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Abstract

‘The aim of this study was to use terahertz spectroscopy to characterize pharmaceuticaf materials and tablets, and to understaad the elfects of
measuring conditions and compositional variability on the data quality. Tests were performed on five formulation components (theophylline, lactose,
starch, Avicel, magnesium siearate) and a series of tablets composed of various concentrations of thcophylline and excipients. Transmission spectra
of potvethylene (PE) disks derived from each of the samples were analyzed. Three factors (component loading, component chernistry, and disk
drying time) were screened as critical factors associated with the magnitude and Jocation of THz absorbance peaks. Applying the standard samgle
spectra divided by PE refcrence spectra ratio method sevealed that, to a large extent, PE was responsible for the disk drying time dependence.
Direct spectral featuze analysis along with mass-transfer analysis of the disk drying process revealed THz absorption peak maxima of lactose
(255 cm- ') and water (54 and 2t0cm™") which is also supported by literature values for the peak maxima assignment for water. Parlicle scattering
due to specimen and PE was found to be also partially responsible for the observed spectral intensitics. The importance of THz spectroscopy was
demonstrated for characterization of pharmaceutical materials and tablet. -
Published by Elsevier B.V.

Keywords: Process analytical techuology (PAT); Tesahertz spectroscopy; Mcasurement process: Crystaltine materials; Amorphous state; Characterization; Mass-
transfer anafysis

1. Introduction

1.1. Regulatory reievance of pharmaceutical
characterization

Pharmaceutical characterization s one critical aspect for a
successtul product and process development program, as it
provides important physical, chemical, structural and property-
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related information of pharmaceutical components in formu-
lated products. For both drug substances and drug products, there
are pertinent regulations described in CFR 21§314.50(d)(1)
Chemistry, Manufacturing, and Controls section to assure the
identity, strength, quality, purity, and bioavailabilily of the drug
product. However for the most part, more characterization
emphasis has traditionally been put on active pharmaceutical
ingredients (API) while less effort has focused on excipients.
due perhaps to inadequate appreciation of the various roles
excipients play in formulation and process. The gap between
the CFR requirements and current industry practices in sotae
cases may present potential risk to the public health in the
event of introducing new excipient to a formulation during
development (Baldrick, 2000) and unexpected appearance of
disappearance of a crystalline form (Févotte, 2002). The sci-
entific significance and regulatory refevance of pharmaceutical
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polymorphism characterization and pharmaceutical crystalliza-
tion process control using process analytical technology (PAT)
have been discussed in detail in the recent literature (Singhal and
Cunatolo, 2004: Yu et at., 2004; Wu and Hussain, 2005a; Wu et
al., 2007a). Advanced process analyzers and spectroscopic tech-
niques have been used for pharmaceutical applications (Roggo
et al., 2005; Blanco and Alcald, 2006; Eilertsen et al.. 2000;
Hausman et al., 2005) for probing molecular vibrational modes
in the near- and mid-infrared regions of the electromagnetic
spectrum for many years. However, studies using far-infrared or
Terahertz (FIR or THz, 25-300 m wavelength or 3-500cm™")
spectroscopic techniques had been limited due to the diffi-
culty in accessing this low frequency range, especially below
50cm™". s '

1.2. Terahertz spectroscopy und its pharmaceutical-related
applications. . .

Recently THz spectroscopy (Markelz et al., 2000) and THz
- time domain spectroscopy (THz-TDS) have received increasing
interest for pharmaceutical polymorphism and crystallinity char-
acterization (Haran et al., 1997; Taday et al:, 2003; Waltheretal,,
-~ 2003; Strachan et al., 2004, 2005; Fitzgerald et al., 2005). It was
- demonstrated that THz-TDS is a useful technique for quantify-
. ing solid-state propertics of pharmaceutical compounds, This is
largely due to its unique capabilities of providing fundamental
informatjon that goes beyond the scope of other spectroscopic
“ techniques. THz absorption spectra are directly related to the
~ three-dimensional arrangement and low frequency motions of all
“ the atoms in a molecule and it is also sensitive 1o the molecule’s
" interaction with its environment, as demonstrated from THz
. biological and biomedical applications {Markelz et al., 2000;
. Kutteruf et al., 2003; Korter et al., 2005). Korter et al. (2005)
. discussed the difficulty for assigning the lowest frequency inter-
molecular phonen modes. Walther et al. (2003) reported the
observations of a series of distinct absorption features orig-
inating from the lowest intermolecular vibrational modes 1n
polycrystalline sugars and a broad, featureless absorption spec-
trum in amorphous sugars.

