1.31 1.40+0.01 | -0.01
4 1.581 0.02 1.05 1.57+0.01 | -0.01 0.10 6.45 1.48+0.01 | -0.10
Cal model 4: SNV+Tder(25) 8007 4177 cm'
1 1.480 0.05 3.39 1.52+0.03 | 0.04 0.06 3.83 1.53+0.02 | 0.05
2 1.330 0.04 3.26 1.36 +0.03 | 0.03 0.04 2.83 1.35+0.03 | 0.02
3 1.412 0.04 2.87 1.45+0.01 | 0.04 0.08 5.50 1.49+0.01 | 0.08
4 1.581 0.03 2.14 1.55+0.01 | -0.03 0.02 1.45 1.60+0.01 | 0.02
Cal model 5: SNV 5446 4779 cmt
1 1.480 0.07 4.47 1.54+0.03 | 0.06 0.04 2.91 1.52+0.02 | 0.04
2 1.330 0.04 2.64 1.35+0.03 | 0.02 0.04 3.36 1.35+0.04 | 0.02
3 1.412 0.08 5.39 1.49+0.01 | 0.08 0.05 3.84 1.47 £0.01 | 0.05
4 1.581 0.01 057 1.59+0.01 | 0.00 0.02 1.24 1.56 +£0.00 | -0.02
Cal model 6: #der(25) 5446 4779 cmt
1 1.480 0.11 7.33 1.55+0.08 | 0.07 0.09 6.14 1.57+0.01 | 0.09
2 1.330 0.10 7.76 1.42 +0.05 | 0.09 0.10 7.50 1.42 +0.04 | 0.09
3 1.412 0.03 2.39 1.44+0.02 | 0.03 0.09 6.41 1.50+0.01 | 0.09
4 1.581 0.07 4.47 1.51+0.01 | -0.07 0.03 2.17 1.61+0.00 | 0.03
Cal model 7: 29 der(25) 5446 4779 cm*
1 1.480 0.10 6.67 1.56+0.05 | 0.08 0.06 3.87 1.53+0.03 | 0.05
2 1.330 0.10 7.17 1.42+£0.04 | 0.09 0.25 18.85 | 1.58+002 | 0.25
3 1.412 0.06 4.09 1.47 £0.01 | 0.06 0.03 2.07 1.39+0.01 | -0.03
4 1.581 0.03 1.63 1.56 £ 0.01 | -0.02 0.12 7.87 1.46£0.01 | -0.12
Cal model 8: SNV+1der(25) 5446 4779 cm'
1 1.480 0.05 3.49 1.52+0.03 | 0.04 0.05 3.15 1.52+0.03 | 0.04
2 1.330 0.04 2.98 1.35+0.03 | 0.02 0.05 3.57 1.36 +0.03 | 0.03
3 1.412 0.05 3.54 1.46 +0.01 | 0.05 0.04 2.75 1.45+0.01 | 0.04
4 1.581 0.03 1.64 1.56 £0.01 | -0.02 0.04 2.62 1.54+0.01 | -0.04
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Figure 51 shows the resudtof the NIRpredictions ofAPAP versus the RSVV predictions of the

test set blends using the second derivative and SNV+1st derivative models. The predictions of the
blends ae using the first and two latent variables in the 76@Q77 cm' spectral regio with the

two spectral preprocessing mentioned before. From the figure the results of the NIR predictions
present a high correlation (up to 0.976) with the results of thevRB&tictions for the four blends
evaluated, except for the second derivativedigteons using two latent variables. This result
supports that relative specific void volume affect the NIR predictions of the API in powder blends
at low concentration as megwned. The model using second derivative with two latent variables
present thedwest correlation between NIR predictions of the APl and the RSVV predictions. In
spite of this calibration model presents the best predictions as shdwbla22, the predictions

tend to be affected by relatigpecific void volume of the blends as showirigure 51.
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Figure 51. NIR predicted values vs reference relative specific void volume (RSVV) of the test set (TS)
blends 2" derivative malel (left graphs). SNV+1derivative model (right graphs). 1 latent variable (upper
graphs). 2 latent variables (bottom graphs). Gray columns for NIR predicted values and checker board
columns for reference RSVV values.
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A calibration based bulk density diie powder blends was dsdeped based on the results
described irFigure 50. A previous study shows that powder density of the blends has an impact
on the NIR spectra at different tap density levdiféerent stain levels, and applying normal forces
during a comprssibility test with a powder rheomet@omanOspino et al., 2016)n this work,