The THz-field transmitted through a sample is attenuated by
dispefsion and absorption in such a way that the ratio of the elec-
- tric field strength before, Ei(w), and after transmission, Ex(w),
. is given by (Wallace et al., 2003):

E(w)
Ew)

where d is the thickness of the disk sample, w the frequency
* of the radiation, ¢ the speed of light in vacuum and Tin(w)}
" are the reflection losses at the sample surface. Therefore, for a
given thickness of sample disk, any properties of materials that
could influence n(w) (refractive index), a(w) (absorption coet-
~ ficient), and Tln(w)}, such as disk composition, particle size,

etc., could ultimately impact the intensities and peak positions
" of the THz wransmission spectra. The lack of a solid theoretical
framework presents a significant burrier for understanding the
~ detailed mechanisms that govern the THz transmission phenom-
~ ena described at the microstructural level.

= T{n(w)]exp [~g(~‘§_)f_l + w;)f_ﬂﬁ 0

1.3. Challenges and opportunities of adapting terahertz
spectroscopy as a pharmaceutical PAT tool

The majority of published work on THz pharmaceutical
applications has been focused on differentiating polymorphism
and determining crystallinity of APIs. Developing THz spectro-
scopic method as a quantitative pharmaceutical characterization
tool for both crystalline and amorphous materials and/or excip-
ients simultaneously merits much research and development. in
the PAT domain, a thorough process understanding calls for the
knowledge of both product (such as drug sabstances and drug
products) and process (such as manufacturing and measurement
process). For pharmaceutical application of an emerging tech-
nology such as THz spectroscopy, there are certainly some areas
to be explored for enriching our understanding of the scientific
merit of the application. From the risk-based approach high-
lighted in the FDA PAT Guiadance (FDA, 2004), incomplete
information and knowledge of these two critical aspects may
lead to process/product design issues and product safety issues,
especially in the case of narrow therapeutic index (NTI) drugs
and high potency drugs. Therefore, exploring the possibility of
using THz absorption spectroscopy as an alternative technique
for directly characterizing pharmaceutical materials and tablets
would provide much insight for adapting THz spectroscopy as
a potential PAT tool.

Given that THz spectra are information rich and provide
enough chemical (formulation) and physical (processing) infor-
mation to enable process engincers and pharmaceutical scientists
to extract critical information for product/process design and
process control, a few critical scientific questions may need to
be answered first. For example,

(1) What measurement factors impact the quality, precision,
accuracy, and repeatability of acquired THz spectra?

(2) How does one optimize these measurement factors for quan-
tification purpose?

(3) How can process and product knowledge be brought into
the spectral data analysis domain such that THz spectra can
be better explained and interpreted?

(4) Can spectroscopic techniques and chemometric modeling
methods be integrated to understand product and process
interactions for PAT implementation?

In an effort to evaluate the feasibility of integrating THz
spectroscopy and chemomctric modeling methods for pharma-
ceutical characterization in support of FDA's PAT Initiative,
an interagency agreement (LAG) was established between FDA
and NIST in August 2004. This paper reports our findings for
exploring critical THz measurement factors and interpreting
THz spectra for PAT application.

2. Materials and methods
2.1. Pharmaceutical materials and tablets

The following pharmaceutical materials were used for this
evaluation study: anhydrous USP grade theophylline (BASF,
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Table |

Dircct compression tablet formulation compositions (mole fraction)
Formulation Tabletcode Theophylline Mg stearate  Avicel  Lactose
A D1-3 0.616 0.004 0.000 0380
B D4-6 0.987 0.007 0.006  0.000
C D7-9 0.75% 0.005 0002 0234
D D10-12 0.463 0.005 0.000 0532

E DI13-15 0.979 0.010 0011 0.000
F DI16-18 0.629 0.006 0004 0361

Minden, Germany); monohydrate UPS grade spray-dried lac-
tose (Fast-Flo 316) (Foremost Farms, Baraboo, WI); corn starch
powder and magnesium stearate (Spectrum Chemical, New
Brunswick, NJ); microcrystalline cellulose (Avicel PH-102)
(FMC Biopolymer, Newark, DE). Deionized water was used
in the preparation of the starch paste in the wet granulation.

Theophylline tablets of various formulations were manou-

factured at a contract site using pre-defined protocols: powder
blending, followed by either direct compression or wet granula-

_ tion process then compression. Powder blending was performed
in an 8 L. bin blender (L.B. Bohle GmbH, Ennigerloh, Germany)
at 25rpm for 4 min. Magnesium stearate was added after the
4 min time point and blended for additional 30 s. Tablets were
compressed at on an 18-station automated rotary tablet press
(Elizabeth Hata, North Huntingdon, PA). Six stations were con-
figured for manufacture. Tablets had a target weight of 300 mg
per tablet and nominal hardness of 8. 11, 14 kp. The compres-
sion force was adjusted at-line such that target hardness of the
tablets was achieved. Wet granulation was carried out in a plan-
ctary mixer (Hobart Mfg. Co., Model AS-200, Troy, Ohio) for
6 min. Throughout the grunulation process, starch paste was
added incrementally. The granule materials were tray dried at
60 °C in a forced air convection oven (Fisher Scientific, Model
838F, Pittsburgh, PA) until only approximately 1% unbound
moisture was kept as determined by loss on drying (LOD)
method. After drying, the granules were sized using a rotat-
ing cone mill'at 20% power (Quadro Engineering Co., Comil,
Waterloo, Ontario). Formulation and processing information are
summarized in Tables | and 2.

2.2. Terahertz spectroscopy and data analysis

Fig. I shows the schematic of the THz instrument used for this
work, which was a modified Nicolet Magna 550 mid-infrared
Fouricr transform (FTIR) system at NIST. Modifications
include: (1) silicon-coated mylar broadband beam-splitter; (2)
deuterated triglycine suliate (DTGS) room temperature detec-
tor fitted with a high density polyethylene (HDPE) windows;

Tuble 2
Wet granulation tablel formulation compositions (mole fraction)

Formulation Tabletcode Theophylline Mg stearate  Starch  Lactose
G wi-3 0.6245 0.0043 0.0002 03710
H wi4-6 0.6333 0.0044 0.0003  0.3620
I w7-9 0.4701 0.0048 0.0002 0.5250
J Wi0-12 04775 0.0048 0.0004 05173

Delay Stage THz Spectrum
Beam Spliucr
error
1200 Black -body ﬁ
“THz source Sample
THz sensor.
Signal to Computer
Interfcrowram

Fig. 1. Schematic of THz measurcment system used in l'u; study (mrng amod- -
ified FTIR spectrometer to perform Fourier transform mtraud spectroscopy).

(3) spectral response from ~50 't 700cm . The modl-"

_fied instrument provides an improved ndva.nt'loe in terms of
-accessing a much wider THz speura[ meastrement range

than methods previously reported using terahertz pulsed spec-
troscopy (TPS) (Taday et al., 2003; Strachan et al., 2004, 2005,
Fitzgerald et al., 2005), where the frequency range was typi-
cally from 500 GHz to 3 THz (e.g., frequencies <100cm™1). As
discussed later, this enhanced accessibility provides practical
advantages for pharmaceutical chardcterwatlon and future PAT
application.

Spectrophotometric Gnde PE (Aldm.h Cht,l'm(.dl Milwau-
kee, WI) was used as-received. No ' further processing was
applied to any of the five pharmaceutical components before it
was mixed with PE to make transparent disks for THz measurec-
ment. Following similar procedure employed elsewhere (Taday
et al,, 2003; Strachan et al., 2005), the tabléts received from
the contract manufacturing site were manually crushed to a fine
powder in a mortar and pestle, and mixed with polyexhylenp
(PE) powder at ca. 4-12 wt.% (percentage of p]xarmuqcutibaxl
materials). The mixture was compressed into disks of thicknes:
2mm in a 13 mm die at approximately 200 psi pressure. Table 3
lists the weights of raw components and PE used for making
the disks. ‘Table 4 lists the weights of tablet and PE used for
making the disks. All disks were made under lab bumidity con--
ditions (relative humidity (RH) =40 % 1%) using a portion from
the crushed tablets and PE as received. All disks (including refer-
ence PE disks) were placed into the spectrometer under the same |
humidity conditions and then the sample compartment purged.
with dried-air (RH=0%) at room temperature to remove inter-
ference from the gas phase water. THz spectra were recorded
at 2cm™! spectral resolution and 64 spectral averages. In stan-

Table 3
The weights of raw components and polycthylene used for making the dxsks for
THz measurement

Raw component name Raw component Disk total weight
weight (mg) . Am)

Anhydrous theophylline 12 112

Monohydrate lactose 7 107

Microcrystaliline cellulose (MCC) 5 ' 103

Corn starch 10 110

Magnesium stearate 5.6 105.6
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Table 4
The weights of tablet and polyethylene used for making the disks for THz
measurement