NIR calibration models based on bulk density of the powder lslevete developed by sampling
within the feed frame for blends with different excipient rafiable 28 shows the results of the

test set blends based on bulknsi¢y calibration models. As show the table, using one latent
variable the results are excellent for the four test set blends evaluated in this study. Calibration
models using SNV and SNV#Xerivaive in the two spectral regions evaluated in this study
present the best results with RSEP(%) values below that 2.60 % and low bias. This result, as
demonstrated by a previous stu@omanOspino et al.2016)show that powder density of the
formulations has an impact on the NIR spectra of the blends, in this case at low API concentrations.
Changes on NIR spectra of the powder blends due to praidessthe feed frame can be used to
monitor these physat changes to improve control strategies for properties such as tablet mass,

hardness and dissolution.
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Table 28 Summary of the predictions for test set (B®nds -4 based on bul k density
Ref. Average Bias Average Bias
TS (Bulk RMSEP | RSEP (Bulk RMSEP | RSEP (Bulk
blend | dens. | (%) o) | Bukdens. | s | (%) o) | Bulkdens. | s,
/ cm3) g/ cm3)
g/ cm3) 9 g/ cm3) g/ cm3)
1 Latentvariable 2 Latent variables
Cal model 1: SNV 7600 4177 cm*
1 0.47 0.01 1.19 0.47 £0.00 | 0.00 0.01 1.43 0.46 £ 0.00 | -0.01
2 0.51 0.01 2.40 0.51+0.01 | 0.00 0.02 3.13 0.52+0.01 | 0.01
3 0.49 0.01 2.09 0.48+0.00 | -0.01 0.01 1.99 0.48+0.00 | -0.01
4 0.45 0.00 0.44 0.45+0.00 | 0.00 0.00 0.29 0.45+0.00 | 0.00
Cal model 2: # der(25) 7600 4177 cmt
1 0.47 0.02 4.39 0.46 £0.02 | -0.01 0.02 3.32 0.45+0.00 | -0.02
2 0.51 0.02 4.45 0.49 £001 | -0.02 0.02 3.21 0.50+0.01 | -0.01
3 0.49 0.01 1.18 0.49 £0.00 | 0.00 0.02 4.26 0.47 £0.00 | -0.02
4 0.45 0.02 4.47 0.47 £0.00 | 0.02 0.01 1.40 0.44 £0.00 | -0.01
Cal model 3: 29 der(25) 7600 4177 cm*
1 0.47 0.02 3.55 0.46 £0.01 | -0.01 0.01 2.06 0.46 £0.00 | -0.01
2 0.51 0.02 3.85 0.49+0.01 | -0.02 0.04 7.16 0.47 £0.01 | -0.04
3 0.49 0.01 2.65 0.48+0.00 | -0.01 0.01 1.65 0.48+0.00 | -0.01
4 0.45 0.01 1.63 0.46 £ 0.00 | 0.01 0.01 2.36 0.46 £ 0.00 | 0.01
Cal model 4: SNV+Tder(25) 7600 4177 cm'
1 0.47 0.01 1.52 0.47 £0.01 | 0.00 0.01 1.28 0.47 £ 0.00 | 0.00
2 0.51 0.01 1.87 0.50+0.01 | -0.01 0.01 1.85 0.51+0.00 | 0.00
3 0.49 0.01 1.50 0.48 £0.00 | -0.01 0.01 2.10 0.48 £0.01 | -0.01
4 0.45 0.01 2.59 0.46 £0.00 | 0.01 0.00 1.02 0.45+0.00 | 0.00
Cal model 5: SNV 5446 4779 cmt
1 0.47 0.01 2.07 0.46 £0.01 | -0.01 0.01 3.00 0.46 £0.01 | -0.01
2 0.51 0.01 1.44 0.51+0.01 | 0.00 0.01 1.63 0.52+0.01 | 0.01
3 0.49 0.02 3.29 0.47 £0.00 | -0.02 0.02 4.82 0.47 £0.00 | -0.02
4 0.45 0.00 0.60 0.45+0.00 | 0.00 0.01 2.12 0.44 +0.00 | -0.01
Cal model 6: #der(25) 5446 4779 cmt
1 0.47 0.02 4.32 0.46 +0.02 | -0.01 0.02 3.47 0.45+0.00 | -0.02
2 0.51 0.02 4.39 0.49+0.01 | -0.02 0.02 3.33 0.50+0.01 | -0.01
3 0.49 0.01 1.22 0.49+0.00 | 0.00 0.02 4.27 0.47 £0.00 | -0.02
4 0.45 0.02 4.39 0.47 £0.00 | 0.02 0.01 1.34 0.44 +0.00 | -0.01
Cal model 7: 29 der(25) 5446 4779 cm*
1 0.47 0.02 3.58 0.46 £0.01 | -0.01 0.01 2.17 0.46 £0.01 | -0.01
2 0.51 0.02 4.01 0.49+£0.01 | -0.02 0.04 8.03 0.47 £0.01 | -0.04
3 0.49 0.01 2.23 0.48 £0.00 | -0.01 0.00 0.70 0.49 £0.00 | 0.00
4 0.45 0.01 2.13 0.46 £0.00 | 0.01 0.02 4.04 0.47 £0.00 | 0.02
Cal model 8: SNV+1 der(25) 5446 4779 cm*
1 0.47 0.01 1.42 0.47 £0.01 | 0.00 0.01 1.66 0.46 +0.00 | -0.01
2 0.51 0.01 1.70 0.51+0.01 | 0.00 0.01 1.98 0.51+0.01 | 0.00
3 0.49 0.01 1.97 0.48+0.00 | -0.01 0.02 3.30 0.47 £0.00 | -0.02
4 0.45 0.01 2.13 0.46 £+ 000 | 0.01 0.00 0.51 0.45+0.00 | 0.00
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These results of this study show that NIR spectroscopy could be used to monitor physical
properties as bulk density and RSVV of the powder blends within the feed frame and contribute
to the control of tablet weight variability h€ same NIR spectra coultd@a be used to determine