Tablet code Amount of tablet (mg) Disk total {mg)
D1 11.1 106.4
D2 i14 105.4
D3 10.9 102.1
D4 113 103.1
D5 13 102.7
D7 11.1 ) 102.7
D3 114 102.8
D9 113 ' . 106.7
Dl 10.7 : 100.8
DI12 11.0 100.2
. D13 ’ T4 106.5
D14 10.7 S 1m.8
DI1S 111 101.3
D16 - oo 1030 104.2
[ o] K-S : B . 104.1
WL o oD s T, | 103.5
w2, I | T 102.4
w3 114 102
w4 : - 109 104.7
w5 11.0 104
wé : 11.5 105.6
w7 Tl 105.3
w8 . 1.0 103.5
wo . 11.1 1035
- W0 11.0 M
Wil 11.0 : 103.5

dard fashion, spectra were converted to optical density (OD}
absorption units after ratioing raw sample disk transmission
spectra (Tsample) to that of a pressed 100 mg polyethylene blank
disk (Tpg) obtained under identical data acquisition conditions,
according to the following formula:

Teample
OD = —log,, (————“;::‘“) . : @

3. Results and discussion

New analysis technologies lend themselves to further
development and application alongside new systems that need
to be studied. In the present case, a modified FTIR instru-
ment was used for THz characterization and concentration
determination of pharmaceutical materials and tablets. It is
important to understand the effects of several instrumental
and compositional variables for a meaningful interpretation
of the THz spectral data. In order to address these issues, the
following series of screening experiments were devised and
employed.

3.1. Effects of component loading

The pressed disks consist of both pharmaceutical materials
(crushed pharmaceutical tablets or as-received pure tablet com-
ponents) and PE as a supporting matrix. Since PE may absorb
or scatter THz radiation, it is expected that the component load-
ing may impact the acquired raw THz transmission spectra. To

examine the effect of component loading on theophyiline spec-
tra, two loading Jevels were tested: 4.5 and 12 mg. The resulis
(data not shown) indicate that at lower theophylline loading
(4.5 mg), the spectrum is of higher signal-to-noise (S/N) ratio
and has asmoother undistorted baseline. The higher theophyltine
disk loading gives stronger signals for loading components, byt
suffered from higher THz baseline shifts due to component scat-
tering of THz light, especially at higher frequencies. Such a
screening procedure was applied to all other excipient compo-
nents (lactose, MCC, starch, and Mg stearate) and it was noted
that lactose, being the major excipient compoenent in the formy-
lation, displayed a similar trend. Therefore, to balance the S/N
ratio, signal intensity, and baseline shift due to scartering, the
minimum component loading was selected as 6 mg per 100 mg
of PE.

3.2. Effects of component chemistry.

Fig. 2 shows that for crystalline components such as theo-
phylline and lactose, there are strong THz absorption peaks that
arise from the vibrational motions of the molecular structure
and its interactions with the surrounding solid medium (phonon
modes). For aumorphous and high molecular weight components
such as starch and Mg Stearate, very few sharp THz charac-
teristic peaks are observed. As might be expected, this fact
may impose some difficulty for Quantification purpose, in the
event of applying a common univariate procedure to analyze
a phurmaceutical dosage form which contains both crystalline
and amorphous components, However, our work has confimed
that THz spectroscopy is suitable for characterizing pharma-
ceutical crystalline materials, as was demonstrated previously
(Strachan et al., 2004; Fitzgerald etal., 2005; Wuet )., 2005a,b),
As reported elsewhere (Wu et al., 2007b), applying multivari-
ate methods and other data analysis method to the THz spectra
allowed us to extract truly quantitative information from highly
unselected spectra. The difference between the univariate proce-
dure and multivariate procedure observed in our previous work
agrees well with a recent IUPAC Technical Report (Olivieri et
al., 2006).

1 20:
1 o o Theophyliing
]»00; 'f - e Lactose
” §  =s-mMcC
1 2 ) 4 s
p hs <o §arch
g 0.80 4 : - Mg Streamte
g h
E ]
£ 0601 /
L 4
" 0404 .
) L]
*4¥)
020 \ ¥
4 13
A
0.00 T T r—r

0 100 200 300 400 500
Wave number cmt

Fig. 2. Uncorrected raw THz spectra of pure pharmaceutical tablet componenss.
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3.3. Apparent effects of disk drying time on pure
component's raw THz transmission spectra

Within the scope of this study, the effect of disk drying
time (f5isk) on the pure components’ raw transmission spectral
intensity (Tsample) varies and displays some interesting patterns,
depending on the THz radiation frequency (w) region and the
type of component tested (e.g., whether they are crystalline
materials or amorphous materials), as shown in Fig. 3a—{.
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For crystalline components such as theophylline and lac-
tose, the sensitivity of Tounpke Over lgisc was observed to be
o dependent: for <150 cm ™! (approximately), it is relatively
insensitive even when t4;5¢ increases from 10 min to 14 or [Sh;
when @>150cm™! (approximately), it becomes sensitive. For
example, at frequency 301 cm™}, Tpg decreases from 32.1 to
20.0 (decrease 37.7%) when t4;5; increases from 10 min to 14 h;
Tiheophyltine decreases trom 9.52 to 6.97 (decrease 26.8%) when
taisx increases from 10 min 1o 4 h; while Tiaase decreases from

(b)307
1 g:";
25 4 NFY
I & E oA
Yioi¥Y 4%
- B .,
g2 ,’ B Y -0+ Theul2/PE 100 10 min
3 HEE S A S X
.- » . -4 L]
: H Py H -+ Theol2/PEL00 $1mi
g‘ 15 F g , ! $ 1’.5 mnin
g R TR B
& I ¢
of f &b L Zef
R I
: ® Y
1 F
] 2
0 bt e et T ——————,
0 50 100 150 200 250 300 350 400 450 300 550 600
Wave number cm*!
Regionll

—— MCCS/PEIOD raw
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--aneee MCCSPETOU | by
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Fig. 3. Effect of disk drying Sme on THz transmission specira of disks made from individual components mixed with polycthylene: (a) polyethylene disk (PE
105 mg): (b) 12 mg theophylline with 100 mg PE: (¢) 7 mg lactose with 100 myg PE; (d) 5 mg MCC with 100 mg PE; (e) 10 my starch with 100 mg PE; () 5.6 mg Mg

stearate with 100 mg PE.
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13.5 to 6.73 (decrease 50.1%) when g5 increases from 2 min
to 15h.

For amorphous potymertic components such as MCC, starch,
and Mg Stearate, the sensitivity of Teample 45 a function of Igisk
was also observed to be  dependent also, but with three distinct
spectral regions were identified: (1) for w <80 cm™1, it is rela-
tively insensitive even when ik increases from 10 min to 2h;
(2) for 80cm ™! <w<210em ™Y, Tyymple increases with g (3)
for >210cm™!, Teample decreases with faisk.

Given that the PE matrix material exhibits a prescribed THz
absorption spectrum and other physical phenomena that could
take place when scanning the disks, these apparently observed
spectral patterns could be due to factors such as: (1) direct chemi-
cal and physical contributions from both PE and pharmaceutical

- components; (2) moisture level in the disk since components
could interact or hydrogen-bond with residual moisture; or (3)
some other competing spectral absorption modes, etc. Although
theoretical diffcrentiation of these mechanisms is out of the

" scope of this study, from the measurement perspective, in order

-~ to have a robust THz measurement protocol that is insensitive to
tgisk, ideally we should take the THz measurement at frequen-
cies below a certain value, in this case, 150 cm™! for crystalline
materials and 80cm™! for amorphous materials, if the selected
frequency region provides sufficient necessary compositional
and structural information. However, in reality, such a limited
frequency region may not provide us sufficient information that
enables us to perform quantitative characterization of a pharma-

~ ceutical system. Therefore, there is a practical need to push fora

-~ wider THz frequency region for pharmaceutical PAT application
towards quantification of pharmaceutical systems. As discussed

* in Section 2.2, the modified FTIR instrument used in this study

-~ provided this practical advantage.’

3.4. Apparent effects of disk drying 1ime on tublet’s raw
" THz transntission spectra due to particle scattering?

When analyzing raw transmission spectral data without nor-
" malizing PE contributions and 745k increased from | min to
I h, a maximal 65% and 50% spectral intensity change (based
.on 1hr drying time) was observed for disk made from wet
granulation tablet W7 and disk ‘made from direct compres-
sion tablet D3, respectively. Compiling all of the raw THz
" transmission spectra for disks made from tablets (both directly
compressed tablets and wet granulated tablets) revealed that
the trend of Tiample OVer fgisk could be identified in four
distinet spectral regions. Taking Fig. 4a for a direct com-
pression tablet and Fig. 4b for a wet granulation tablet as
example:

(1) Region1(38.6cm™! <w<80cm™ 1y: insensitive.

(2) Region Il (80¢m™' <w < 140cm™"): increasing.

(3) Region I (140cm ™! <w<260cm™ '): first increasing then
decreasing,.