low drug concentration, or for real time identification of the powder b(®adgas et al., 2018)

NIR measurements within the feed frame could become important elements within modern

pharmaceutical quality corat.

4.4.CONCLUSIONS OF CHAPTER 4

This study has described the first evaluation of powder bulk density and relative specific void
volume (RSVV) or porosity of powder blends at low API concentrations within the feed frame.
This detemination was made possible by the large differences imdpodensity in the excipients

used which facilitates the evaluation of powder density and RSVV of the blends based on NIR
spectra.

Further evaluation using the powder density and particle sizeofitite blends showed a trend
based on the linear regramsiof the D50 and bulk density vs lactose concentration (%w/w). D50
values of lactose is approximately 2 times than MCC, the bulk density of the blends. The test set
blend 3 presented a deviationtbis linear trend, which partially can explain the bidthe NIR
predictions of this blend.

NIR calibrations based relative specific void volume and bulk density of the blends were
developed since the results obtained showed that the powder denséytHrtds has a significant
effect on the drug concentrati predictions. These calibration models using the same spectral
region and pretreatments as the used for API concentration presented excellent results prediction

for all 4 independent test set bienusing one latent variable. By using a physical propesty
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reference value (bulk density, true density, RSVV), the predictions were improved significantly.
This result supports that most of the variation in the calibration model can be attributesi¢alphy
changes on the samples and using a physical propeirgference enhances the accuracy of the

model.
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