(4) Region IV (260 cm™! <w<500em™!): decreasing.

Although exact theoretical differentiation of possible mech-
anisms that could attribute to these spectral patterns seems to be

Region:

Region IV
~—- hnin
~-o-s Smtin
- +--30min

‘Transmission
v

LR e i e o e aa miae S n e 4

0 T T
0 150 200 250 300 350 400 450 500
Wave number cmt
(h) 20.00 5
15.00 3

Region 1V
— Imin

e SR

- - 30min

Transmission
3

5.00
;chionll Region I
0.00 - e i ]
0 50 100 150 200 250 300 350 400 450 500

Wave number cim-!

Fig. 4. When disk drying time increases, four distinct regions were observed
on the transmission specta of disks made from tablet and PE: (a) tablet D1; (b)
tablet W2.

difficult and out of the scope of this study, attempts were made to
provide a gualitative explanation. In addition to residual mois-
ture level in the disk, apparently particle scattering could be
partially responsible for this effect. The particle size data (Dsp)
measured from sieve analysis for as received anhydrous theo-
phylline, lactose monohydrate, Avicel PH-102, NF corn starch,
and Mg stearate, are 164, 171, 128, 334, and 213 pm, respec-
tively. The particle size of PE used (determined by microscopy)
is also around 150 pm. Despite this wide particle size disto-
bution, it is expected that the tablet crushing step used in the
preparation of the disk reduces the constituent’s particle size
to only several microns. As a first approximation, the particle
size data for the pure components can be useful for a qualitative
discussion regarding whether there is any possible particle size
effect on the raw THz transmission spectra. If the wavelength of
THz radiation is significantly larger than the scattering structure,
scattering effects of terabenz radiation should be considerably
reduced in comparison with optical techniques using shorter
wavelengths, e.g., near infrared or visible radiation (Han et al.,
2000; Wallace et al., 2004). Region I probably falls into this cate-
gory, becausc the wavclength (ca. 100 pm) is significantly larger
than the particle sizes of crushed crystalline components, parti-
cle scattering may be ignored. Region II and III are cases where
the particle size becomes comparable to the wavelength (ca.
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25-100 um), so particle scattering gradually becomes impor-
tant. For region 1V, Rayleigh scattering (Drusch and Crewell,
2005) theory cannot be applied since the particle size is not
small compared to the wavelength.

In summary, the magnitude of the apparent effects of disk
drying time and particle scattering on tablet raw transmission
spectral intensity is highly dependent on the THz radiation fre-
quency region, Amongst them, the greatest impact was observed
for the high frequency region IV, as demonstrated in Fig. 5a for
disks made from direct compression tablets and Fig. 5b for disks
made from wet granulation tablets at 301 em~!,

3.5. Apparent effects of disk drving time on tablet’s
corrected THz absorption spectra

To further investigate other possible causes that may be par-
tially responsible for disk drying time dependence observed
from the raw THz transmission spectra, the ratio method was
applied to calculate the tablet optical density, or absorption spec-
tral intensity according to Eq. (2). Spectra obtained through
this ratio method are hereafter referred to being corrected THz
absorption spectra hereafter.
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3.5.1. PE contribution

As shown in Fig. 6, the significant spectral differences on the
raw transmission spectra for disks made from dircct compression
tablet D3 and wet granulation tablet W!1 were almost com-
pletely eliminated after ratioing out the PE contributions, since
the corrected THz absorption spectra for a tablet at different disk
drying times match each other very well. This observation sug-
gests that, to a large extent, PE is predominantly contributing
10 the observed spectral changes for increasing disk drying time
for disks made from these two tablets. However. results from
applying the ratioing method to disks madc from other tablets
show that spectral differences can only be partially eliminated
after ratioing out PE contributions. For example, even after ratio-
ing out PE contributions, a maximum of 20% difference in THz
absorption intensity (based on drying time of 1h) remained for
disks composed of wet granulation tablet W4 and disks pre-
pared from direct compression tablet D6, when tgisk increased
from | min to 1 h. For disks made from other tablets, this dif-
ference is still quite noticeable although to a ditferent extent,
as shown in Fig. 7a and b. Therefore, there appear to be other
responsible factors addressed below, in addition to the PE con-
tribution identified here, that affect the overall measured spectral
intensitics.

3.5.2. Moisture effect

From the mass balance point of view, moisture absorbed by
components (Hancock and Shamblin, 1998) and residual water
in the tablets are inevitably carried into the disks when they are
prepared for study. As stated in Section 2.2, all disks were made
under 1ab humidity conditions (RH=40=1%), so before the
disks were placed into the spectrometer’s compartment, all disks
especially the subsurface portions would contain 2 small amount
of water, When the disk was placed into the spectrometer’s com-
partment for dried-air (RH =0%) purging, any subsurfacc water
would diffuse out and evaporate into the gas phase in the com-
partment, and then quickly removed by the dried-air purging
process, due to the gradient of water levels across the subsurface
of disk and the gas phase according to the mass-transfer theory
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(Bird et al., 1960). Our experimental results on disk drying dur-
ing THz measurement are in good agreement with a theorelical
mass-transfer analysis, as discussed below.

Direct analysis of spectral features provided the following
observations:

(1) Anabsorption peak at 255 cm™! is characteristic for lactose,
since it only shows up in spectra of disks made from tablets
which have lactose as one of main components (by molar
fraction) in the formulations (including A, C, D, F, G, H, 1,
J in Tables 1 and 2), but not in the spectra of formulations
not having lactose as a component (including B and Ein
Table 1).

(2) For disks made from most direct compression tablets, the
absorption intensity decreases quite notably when fgisk
increases; for disks made from wet granulation tablets,
the absorption intensity decreases when Liisk increases, but
10 a less extent compared to that of diréct compression
1ablets. This differencc is possibly due to an initial mois-
ture level difference, as wet granules were dried to moisture
level below 19 belore tabletting, while raw materials for
direct compression tablets did not undergo this pre-drying
process.

3.5.3. Disk drying kinetics derived from the tablets’
corrected THz absorption spectra

Previous studies (Ratman and Stillinger, 1971; Hasted et al.,
1985; Thrane et al., 1995; Castner and Chang, 1995) revealed
that two absorption bands centered at 50 and 200 em~! for liquid
water are identified in far-infrared measurements. The band at
200cm™! was broad and corresponding to the stretching mode
of the O-H---O unit of the water molecules. The exact posi-
tion and width could vary slightly, depending on the chemical
and physical environment. Our study shows that there are two
bands with peak maxima located around 54 and 210 cmton
the tablet’s corrected THz absorption spectra. Given the peak
intensities and peak maxima locations, it is readity concluded
that these two bands are not associated with any of excipi-
ents in the tablet formulations. Meanwhile, we observed two
prominent peaks for the theophylline component around 52.1
and 210cm~!. Since theophylline is a stable component under
onr experimental conditions, it is difficult to conclude that the
observed absorbance difference observed when fgisk increases
was solely due to the contribution of theophylline. Most likely
these two prominent theophylline bands were superimposed
on the water bands in their vicinity around 50 and 200cm™".
Our drying process kinetics analysis below supports this
rationale.

According to Beer's law, the spectral absorbance is propor-
tional to the concentration of species being detected. Theretore,
the absorbance difference at the peak maxima can be related to
the mass change assuciated with the disk drying process over
time. Thus, the absorbance difference divided by the drying
time difference could be a measure of the drying rate, since it
could be reasonably assuming that the disk surface area remains
unchanged during this relative short period of drying time.
Fig. 8a—d illustrates the relationship between this derived disk
drying rate versus disk drying time, We can see that, for the
bands centered around 54 and 210 cni~ !, most WG tablets and
DC tablets exhibit a distinct two-stage drying process: (1) at
the first stage, the absolute value of the drying ratc decreascs
very quickly when rqisk increased from S to 30 min; (2) at the
second stage, a nearly constant drying rate (almost zero) was
exhibited when #gisk increased further to 60 min. This appears to
agrec well with the typical drying curve of materials at con-
stant drying conditions, and could be well explained by the
interphase mass-transfer theory in chemical enginecring practice
(Bird et al., 1960). Based on the literature data and the evidences
obtained from both direct spectral feature analysis and drying
process kinetics analysis discussed here, the bands located at 54
and 210 ¢m™! identified in this study are interpreted as combi-
nations of THz absorption features of theophylline component
and moisture. However, the absorbance difference observed over
disk drying time could be primarily attributed to residual water
associated with the disk, although the amount of residual water
does not appear to be significant.

The above analysis also suggests that the disk drying time
should be larger than 30min in order to enable a quantitative
interpretation of THz spectra for extracting tablet concentration.
All of our THz spectra used for tablet concentration quantifica-
tion (Wu et al., 2007b) were acquired at 1 h disk drying time.
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3.5.4. PE particle size and hardness effects

In addition to the PE loading and component particle size
identified in the raw transmission spectra and moistare level
identified in THz absorption spectra, there might be other fac-
tors that could be contributing to the observed changes in the
raw transmission spectra as faisx increases. Recent results from
NIST Physics Laboratory show that for polyethylene powder
with particle size smaller than 5 wm, there is minimal scattering
effect on the transmission data, resulting in no #g;,x dependent
spectral changes.

The nominal values of the original tablet hardness were
8. 11, and 14kp. During sample disk preparation, the origi-
nal tablet was crushed and milled to fine particles then mixed
with PE powder and pressed into a sample disk. Presum-
ably, the likelihvod of sceing the impact of original tablet
hardness in the sample disk’s raw transmission or absorption
spectra should be very low. Therefore, no attempt of compar-
ing differences associated with hardness was made during this
anulysis.

3.6. PAT considerations for a THz spectroscopy
measurentent process

Design of experiments (DOE) as an important multivari-
ate statistical too} has been highlighted in the FDA’s PAT
Guidance. Success{ul applications of DOE in process/product

development, scale-up, and manufacturing can bring tremen-
dous benefits to the industry, such as developing a robust process,
improving process performance (Fraleigh et al., 2003), reducing
materials and resources usage, and optimizing process recipes
(Vannecke et al., 1999), etc. However, for an actual process
involving multiple factors and levels, to balance the cost of
multiple runs associated with DOE and the resolution and robust-
ness of the models to be built, process engineers typically start -
with an univariate method for quick screening and then develop
a DOE based on the screening study. In this work, a screen-
ing study was conducted to identify critical process variables
{Wu and Hussain, 2005b) for pharmaceutical THz measure-
ment process, such as tablet loading, disk drying time, and
component chemistry, etc. This constitutes one critical element
for evaluating emerging technology for pharmaceutical applica-
tion. Measurcment process optimization based on this screening
study would ensure repeatability. reproducibility, and process
robustness from an engineering perspective (Taguchi et al.,
2000). It will help to interpret THz spectra successfully, and to
extract quantitative process and product information from THz
spectra.

Our current work serves as a starting point. Other pharma-
ceutical systems consisting of both crystalline and amorphous
components should be characterized by this emerging technol-
ogy in order to develop its full capability for the pharmaceutical
PAT application. The methodology study of using THz spec-
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troscopy merits it as a promising approach for both scientific
research and development in the area of phanmaceutical pro-
cess/product characterization in the PAT domain.

4. Conclusions

In this study, measurement process conditions and PAT
consideratiops of using THz spectroscopy to characterize phar-
maceutical materials and tablets were explored with the goal
of evaluating THz spectroscopy as an emerging technology for
potentiul pharmaceutical PAT application. Our study revealed
that three factors including component loading, component
chemistry, and disk drying time have significant impacts on the
taw THz transmission spectra of disks. Crystalline materials
and amorphous materials absorb THz radiation very differendy,
as cvidenced from both their number of characteristic peaks

and their apparent dependence on disk drying time. Results’

- from applying the spectral ratio method demonstrated that the
disk drying time dependence could be largely eliminated for
the majority of the disks made from both direct compression
tablets and wet granulation tahlets, and could be completely
eliminated in a few cases. Direct spectral feature analysis on the
corrected THz absorption spectra along with the mass-transfer
analysis of the disk drying process provided evidence for the
peak assignment of both lactose (~255 em™1) and disk mois-
tare (~54 and 210cm™'), although these two water peaks may
overlap with theophylline peaks in their vicinity. Furthcrmore,
our assignment of water peak maxima in the far-infrared region
is in good agreement with Jiterature assignments (Hasted et al.,
1983). Lastly, specimen or PE patticle size may contribute to
these observed spectral changes in part from effects described
by particle scattering theory.

Although ideally one should choose a drying time-insensitive
region to simplify the quantification process, in practical access-
ing a wider THz frequency region is warranted due to limited
characteristic features available i the fime-insensitive region.
Doing so would enable us to collect THz spectra of embrac-
ing rich chemical information of a pharmacentical dosage form,
although the spectra may convey the dosage form’s physical
mformation such as particle size scattering and moisture content.
With the fielp of multivariate statistical data analysis neth-
ods performed on similar data and samples described here and
demonstrated elsewhere (Wa et al., 2007b), this complication
could be handled effectively such that quantifying concentra-
tions of pharmaceutical dosage forms from THz absorption
spectra is indeed feasible. This constitutes one important ele-
ment for THz spectroscopy measurement process and should be
taken into account when developing a robust analytical/testing
protocol for a pharmaceutical PAT application.
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